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1. Introduction

It has been five years since the accident at the Fukushima Daiichi Nuclear Power Station of Tokyo Electric
Power Company Holdings, Inc. (Fukushima Daiichi NPS). At the time immediately after the accident, the
fragments of the building materials and rubble in various sizes shattered by the explosion were scattered
around the building on the site. The rubble has been moved and on-site radiation level has decreased,
therefore allowing preparation work for decommissioning to be carried out smoothly.

R&D and projects have been developed based on the "Mid-and-Long-Term Roadmap towards the
Decommissioning of TEPCO's Fukushima Daiichi Nuclear Power Station Units 1-4" (the Roadmap)
released by the Japanese Government in December 2012. The plant situation of each unit has become
clearer in some ways. As a result, the technical difficulties and challenges in the decontamination of the
Reactor Building (R/B), water sealing and repairing of the Primary Containment Vessels (PCV) are now
better understood.

Thus, progress will be made in the internal PCV condition analysis resulting in the identification of further
technical issues, field work and R&D, acquisition of data on the applicability of the developed equipment,
and investigation of related technologies in Japan and abroad; these processes and techniques will be
adapted as the social climate and expectations change. Under these circumstances, there is a growing
necessity to make technical judgments based on the latest information by incorporating the concept of the
PDCA cycle'. As a result, it has now reached the stage where strategic and realistic considerations and
decisions from firm technical bases need to be carried out. In accordance with the latest information for the
conditions, the successful retrieval of fuel debris? will be carried out despite the various technical
challenges.

The overall approach to the decommissioning of the Fukushima Daiichi NPS was started based on the
Roadmap. Since the establishment of the Roadmap, measures have been taken for the most urgent issues,
such as the contaminated water management; however, the development of a mid- and long-term
decommissioning strategy is also essential "to reduce the risks posed by radioactive materials over a long
period of time" in addition to the short-term measures.

For this reason, Nuclear Damage Compensation and Decommissioning Facilitation Corporation (NDF) was
established on August 18, 2014 by reorganizing the former Nuclear Damage Compensation Facilitation
Corporation, as an organization responsible for technical studies to deliver decommissioning properly and
steadily from mid- and long-term perspective.

The NDF launched the "Technical Strategic Plan for Decommissioning of the Fukushima Daiichi Nuclear
Power Station of Tokyo Electric Power Company (the Strategic Plan)" as part of its statutory obligations
"to provide advice, guidance and recommendations for ensuring an appropriate and steady conduct of

decommissioning of the Fukushima Daiichi NPS" and of "R&D for technologies required for

! PDCA cycle (plan-do-check-act cycle) is a method that facilitates the manufacturing control for the operations
and control work such as quality control. Operations are continuously improved by repeating the four steps:
Plan-> Do-> Check (evaluation) - Act (improvement).

2 Nuclear fuels molten and mixed with parts of reactor internals due to loss of reactor coolant and resulted in a

re-solidified state.
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decommissioning” based on the Nuclear Damage Compensation Facilitation Corporation Act. The Strategic
Plan was formulated as a mid- and long-term strategy according to actual conditions of Fukushima Daiichi
NPS.

The NDF released the Strategic Plan 2015 on April 30 2015 after a series of discussions with the related
organizations including the Japanese Government and Tokyo Electric Power Company Holdings, Inc.
(TEPCO), and R&D institutions including International Research Institute for Nuclear Decommissioning
(IRID) and Japan Atomic Energy Agency (JAEA) regarding the situation at the Fukushima Daiichi NPS
and the status of the R&D on the decommissioning and its concerns.

The Strategic Plan 2016 was formulated based the status of the progress made in the site conditions and
technical development made over the last year since the Strategic Plan 2015 was released.

The Fukushima Daiichi NPS is appointed as Specified Nuclear Facility on November 2013 based on the
Act on the Regulation of Nuclear Source Material, Nuclear Fuel Material and Reactors. TEPCO takes
responsibility as an operator to implement of the decommissioning of the Fukushima Daiichi NPS. They
are licensed to implement decommissioning by the submission of “Implementation Plan of the Measures
for the Specified Reactor Facilities at Fukushima Daiichi Nuclear Power Station” (implementation plan)
based on the "The matters for which measures should be taken" (Matters to be addressed) issued by
Nuclear Regulation Authority (NRA).

The Japanese Government establishes the Roadmap and manages the progress of the decommissioning of
the Fukushima Daiichi NPS and contaminated water issue based on the Roadmap to find the fundamental
solutions.

The research institutions including IRID and JAEA that performs R&D based on the Roadmap, efficiently
and effectively carry out the R&D required for the decommissioning gathering the knowledge and
experiences from all over the world.

The NDF examines the key issues presented by the Japanese Government and reports them as the Strategic
Plan. For TEPCO, the NDF provides technical advice and guidance in order to realize steady progress in
decommissioning. It is also expected to play a central role in technical areas, such as establishing a close
alliance with R&D institutions such as IRID and JAEA, and sharing information for the progress and
challenges for the successful advancement of R&D projects.

The activities to make the basic technology research to be applied to the actual site are being enhanced
through the Decommissioning R&D Partnership Council established for the purpose of contributing to the
decommissioning of the Fukushima Daiichi NPS in July 2015, and a link with Collaborative Laboratories
for Advanced Decommissioning Science (CLADS) of JAEA has been enhanced.

Furthermore, technical cooperation agreement was concluded with Chubu Electric Power Co., Inc. in April
2015 and exchange of information for the decommissioning of Unit 1 and 2 of Hamaoka NPS which is the
same type of the reactor at Fukushima Daiichi NPS and inspection of power station have been carried out.
Furthermore, cooperative relations have been established with Nuclear Decommissioning Authority in the
U.K. (U.K. NDA), Commissariat a I'energie atomique et aux energies alternatives in France (France CEA)
and U.S. Department of Energy (U.S. DOE) and contract researches and information exchange have been

performed on the decommissioning strategy, analytical techniques, and risk assessment method.
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Figure 1-1 shows the roles of the organizations involved in the decommissioning project of the Fukushima
Daiichi NPS and positioning of the NDF. Also, the structure of decommissioning project by the Japanese

Government is shown in Appendix 1.
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Figurel-1 Roles of the organizations involved in the decommissioning project



2. The Strategic Plan

2.1 Progress toward the decommissioning of the Fukushima Daiichi NPS

Since the release of the Strategic Plan 2015 in April 2015, there has been progress at the Fukushima Daiichi
NPS as follows:

(1) Management of contaminated water

Measures based on the three fundamental policies (removing contaminated sources; isolating contaminated
sources from the water; and preventing leakage of contaminated water) are being taken on the contaminated
water generated from mixture of the groundwater flowing into buildings and cooling water for the fuel
debris.

With regard to the measure of removing contaminated sources, progress was made in purifying the
contaminated water such as by using multi-nuclide removal systems. The treatment of highly contaminated
water containing strontium (reverse osmosis salt water) was completed on May 27, 2015. Efforts are still
being made to the treated water requiring further purification and to treat the contaminated water that is
newly generated. Removal of highly contaminated water in the trenches has also been finished.

In the measure of isolating contaminated sources from the water, water is being pumped from wells near
the buildings (subdrain system) to reduce the amount of groundwater flowing into the R/B and T/B, in
addition to pumping out the groundwater using groundwater bypassing systems. The flow rate into
buildings was approx. 400 m*/day during the peak time; however, it is now reduced to approx. 150-200
m*/day by operating the subdrain system. Installation of freezing pipes has been completed for the
land-side impermeable walls to block groundwater, and now the mountain-side area has been gradually
frozen in conjunction with the sea-side area. In addition, measures are being taken including the
construction of waterproof pavement to prevent rainwater from being permeated into the soil (facing).

With regard to preventing leakage of contaminated water, the sea-side impermeable walls that are designed
to block groundwater flowing out from Units 1-4 sites to the port in order to prevent the spread of
contamination in the ocean were closed on October 26, 2015. The groundwater flowing into the sea-side is
blocked by the sea-side impermeable walls and it is pumped out of wells (the groundwater drain) set on the
revetment. Although additional tanks (including replacements with welded tanks) for storing water purified
by multi-nuclide removal systems have been placed, ensuring water storage capacity, there is a concern

about the impact on the future use of site.

(2) The removal of fuels from the SFP

Removal of fuels from the Spent Fuel pool (SFP) of Unit 4 was completed on December 22, 2014. At Unit
1, since rubble on the operating floor are impeding the removal of fuel, measures against dust scattering
caused by the removal of rubble is being prepared following the completion of removal of the roof panels
of the building cover on October 5, 2015. Fuel removal is scheduled to start in FY 2020. At Unit 2, review
is underway with the idea of demolishing the entire surface of the top of R/B operating floor before starting
to remove fuel debris. At present, studies are being carried out to ensure the work area such as for installing

large heavy equipment. At Unit 3, decontamination of the operating floor and application of shielding are
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being carried out to start removing fuels in the SFP within FY2017. On August 2, 2015, the removal of the

largest rubble (fuel handling machine) was finished.

(3) PCV internal survey:

The locations of fuel debris inside the reactor of Unit 1 were examined using cosmic ray muons during the
period of February 12 to May 19, 2015. It indicated that there was no lump exceeding 1m, located around
the reactor core. From April 10 to 20, 2015, there was preliminary surveillance for exploring the location
and shape of molten fuels that had fallen into the PCV. Robots were inserted into the PCV for the first time,
and this allowed us to obtain an image of the inside as well as information for the dose and temperature. At
Unit 2, measurements of inside the reactor with muons started on March 22, 2016. There was a plan to
insert robot from the PCV penetration (X-6), and conduct investigations by using the replacement rail for
the Control Rod Drive (CRD) mechanism to access inside the pedestal. However, measures to reduce
radiation dose is currently being studied, since it took time to remove some of the shielding blocks installed
in front of X-6 and radiation dose is high in the area (in the periphery of X-6) where equipment is planned
to be installed.

At Unit 3, investigation devices were inserted from the PCV penetration (X-53) during the period of
October 20 to 22, 2015. This provided with an image of the inside the reactor and information for the

radiation dose and temperature.

(4) Waste management

The storage amount of solid wastes has increased due to the secondary waste generated from water
treatment as well as the rubble removed, associated with the progress in treating contaminated water.
TEPCO is enhancing the structure of the waste management department, and working to control the
generation of wastes. Also, the waste storage plan was announced based on the projection of the amount of

solid wastes that will be generated for the next decade.

(5) Work environment

Decontamination work is being carried out as a dose reduction measure for improving the work
environment, thereby increasing the area which does not require full-face masks to 90% of the entire site.
Also the on-site radiation dose except for the peripheries of Units 1-4 was reduced to less than 5uSv/h and
dose rate at the site boundary of less than 1 mSv/year (assessment value), which is the objective of FY2015
was achieved. Opening the large-scale rest center for workers on May 31, 2015, convenience for workers
has been improved. Meanwhile, as for decontamination inside the R/B, the dose on the first floor was
reached to approx. 3 to 5 mSv/hour. There are, however, still highly contaminated areas with radiation dose
exceeding 10mSv/hour. Little progress has been made in decontamination for the investigation areas
including the piping of Atmospheric Control System (AC) and peripheries of Drywell Humidity Control
System (DHC) of Unit 1, revealing its difficulty. Decontamination on the top floor is scheduled in future.
(6) R&D activities

The Decommissioning R&D Partnership Council was established by the Team for Countermeasures for
Decommissioning and Contaminated Water Treatment in the NDF, enhancing research and development

through the promotion of collaboration with the relevant institutions. The Collaborative Laboratories for
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Advanced Decommissioning Science (CLADS) was established by JAEA as a global research and
development organization. JAEA also began operation of the Naraha Remote Technology Development
Center where the development and the verification test of the remote operation equipment (such as robots)
will be carried out.

2.2 Positioning and purpose of the Strategic Plan

(1) Approach required for the decommissioning of the Fukushima Daiichi NPS

Decommissioning of the Fukushima Daiichi NPS is different from that of a normal nuclear power plant and
is an unprecedented project to date in Japan as well as overseas. There are four plants that experienced core
damages and/or hydrogen explosions. Even comparing with the U.S. TMI-2 which experienced a similar
accident in the light water reactor, the conditions of the Fukushima Daiichi NPS are far severe in terms of
the extent such as of core damage, number of units involved and the environments. The studies from
different perspectives are essential because the plant conditions are still largely unknown (especially the
internal condition of the PCV) and with so many uncertain factors. Moreover, some of these risks are in a
trade-off relationship.

Such decommissioning and waste management of the damaged reactors that involve a lot of uncertainties
require short term approaches where major works, such as contaminated water treatment, are required to be
carried out immediately and long term approaches of several to several tens of years in span with a view to
a future concept. That is, if short-term approaches are not adequately addressed, it may affect the mid-
and-long- term and future approaches. Predetermination on the future approaches may restrict the
conditions or actual works to be implemented over mid- and- long- term. Therefore, causes and effects may
be complicatedly affected each other. An optimal approach must be formulated on a time axis because, for
example, treatment of retrieved fuel debris and radioactive waste generated from handling and retrieval of
fuel debris must be considered in line with the studies on the fuel debris retrieval plan while considering the
status of the measures to the contaminated water since it affects the storage areas.

Removing the highly contaminated water in the sea water piping trenches on the seaside, the risk of
environmental pollution caused by the leakage of stagnant water was significantly reduced comparing with
that of before. Thus, NRA established the Committees of Radioactive Waste Management for Specified
Nuclear Facility as a structure to conduct study on the stable waste management from the stage before the
implementation plan is materialized assuming the long-term decommissioning work, dissolving Liquid
radioactive Discharge Working Group developmentally. In addition, it is required to establish the
approaches incorporating not only ensuring safety in the decommissioning but also social risks such as a

delay in the decommissioning project and trigger of reputational damage.

(2) Relation between the Roadmap and the Strategic Plan

The decommissioning of the Fukushima Daiichi NPS has been conducted in accordance with the Roadmap,
a document that encompasses the policies established by the Japanese Government. The first document,
reported such as to the Japanese Government and TEPCO to illustrate the mid- and- long- term plan of the
Fukushima Daiichi NPS was a report titled "Results of Deliberation to Formulate a Mid- and Long-Term

Strategy for Cleaning Up the Fukushima Daiichi Nuclear Power Plant™ (dated December 7, 2011) produced
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by Advisory Committee for Formulating Mid- and Long-term Strategies to Clean up the Fukushima Daiichi
NPP of TEPCO (Advisory Committee) established in Japan atomic Energy Commission. Subsequently, the
first edition of the Roadmap was issued by the Japanese Government and TEPCO's Mid-to-Long Term
Countermeasure Meeting established under the Nuclear Emergency Response Headquarters on December
21, 2011 and there have been three revisions since then. (Refer to Appendix 2)

The Roadmap describes important elements including objectives, policies and plans of the
decommissioning project. In response to this, the NDF provides TEPCO with instructions/advice while
formulating the approach toward the objectives, concept of the decision-making and order of priorities. As
described in Chapter 1, the Strategic Plan was formulated to study the concrete policies and requirements as
a total plan for the approaches, such as field works and research to implement the strategy while sharing the
progress status and issues with TEPCO that carries out the decommissioning and the manufactures and

research institutions that performs R&D.

(3) The purpose of the Strategic Plan

The purpose of the Strategic Plan is to contribute to steady implementation and revision of the Japanese
Governments' Roadmap in order to facilitate appropriate and steady decommissioning of the Fukushima
Daiichi NPS, that is, to provide a firm technical base to the Roadmap.

From now on, R&D for highly technical issues such as fuel debris retrieval, technical studies on the site
constructions and site operations will be carried out in full scale. Therefore site conditions and R&D
progress must be fully understood and a practical strategic plan with firm technical basis must be specified
S0 as to share the procedures and concept of the decision-making for the technologies (technical strategy)
among the relevant parties and workers.

In order to formulate the Strategic Plan, the Decommissioning Strategy Board consists of a group of experts
to perform reviews from various technical areas as well as the Expert Committee to hear opinions from
experts and representatives of related institutions on specific subjects were established. Overseas experts,
appointed as the International Special Advisors, are invited to the Decommissioning Strategy Board and

provided experiences and knowledge through various types of technical meetings.

(4) Perspective and scope

Although the relationship with the local communities and society and the impacts on funds are the factors
that must be examined, the study will be carried out from the technical perspective in accordance with the
roles of the NDF to formulate a strategy and provide technical support as described in Chapter 1. The
Strategic Plan will not be limited to plans for the field work but cover an overall decommissioning plan
including necessary R&D and technical studies on the site constructions as well.

The Strategic Plan was formulated to contribute to the revision and implementation of the current Roadmap
and provide it with firm technical basis. Therefore, the issues important from mid- and long-term
perspective, which are fuel debris retrieval and radioactive waste, are studied in this plan.

In addition to the actions carried out in the Fukushima Daiichi NPS, the scope of studies includes technical
R&D required for fuel debris retrieval above and waste management as well as the R&D centers developed

by JAEA near the Fukushima Daiichi NPS (Naraha Remote Technology Development Center and

2-4



radioactive material analysis and research center). The demonstration and training using the facilities of

Units 5 and 6 are also discussed as part of the study.

(5) Continuous review based on the progress

The Strategic Plan is required to develop future project management though visualizing and sharing the
concrete actions to be taken with related organizations. Furthermore, the Strategic Plan will be
continuously evaluated and reviewed in light of the project assessment using the PDCA cycle and based on
the changes in the site situation and the results obtained by the research institutes.

Revised version is released as a complete version in order to share the latest site situation and R&D results

instead of providing only the information revised this time.

(6) Overview of the Strategic Plan 2015

The basic concept of the Strategic Plan released in April 2015 was to continuously and promptly reduce the
risks associated with the radioactive materials in the Fukushima Daiichi NPS, and risk reduction strategy
was formulated for the risks represented by the significant effect (Hazard Potential) and the likelihood of
loss of containment function due to radioactive materials (risk sources) such as fuels, contaminated water
and waste.

The major risk sources are categorized into three levels depending on the order of priority and the measures
are already being taken for those risks requiring immediate actions. Therefore this Strategic Plan focuses on
the areas of study, the fuel debris retrieval which requires thorough preparations and has a number of
challenging issues, and the waste management that requires to be addressed on a long-term basis.

The technical studies on the fuel debris retrieval and the waste management are set out based on the
following : Five Guiding Principles to risk reduction; 1)Safe- Reduction of risks posed by radioactive
materials and work safety, 2) Proven- Highly reliable and flexible technologies, 3) Efficient- Effective
utilization of resources (e.g. human, physical, financial and space), 4) Timely- Awareness of time axis, 5)
Field-oriented- Thorough application of Three Actuals (the actual place, the actual parts and the actual
situation).

Since the Strategic Plan deals with a wide range of subjects, "logic tree" style is used for explanation of
logics throughout the document in order to ensure that every detail is covered comprehensively and to serve
as an aid to understand the logical development.

This strategic plan describes possible methods for the fuel debris retrieval method. After the selection of the
methods to be focused on, the current status and the future actions for the technical requirements for the
Submersion and Partial submersion methods are discussed.

Safe and steady storage of radioactive solid waste and study of the processing method and disposal concept
from the mid- to long-term perspective are important for waste management. The internationally
established safety principles on radioactive waste disposal in general are to be summarized as well as the
approaches to processing which is to be considered in relation to the disposal method in preparation for
formulation of more specific disposal management of radioactive solid waste.

For the facilitation of R&D, these R&D projects are reviewed and managed integrally. Overall optimization

is to be carried out by clear division of roles based on the characteristics of each organization and expected

2-5



results and close cooperation among the concerned organizations and the proposals were made on the plan

for the next development project.

(7) Positioning of the Strategic Plan 2016

The Roadmap revised in June 2015 provided that "Determination of fuel debris retrieval policies for each
unit” in summer of FY 2017 as an immediate milestone for fuel debris retrieval and "Basic concept for
radioactive solid waste processing and disposal” in FY 2017. The Strategic Plan 2016 develops the concept
and method according to the concept and approaches of the Strategic Plan 2015 in order to serve as an aid
for smooth and steady implementation of the Roadmap.

This will provide the plans which should be addressed including the directions of studies to make a
"Decision on the approaches " based on the realty with a view to the technological challenges that became

to be cleared by the status of the progress made in the field work and inspections.

2.3 Basic concept of the Strategic Plan

2.3.1. Fundamental policy

As the Specified Nuclear Facility, the Fukushima Daiichi NPS has been taking necessary safety measures
as obligated in the "Matters to be addressed" by the NRA and a certain level of stable condition has been
maintained.

However, since the Fukushima Daiichi NPS is in the state different from the normal nuclear power plants in
terms of degree of building damage, presence of fuel debris and spent fuels, contaminated water containing
radioactive materials and various types of radioactive waste, the risks associated with radioactive materials
may arise in the course of the future decommissioning work. Therefore it should be recognized that the
decommissioning of the Fukushima Daiichi NPS has higher risks posed by radioactive materials than that
of normal nuclear power plants.

If no actions are taken, the risks from the radioactive materials continue to exist. Even though the risks may
gradually be reduced by radioactive decay, there may still be increase of risks resulting from degradation of
the facilities over mid- and long-term. Therefore it cannot be necessarily stated that the risks simply
decrease over time.

For this reason, "to continuously and promptly reduce the risks associated with the radioactive materials
generated by the accidents" is the fundamental policy of decommissioning of the Fukushima Daiichi NPS.
Therefore, the Strategic Plan can be called as "the design of risk reduction strategy" on a mid- and long-

term basis. The Five Guiding Principles that taken into account of the Strategic Plan are described below.

2.3.2. Five Guiding Principles

This section presents the Five Guiding Principles of risk reduction in decommissioning of the Fukushima
Daiichi NPS.

Principle 1: Safe- Reduction of risks posed by radioactive materials and work safety

Principle 2: Proven- Highly reliable and flexible technologies

Principle 3: Efficient- Effective utilization of resources (e.g. human, physical, financial and space)
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Principle 4: Timely- Awareness of time axis
Principle 5: Field-oriented- Thorough application of Three Actuals (actual field, actual things and actual

situation)

(1) Principle 1: Safe- Reduction of the risks caused by radioactive materials* and work safety
*Environmental impacts and workers’ exposure

Needless to say, safety is the first priority. The safety fundamental set out obligating "protection of humans
and environments against risks from radioactive materials” by International Atomic Energy Agency
(IAEA).

However since the Fukushima Daiichi NPS is a damaged reactor that does not meet the safety standards
required for normal operating reactors, the approaches to safety and decommissioning processes are not
necessarily consistent with those for normal operating reactors. Hence, it is expected to facilitate
decommissioning while taking actions corresponding to the situations.

Accordingly, recognizing the high level of risks posed by the damaged reactors, the highest priority should
be given to "immediate risk reduction to achieve a safe and stable condition.” While it is important to meet
the basic principles of the new regulatory requirements such as defense in depth, which were reviewed as a
result of the lessons learned from the accidents at the Fukushima Daiichi NPS, it is also important to make
effort to effectively ensure safety and reduce risks with the awareness of total risk reduction in light of the
time axis. It is important to surmise the specific safety regulations in the decommissioning of the damaged
reactor and discuss with the NRA from early stage.

With regards to safety of workers, it is necessary to pay sufficient attention to their work to prevent
accidents and injuries since the site is not easily accessible and the work space is also limited. In addition,
field work has to be done under the highly radioactive environment therefore management of work hours,
setting up of radiation shielding, and use of protective equipment must be ensured in an effort to reduce

their exposure.

(2) Principle 2: Proven- Highly reliable and flexible technologies

The decommissioning of the Fukushima Daiichi NPS is an unprecedented project involving tremendous
technical difficulties and a large number of elements of R&D.

To carry out the measures in a relatively short period of time, further developmental work should be
minimized in order to make steady progress by minimizing the risks of failure in developments.

For that purpose, feasible technologies and knowledge with high Technology Readiness Level (TRL)
available in Japan and abroad should be adopted and applied. They need to be verified and demonstrated in
advance to confirm their performance under severe site conditions while being improved to be met with the
site conditions at the Fukushima Daiichi NPS (e.g. by systematization).

Considering a high degree of uncertainty in the site conditions, robust technologies should be selected to
enable flexible application to unexpected situations or changes of situation. The works should also be
carried out step by step and the course of actions should be adjusted as necessary. The alternative plans

need to be in place in case that the selected technologies cannot be applied at the site.
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On the other hand, development of entirely new technologies may become critical over the course of
decommissioning work. For mid- and long-term issues for such technical development, needs, objectives,
and roles of relevant organizations (e.g. university, public research institution and private organization) are
required to be identified including basic and generic technology researches to carry out the R&D. In
specific, the radioactive environment caused by the difficulties in the decontamination is unlikely to turn
for the better; therefore the use of remote-controlled technology is highly anticipated.

For example, target of operations under severe radiation environment may require a combination of (a)
remote manipulation technologies, (b) remote transfer control technologies, (c) decontamination or
shielding using newly developed technologies, (d) direct operation by humans and (e) related basic
technology research. If reliability/assuredness in (a)-(c) is comparatively low, the combination with human
operation in (d) is to be considered as technical strategy.

The robotic technologies to be applied for the decommissioning work are as follows:

(a) Remote-controlled manipulation technology

Technology to realize operation by transferring the end effectors such as gripper, decontamination head and
sensor heads to the work area by arm mechanism controlled by the operator in a safe place.

(b) Remote transfer control technologies

Technology to transfer the mobile base (platform) equipped with remote-controlled manipulation system

and sensing system to the work site, which is controlled by the operators who are in a safe place.

(3) Principle 3: Efficient- Effective utilization of resources (e.g. human, physical, financial and space)
Decommissioning of the Fukushima Daiichi NPS involves implementation of a large amount of
complicated works and developments over a long period of time. Therefore, shortage in resources, such as
human, physical, financial and space may become the restraints to the project. Reasonable and effective use
of these resources will be a key factor in successful decommissioning.

As for human resources, it is necessary to plan and manage the total exposure of the construction workers
during the period of construction in order to secure manpower over a long period of time for the works
under highly radioactive environment. In addition, because the project requires various R&D and technical
studies for site construction, impracticable and unnecessary work should be avoided and efficient operation
must be pursued. Securing necessary human resources for successful decommissioning such as researchers,
engineers and workers in conjunction with human resource development and technology succession are
important.

As for physical resources, any facility and equipment brought into the Fukushima Daiichi NPS are highly
likely to be treated as radioactive waste. A rational way should be developed in order to reduce the amount
of waste by effective utilization, and not to carry in unnecessary goods but fully use them once they are
carried in with keeping "3R rule (reduce, reuse and recycle)" in mind.

As for financial resources, since a large amount of work and developments are required over a long period
of time to successfully implement the project, a total cost reduction including the cost effectiveness of the
works, the effect of investment against technical development and facilities in conjunction with effective

use of manpower must be considered.
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Although the area of the Fukushima Daiichi NPS is a relatively large compared to the other domestic
nuclear power stations, it is not enough to secure a vast area of land for storing contaminated water tanks
and installing the waste storage facilities. Considering that such areas may further increase in the future and
constrain the working areas, the available land must be used in an effective way along with the preparation
and securing of the transport route such as for equipment.

For efficient uses of the resources (human, physical, financial and space), it is important to optimize
individual work and each development activity, but to avoid partial optimization, it is also important to
determine the order of priority to achieve overall optimum results in the long run taking into account the

consequences on the future procedures.

(4) Principle 4: Timely- Awareness of time axis

To take unnecessarily long time for decommissioning of the Fukushima Daiichi NPS means continuation of
high-risk situation associated with radioactive materials. "Timeliness" and “Proven” may be in a trade-off
relationship, but putting off the judgment and leaving the high-risk situation unattended is not a reasonable
way to deal with the risks. Works need to be carefully carried out in parallel with the studies, and optimal
judgments must be made at necessary timing.

In order to be aware of "timeliness,"” it is important to set a certain target time for each of the "actions to be

taken as soon as practicable,” "actions that require steady implementation” and "actions to be carried out

over a long time." Moreover, the process of the fuel debris retrieval can be divided into three phases;

"beginning phase,” "intermediate phase” and "completion phase,” and it is also necessary to set a step by
step intermediate target for "beginning phase™ and the “intermediate phase™ in addition to the objective of
overall achievement. The "beginning phase” is a phase when the preparation for reliable method is
complete and retrieval work starts, making this phase a significant point both technologically and socially.
Even in the "intermediate phase,” it is extremely important to have actual sense of accomplishments and to
demonstrate steady progress.

In addition, multilayered preventive measures against project risks are also important to avoid time loss and
additional rework. In planning preventive measures, judgments on what risks should be addressed, to what
degree preventive measures should be taken, and to what degree the measures should be multilayered will
be important as well. Prior clarification on details and level of safety assessment is also required to avoid
time loss and additional rework.

Since "timeliness” is not the focal point of long-term issues such as waste management and
decommissioning, new regulatory systems and standards may need to be established for the treatment of
the damaged nuclear power station and the generated waste which has never been handled in the past. This
process may take a considerable time, therefore sufficient lead time should be taken into account when

planning the long-term measures.

(5) Principle 5: Field-oriented- Thorough application of Three Actuals (actual field, actual things and

actual situation)
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Decommissioning of the Fukushima Daiichi NPS is the risk reduction activities associated with the
radioactive materials at the site; therefore, it is important to carry out the tasks in accordance with the
"Three Actuals™ concept thoroughly and in a field-oriented manner.

The Three Actuals means to understand the precise needs based on the actual site conditions, actual
structures, systems and components, and what is actually happening at the site, and to choose technologies
focusing on the applicability at the site. Special attention needs to be paid and common understanding
should be developed for the risks posed by gaps in understanding between engineers and field workers who
apply the developed technologies to the site, as well as between design/project management personnel and
field workers.

The site applicability is to assess whether the technologies under feasibility study (FS) is actually
applicable to the site conditions and the environment of the Fukushima Daiichi NPS.

Assessment of site applicability should be made based on the following points.

® Environmental resistance (e.g. radiation, temperature and humidity and light intensity).

®  Accessibility and transportability (e.g. narrow routes, obstacles such as rubble, lifting device and dose
rate).

Work space (e.g. inside the buildings, and yard)

Infrastructure development (e.g. electricity, air, communication and water)

Necessity of liquid and radioactive solid waste treatment.

Maintainability and capability to respond to troubles.

Onsite operability

Understanding of site conditions may also provide information to enhance the safety of existing light water
reactors. It is originally not within the scope of the decommissioning of the Fukushima Daiichi NPS, but it
is expected to keep that in mind throughout the project.

On the other hand, regardless of the Three Actuals or the safety enhancement for the light water reactors,
there are great difficulties and exposure accompanied through the investigation of the site conditions under
highly radioactive environment of the Fukushima Daiichi NPS. Spending time to execute a thorough
investigation is a trade off with safety from the total risk reduction point of view; therefore, it may be
necessary to make a plan based on a certain level of assumptions. In such case, multilayered measures
should be prepared to deal with unexpected situations.

For the decommissioning of the Fukushima Daiichi NPS, it is important to manage the project by
comprehensive assessment of various risks taking into account of the balance of all risks that are in the
trade-off relationship. Therefore, involvement of participation of various relevant parties according to the
risk information that is, risk-informed decision making should be applied in assessing the risks. .

The decommissioning project depends heavily on safety regulation. The regulatory authorities also consider
the use of the safety risk information, therefore the risk-informed decision making should also be applied to
meet the regulatory requirements. In addition, it is essential to have consultation with the regulatory
authorities from the R&D stage concerning how to address safety issues.

It is also important to explain to the society that utmost effort is being made although various risks and

restrictions exist, that is, so-called risk-informed communication is necessary.
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While individual areas of work are studied in accordance with the Five Guiding Principles, it is extremely
important to be always aware of the interrelationship of all the areas of work and their position within the

entire project from the total optimization viewpoint.

2.4 Approach to the international cooperation

(1) Gathering and using wisdom and experience

Decommissioning associated with the accident at the Fukushima Daiichi NPS was one that the world has
never seen before in terms of scale and so on. In order to smoothly and promptly carry out such extremely
complicated and difficult project, technologies that is far beyond what has been accumulated in the
construction, operation, maintenance and decommissioning of light water reactors in Japan are required. On
the other hand, there are many cases where contaminated facilities and facilities that have seen accidents
overseas have been decommissioned. Learning from these similar cases will be helpful to accelerate the
decommissioning project and ensure safety at the Fukushima Daiichi NPS. Thus, it is very important to
actively cultivate relationships with the relevant overseas organizations that have this knowledge and
experience. Their knowledge and experiences are valuable not just because of their technologies but also
because of their familiarity with actions and countermeasures in response to unexpected and extraordinary
situations. A special consideration and measures are also required in order to smoothly obtain such overseas
decommissioning technologies and the knowledge and experiences regarding projects, even in the Japanese
systems and frameworks that have been supporting our excellent light water reactor technologies. That is,
creating an optimal environment to facilitate the introduction of excellent experiences and technologies
from overseas should also be encouraged. Thus it requires the operators to recognize “shift to the

decommissioning culture”®

recommended by IAEA

To this end, the NDF has appointed International Special Advisors from the U.S., the U.K., and France as
experts to provide us with advice. Also, in February 2015, the NDF entered into Memorandum of
Understanding on the exchange of information with the Nuclear Decommissioning Authority (NDA) in the
U.K. and the Commissariat a I'énergie atomique et aux énergies alternatives (CEA) in France. These are
institutions related to decommissioning administration and research and development overseas, and we are
working on collaborating with them. The NDF has been also participating in the framework of
Decommissioning and Environmental Management Working Group (DEMWG) under the U.S.-Japan
Bilateral Commission on Civil Nuclear Cooperation between the U.S. and Japanese Governments since
2015, having discussions such as with the United States Department of Energy (DOE) and the U.S. national
laboratories. Further, the NDF is taking part in the activities of international organizations including the
IAEA and the Organization for Economic Cooperation and Development/Nuclear Energy Agency
(OECD/NEA).

Making an effort to gather and use the wisdom and experience from Japan and abroad, including

adequately utilizing knowledge and experiences of decommissioning projects in other countries, are

% |AEA, Safe and effective nuclear power plant life cycle management towards decommissioning,
IAEA-TECDOC-1305, August 2002
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important as ever to conduct the decommissioning project at the Fukushima Daiichi NPS efficiently and

effectively.

(2) Active information dissemination

Taking into account of Japan’s responsibility to international society, as a country where the Fukushima
Daiichi NPS accident occurred, it is important to carry out the decommissioning project in a manner open
to the international society. Activities through bilateral and multilateral frameworks, such as disseminating
information proactively on the knowledge and experiences obtained from decommissioning and
contaminated water measures, receiving advice and assessments will be important.

At the side event of the IAEA general conference in September 2015, the government organizations of
Japan, the U.S., the U.K., and France respectively disclosed their decommissioning efforts to the world and
discussed their decommissioning initiatives. In April 2016, five years after the Great East Japan Earthquake
and the Accident at Fukushima Daiichi NPS, the 1st International Forum on the Decommissioning of the
Fukushima Daiichi NPS was held in lwaki City of Fukushima Prefecture. It was co-hosted by the Agency
for Natural Resources and Energy in Japan and the NDF. The participants included the relevant institutions
and experts in Japan and abroad, local residents and students (641 attendees from 15 countries). It is
important to actively continue these activities.

In handling of fuel debris and spent fuel, it is necessary to note that a great deal of consideration is

internationally requested from the perspective of ensuring physical protection and safeguards.

(3) Close cooperation among the domestic organizations

The relevant Japanese organizations are working on international collaboration respectively. TEPCO
entered into the Agreement on Information Exchange with Sellafield Ltd. in the U.K., and the CEA in
France. JAEA has partnerships with organizations, including the NDA in the U.K., the CEA and the Agence
Nationale pour la Gestion des Dechets Radioactifs (ANDRA) in France, and the Nationale Genossenschaft
fur die Lagerung radioaktiver Abfalle (NAGRA) in Switzerland.

The relevant Japanese institutions are communicating on a regular basis. In leading international efforts, it
is important for the Japanese Government, the NDF, TEPCO and relevant research institutions to work

together closely to carry out these cooperation with the international society.

2.5 Overall structure of the Strategic Plan

The strategic plan consists of seven Chapters.

Chapter 1 provides the role of the NDF and the relationship with the relevant institutions involved with the
decommissioning project of Fukushima Daiichi NPS.

Chapter 2 provides the progress status of the Fukushima Daiichi NPS since the announcement of the
Strategic Plan 2015. Also, as the NDF’s outline of the Strategic Plan from a mid-to long term perspective,
concerning the purposes, positioning and fundamental policies of the Plan, this Chapter describes that the
project will be implemented in line with the “Five Guiding Principles” and “how to develop the

international cooperation.”
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Chapter 3 provides the strategy for reducing radioactive material risks at Fukushima Daiichi NPS and the
project risk management for facilitating the steady decommissioning, and its relationship with society.

As the basis to achieve the fundamental policies of the Strategic Plan, it is essential to identify the risks of
the entire Fukushima Daiichi NPS, and develop the risk reduction strategy, prioritizing risk removal and
reduction. In the Strategic Plan 2015, an overall picture based on the short-term perspective and the
mid-and-long-term perspective was provided, as there were various characteristics of risk sources and there
were priorities in the responses. Risk reduction efforts are emphasized in the Mid-and-long-Term Roadmap
as well.

The Strategic Plan 2016 provides the concept of an updated risk reduction strategy, including changes made
in the risk status over the past one year; specifically, it includes a reduction in the risks due to various
measures, additional risk sources to be reviewed, and the improvements of risk analysis methods. Also, it
describes the concept of project risk management and importance of communication, focusing on the fact
that the decommissioning work can lead to social risks such as trigger to delay in the decommissioning
project and reputational damage, besides the radiation risks of radioactive materials.

Chapter 4 provides the strategy to analyze the internal PCV condition and its action status; the action status
of the technical issues important in the evaluation of feasibility of three methods to be focused on (The
Submersion-Top access method, Partial submersion-Top access method and Partial submersion-Side access
method); and the studies on the approaches to the retrieval method for each unit.

Assuming a high-dose radiation environment, the descriptions on the internal PCV condition analysis
should include the inspection strategy for comprehensively analysis/evaluation so as to obtain more reliable
results by utilizing the evaluation results based on the severe accident progression analysis and plant
parameter in addition to the investigation of conditions inside the actual reactor with high priority
considering necessary timing and significance.

Also, it describes the action status of the technical issues (e.g. establishment of criticality control and
containment of radioactive materials function) important to ensure safety in the fuel debris retrieval method
and technical issues important to realize the fuel debris retrieval method. Integrating these approaches to
the studies are described on “Determination of fuel debris retrieval policies for each unit” scheduled to be
announced in 2017 summer.

Chapter 5 provides the strategies of waste management. It describes the issues based on the current status
and the concept of safety assurance for radioactive wastes in line with the target process of developing the
treatment and disposal fundamental policy in FY2017.

Concerning the fundamental concept of waste management safety assurance, the fundamental approach
based on “the concept of international radioactive waste management” should be regarded as important.
However, the effort considering the characteristics of wastes generated by the accident at the Fukushima
Daiichi NPS (the wastes which may be categorized to radioactive waste such as by reuse and radioactive
solid waste which has been stored since before the accident and is hereinafter referred to as “radioactive
solid waste™) will also be important. The Strategic Plan 2016 describes the concept to control the
radioactive waste in a safe manner from the perspective of “stable storage of radioactive solid waste will be

important for the time being." In addition, it describes the evaluation of the current efforts and clarifies the
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issues on the solid wastes. For example, since the amount of solid waste to be controlled increases as
decommissioning work progresses, stable storage will be important from the perspective of risk reduction.
Further, the importance of waste reduction with clear priority is shown along with the concept of the
overseas field-proven waste management.

With regard to the evaluation of the properties on the solid waste, it indicates the importance of identifying
the properties of radioactive solid waste through analysis. It also indicates the importance of having an
analysis plan focusing on the period until about FY2021, when the safety for the treatment and disposal of
solid waste will have been confirmed. The importance of expanding data on the evaluation of technologies
of processing of solid wastes is described. Also, the importance of studying new disposal concept according
to the characteristics of solid wastes by utilizing the knowledge and experiences in Japan and abroad is
described.

Chapter 6 provides the direction to head in and management of research development efforts, taking into
account the status of the current activities. This is based on the research development policy of accelerating
work on challenges to the decommissioning of Fukushima Daiichi NPS, which has never been experienced
before with all efforts of the people gathering strength in Japan.

“The Decommissioning R&D Partnership Council” was established in the NDF to strengthen its research
and development structure. This is based on the philosophy that the research and development required for
decommissioning should be implemented through the concerted efforts of Japan. The Chapter also provides
the activities of developing human resources to ensure long-term decommissioning, bridging technical
seeds and needs, and sharing the details of research and development activities among the relevant
institutions of the JAEA, other research institutions, universities, and technical colleges through mutual
understanding.

By reflecting the progress in the study of decommissioning strategies, the new plans will be presented for
the basic/infrastructural research & development and the research & development of decommissioning
technologies using the government budget.

Chapter 7 provides future action to carry out the Strategic Plan as a summary.
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3. Risk reduction strategy

For the purpose of “continuously and promptly reducing the risks associated with the radioactive materials
that resulted from the accident” that is the fundamental policy for the decommissioning of the Fukushima
Daiichi NPS, “the designing of a risk reduction strategy” is performed in this chapter. To do so, the
measures for risk reduction shall be decided by identifying various radioactive materials, performing
analysis and evaluation based on their characteristics, and then deciding priorities.

Various challenges are found in implementing the designed risk reduction strategy steadily. One of them is
“the project risks” that can significantly affect the progress of the decommissioning project, including the
operational risk associated with the removal of fuel debris; it is important to identify such risks and
properly manage them for fulfilling the above-mentioned fundamental policy. Further, it is also important
to proceed with decommissioning in cooperation with the community, through gaining the understanding
by the stakeholders, including the local residents.

In developing the risk reduction strategy and steadily proceeding with it, it is important to make decisions,
regarding risks as one of the important pieces of information, while taking into account other various
factors. In addition, communication with the local residents is important to perform decommissioning in

cooperation with the community.

3.1 Method of reviewing the risks posed by radioactive materials

Here, preparations are made to design the strategy for reducing the risk of radioactive materials, described
in Section 3.2, in reference to generic risk management*. The concept of risk management is also effective
in ensuring that decommissioning is steadily carried out as stated in Section 3.3, where reviews are made

by referring back to the generic definitions in Table 3-1.

3.1.1. Terms and Definitions
As the expressions associated with risks are used in various ways, it is effective to define terms so as to
improve people’s understanding of the concept of risks. Table 3-1 shows the terms and their definitions that
are generally used in relation to risks, as well as their usage in the strategy for reducing risks posed by
radioactive materials.
The major purpose here is to protect people and the environment from the impacts of radioactive materials.
Impacts of radioactive materials include as follows:
»  Animpact on the environment
v Public exposure (external exposure and internal exposure)
v Environmental pollution and wide-area dispersion
> Workers’ exposure (external exposure and internal exposure)
Our purpose here is to suppress the public exposure, as a representative impact on the environment.

Exposure of workers is an important point to consider when reviewing the countermeasures against risks.

* JIS Q 31000:2010 (1SO 31000:2009) “Risk Management - Principles and Guidelines”
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Uncertainties refer to an insufficiency of information, understanding, or knowledge associated with the
events, consequences, and likelihood of occurrence. For example, it is difficult to forecast the timing and
the place of occurrence of natural disasters, as well as their size; once it occurs, impacts on people and the
environment will be unavoidable. In addition, information concerning the risk sources themselves, such as
the distribution and properties of fuel debris, is also insufficient, representing another significant
uncertainty.

Consequences and likelihood of occurrence are qualitatively represented in some cases; however, the
strategic plan aims to be quantitative to the extent possible. The metrics, however, are represented as
relative values, and are not limited to physical ones such as effective dose. In some cases, subjective
expressions may be used, in spite of aiming to be objective as much as practicable.

The level of risks is generally expressed as a combination of a consequence and the likelihood of
occurrence, not always as the product of them. In the strategic plan, the level of risks is basically expressed
as a product; in some cases, however, either a consequence or the likelihood of occurrence is used in
various kinds of assessment.

The risk criteria are discussed in the sub-section of risk evaluation below.

Table 3-1 Terms and Definitions

General definition Usage in a strategy for reducing risks posed by
Terms . . .
radioactive materials
Impact of uncertainties on an objective Impact on people and the environment caused by
. radioactive materials
Risk .
Also used when a risk source, an event, a consequence, or
the level of risk is represented as a whole
Risk source A factor that has the potential to produce a risk by | Radioactive materials
itself or in a combination with other factors
Occurrence of or change in a certain series of | Occurrence of a natural disaster or a failure, and the
Event surrounding conditions resultant change in the condition of a risk source or in the
containment function
c Outcome of an event impacting on the specified | Public exposure caused by the release of radioactive
onsequence S L oo . : - h
objective (qualitative or quantitative) materials (or a metric representing this)
- Chance that something may happen (objective or | Chance that public exposure, caused by the release of
Likelihood of L o Lo S . -
subjective, qualitative or quantitative) radioactive materials, may happen (or a metric
occurrence - .
representing this)
. The magnitude of a risk expressed as a combination | Product of a consequence and the likelihood of occurrence
Level of risk S
of a consequence and the likelihood of occurrence
Reference for evaluating the significance of the | Comparison of the level of risk between various risk
Risk criteria relevant risk sources or between before and after an action is taken
against the relevant risk
3.1.2. Risk management process

Figure 3-1 shows the process of generic risk management. Designing of a strategy for reducing risks posed

by radioactive materials, discussed in Section 3.2, is also performed according to this process.




Risk Assessment

1. Risk identification

W
2. Risk analysis

W
3. Risk evaluation

4. Risk treatment

Figure 3-1 Process of Risk Management

(1) Risk identification

Risk identification is a process of detecting, recognizing a risk and clarifying its characteristics, including
the identification of risk sources, events, and consequences. In this phase, it is important to extensively list
up a variety of risk sources existing at the Fukushima Daiichi NPS, and to understand their characteristics.
(2) Risk analysis

Risk analysis is a process of understanding the characteristics of risks, and determining the level of the risk.
To do so, a certain consequence and the likelihood of occurrence must be determined. In the case of the
Fukushima Daiichi NPS, some ingenuity must be used to take into account the uncertainties associated

with risk sources such as fuel debris.

(3) Risk evaluation

Risk evaluation is a process of comparing the level of risks with the risk criteria, in order to determine if
the relevant risk is acceptable or tolerable. In the decommissioning of the Fukushima Daiichi NPS, this
type of risk evaluation will be required sooner or later; under the present condition, however, a strategy
must be developed first, e.g., to determine the priority of risk sources. Therefore, in the strategic plan, a
relative comparison will be made on the level of risks for various risk sources, not a comparison with the

risk criteria.

(4) Risk treatment

Risk treatment is the process of reducing the level of risks. As shown in Figure 3-2, the ways to do this
include removing risk sources, reducing the likelihood of occurrence, mitigating consequences, and so on.
In treating risks, through a single means or a combination of them, the level of risks is reduced accordingly
for the risk sources positioned at the upper right in the figure.

In this regard, a variety of possible options shall be reviewed and the best one must be selected. To make
comparisons between these options, the Five Guiding Principles shall be referred to, and attention shall be
paid to the risks that might happen during treatment. It is also important for making the best selection to

determine how much risks can be reduced by treating them.
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Figure 3-2 Level of Risks and Risk Treatment

Processes (1) to (3) are collectively called risk assessment. Prioritization of risk sources is resultantly
performed in this process, and this is the first step in the risk reduction strategy. The methodology suitable
for analyzing diverse risk sources is discussed in Section 3.1.3, and then the risks are identified in Section
3.2.1, risk analysis is performed in Section 3.2.2, and the priority for treatment is established based on the
level of risks in Section 3.2.3.

The second step in the risk reduction strategy is the process of risk treatment. In Section 3.2.4, according to

the established priority, a method of reducing the level of risks for individual risk sources is determined.
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/ Column: ALARP and ALARA \

In determining the risk criteria, the concept of ALARP (As Low As Reasonably Practicable), which has
been proposed by the HSE (Health and Safety Executive) and introduced into the NDA's strategy, serves as a
reference. In ALARP, risks are classified into the following three groups.

®  Unacceptable region

» Risks are significant, and cannot be justified except in extraordinary circumstances.
® ALARP region (or tolerable region)
> Risks are tolerable only when risk reduction is impracticable, or the cost incurred with risk
reduction is disproportionate to the effect acquired by risk reduction.
> As the lower a risk becomes, the higher the cost that is commensurate with the effect of risk
reduction becomes, the risk should be reduced to a level as low as reasonably practicable.
® Broadly acceptable region
» The risk is sufficiently low; it should be continuously ensured that the risk stays at this level.

To establish a reasonable level of risk in the ALARP region, you are recommended, in addition to
performing cost-benefit analysis, to refer to the past good practices, and to aim to have the best solution by
extensively reviewing the alternative risk reduction options. In any case, it is essential to involve the
stakeholders.

The concept of ALARP is similar to that of ALARA (As Low As Reasonably Achievable), put forward by
the International Commission on Radiological Protection (ICRP). In ALARA, in order to optimize protection
against radiation, it is necessary to limit the exposure dose to “as low as is reasonably achievable, taking into
account the social and economical factors.” The concept of ALARA is specifically to reasonably determine
how much the exposure dose should be reduced, after achieving the dose limit established as the lower limit in
the unacceptable region.

/\ Unacceptable region
<
(o2}
2
E ALARP region
3
X
2]
2
/\ Broadly acceptable region
KReference: “The Tolerability of Risk from Nuclear Power Stations,” HSE (1992) /
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3.1.3. Methodology of risk analysis

To perform a risk assessment targeting various risks sources, it is essential to use a methodology of
analysis that can get an overview of diverse characteristics, instead of the details. This section refers to the
SED score (Safety and Environmental Detriment score)® developed by the NDA and partially modified to
be applied easily to the Fukushima Daiichi NPS. Outline of SED score is shown in Appendix 3.1.

3.1.3.1 Risk metric
According to the SED score, following “Risk metric” is used as an index that represents the risk level.

Risk metric = RHP X (modified FD X modified WUD)*
The first term “RHP” represents Radiological Hazard Potential (RHP) of SED score. It is defined as a total
amount of radioactive materials which is contained in the risk source, taking into account the properties
such as gas, liquid or solid from the perspective of likelihood of leakage or migration and the available
time to recover when the safety function is lost. The details are described in 3.1.3.2.
The “modified FD” in the second term is a modified Facility Descriptor (FD) of SED score. It is a factor
that determines the grade of the risk source by the combinations of the elements, such as the integrity of
the facilities and containment functions. The “modified WUD” is a modified Waste Uncertainty Descriptor
(WUD) of SED score and is a factor that determines the grade of the risk source by the combinations of
such elements as the changes in the conditions of risk source and states of packaging/monitoring. Each
factor is divided into ten categories and scores are set for each category.
The first term is “Hazard Potential,” which is a risk source-specific nature. It is equivalent to the
"consequence.” The second term is “Safety Management” that expresses the controlled state of the risk
sources and two factors above are respectively related to current and future "likelihood of occurrence.”
Hazard Potential and Safety Management are important indices to determine not only the prioritization of
the risk source but also the precautionary measures for risk treatment. For example, Safety Management
enables more diverse measures than Hazard Potential. Also, fourth power of the second term is set so that

the magnitude of the first and second terms will be comparable each other.

3.1.3.2 Hazard Potential
The term “RHP” represents Hazard Potential as follows:
Inventory x Form Factor

Control Factor

RHP =

(1) Inventory

Inventory is represented as the product of radioactivity of risk sources and specific toxic potential (STP) °
and this corresponds to effective dose. STP is the amount of water needed to dilute the radioactive
materials of 1TBq so that the ingestion of such diluted water throughout the year would not exceed the

radiation dose of 1mSv. This corresponds to the dose coefficient.

> NDA Prioritization — Calculation of Safety and Environmental Detriment score, EPGR02 Rev.6, April 2011.
® Instruction for the calculation of the Radiological Hazard Potential, EGPR02-WI101 Rev.3, March 2010.
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Using Inventory to the calculation of RHP corresponds to the full release of radioactive materials contained
in a risk source. Only a small fraction of radioactive materials is released in a real event, and it is very
unlikely that the full amount of them will be released. Thus, using RHP as the “consequence” is a setting
on the safety side. From the perspective of prioritization of risk source, RHP using Inventory is an

impartial index that does not depend on the event.

(2) Form Factor

Risk sources have different properties: solids such as fuel debris and pellets in fuel rods, liquids such as
contaminated water, and gases such as noble gases in fuels. There are also other various properties of risk
sources, such as sludge, complex radioactive compounds on the surfaces of equipment and buildings
(surface deposits), materials having potential chemical reactivity, mixtures of chemical and radioactive
materials (mixed waste), and environmental pollutants in the site (rocks which adsorbed clay particulates
and radioactive materials).

If the risk source is currently contained, the likelihood of its leakage depends on its property in the event of
a loss of the containment function. And if the risk source is already released into the environment, the
likelihood of migration or dispersion depends on its property. The factor that quantifies these impacts is the
Form Factor (FF) shown in Table 3.2.

RHP is a more realistic metric than Inventory, which indicates a full release, as the difference between the

likelihood of release is taken into account for each property by FF.

(3) Control Factor

Control Factor (CF) of risk sources is the factor that indicates the time allowable until recovery in the event
of a loss of safety function, such as cooling and nitrogen injection, designed for maintaining the current
stable condition.

CF is shown in Table 3.3. The maximum value of 100,000 is prepared for the allowable time of 10 years,

meaning that a stable condition can be maintained for a sufficiently long period without special equipment.

Table 3.2 Form Factor (FF) Table 3.3 Control Factor (CF)
Properties Score Category (In hours) Score
Gas, liquid 1 Hour lh 1
Sludge, powder 0.1 Day 24 h 10
Discrete solid 0.00001 Week 168 h 100
Large monolithic solid, activated component 0.000001 Month 730 h 1,000
Year 8,760 h 10,000
Decade 87,600 h 100,000

3.1.3.3 Safety Management

Modified FD and modified WUD that comprises Safety Management are those which partially modified to
be applied flexibly for various risk sources at the Fukushima Daiichi NPS.

Modified FD is a factor that determines the level of the risk sources by comparing them from the
perspective of containment functions, structural integrity and safety measures as the elements that

characterize the facility containing the risk sources. These describe the current state of containment: its
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multi-layered containment functions, the maintenance of its structural integrity until the time of its retrieval,
and the multiplicity of safety equipment.

Modified WUD is a factor that determines the level of the risk sources by comparing them from the
perspective of degradation, corrosivity, packaging and monitoring as the elements that characterize the risk
source. It shows whether or not the impact is caused to the controlled state of risk source and the future
retrieval work if no action is taken for a long period of time. Furthermore, impact caused by its presence to
the retrieval of other risk source and needs of the early treatment were added to the elements for
characterization from the perspective of prioritization of the risks sources, although these are not
considered in the concept of SED score. When the properties and locations of risk source are uncertain,
preparations such as inspection should be started instead of rushing to retrieve.

In SED score, combinations of the elements characterizing the risk sources are narrowed down to 10
categories as shown in Table A3.1-3 and Table A3.1-4. However, such fixed categories have limitations in
expressing the risk sources corresponding to the various combinations of the elements characterizing the
risk sources. In modified FD and modified WUD, any combinations of the elements characterizing the risk
sources are allowed so as to respond flexibly to the various types of risk sources at the Fukushima Daiichi
NPS.

For both modified FD and modified WUD, a relative comparison will be made for risk sources based on
the above-mentioned concept. Then, risk sources will be classified into 10, and the scores specified in
Figure 3-3 will be applied. This score is the same as that shown in Table A3.1-3 and Table A3.1-4. The
scores on the graph have been set, so that Categories 4 - 10 into which many risk sources are classified
appear as a straight line on a logarithmic scale. As Hazard Potential is changed to logarithmic scale in
proportion to radioactivity of risk sources, score setting of Figure 3-3 is important to handle Hazard
Potential and Safety Management equally.

Since quantification of the descriptive information such as the characteristics of risk sources and the
condition of facilities is not easy, the method that sets scores by ranking as described above is one of the
effective methods. The risk analysis method will be improved as to be more consistent with the on-site

situation, so that the results will be reflected in the decommissioning work.

100 -
Modified FD
Modified WUD
g
§ 10 -
1 . . . . . . . . . |

1 2 3 4 5 6 7 8 9 10
Category

Figure 3-3  Scores of modified FD and modified WUD

3-8



3.2 Strategy for reducing risks posed by radioactive materials

3.2.1. Risk identification

Actinide nuclides such as uranium and plutonium (hereinafter referred to as “heavy nuclides”), fission

products (hereinafter referred to as “FPs”) such as cesium which are easily released into the environment,

and activation products accumulated in the reactors over a long period of operation (e.g. Co-60 and Fe-55)

are typical radioactive materials for which the external impacts should be considered, and they contribute

to risk sources.

Among major risk sources present at the Fukushima Daiichi NPS, the following are attributable to the fuels

and contain radioactive materials of heavy nuclides and FPs:

®  Fuel debris in the PCV (Units 1-3);

® Fuel assemblies stored in the SFP of each unit (Units 1-3);

® Fuel assemblies stored in the common pool (Fuels in the common pool);

® Fuel assemblies stored in the dry casks (Fuels in the dry cask).

The following contaminated water and waste contain FPs as radioactive materials:

® Heavily contaminated water accumulated in buildings (Contaminated water in buildings);

® Highly concentrated liquid waste stored in tanks (Concentrated liquid waste);

® Secondary waste generated from the cesium and the second cesium adsorption systems (Waste
adsorption column);
Secondary waste in the sludge storage of decontamination equipment (Waste sludge);

® Secondary waste generated from the advanced liquid processing system (ALPS), the added ALPS and
high-performance ALPS (the slurry contained in a high integrity container (HIC); hereinafter referred
to as “HIC slurry”);

® Rubble, felled trees and radioactive solid wastes generated by operations (including waste generated
during normal operations before the accident which mainly consists of corrosion products such as Co
and Mn. Hereinafter, the radioactive solid wastes contained in a storehouse is called “solid waste in
storehouse,” and the radioactive solid wastes stored outdoor is called “tentatively stored solid waste.”)

The following structures and buildings contain radioactive materials such as FPs and activation products.

(These are hereinafter collectively called “PCV internal structures.”)

® FEquipment that is located in the Reactor Pressure Vessel (RPV) and PCV, containing activation
products, as well as the equipment contaminated by dispersed FPs (such as steam driers, steam
separators, core shrouds, upper grid plates/core plates, piping, valves).

® Some equipment, piping and buildings which are contaminated by dispersed FPs.

In the strategic plan, all of them are considered as risk sources. With regards to scattered rubble, felled
trees, stagnant water, and exhaust stacks, TEPCO is now working on risk reduction through a
comprehensive investigation.

In addition, 1,535 fuel assemblies that were stored in the pool of Unit 4 at the time of the accident were

completely removed in 2014. The transported spent fuels are stored in the common pool. Among the
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contaminated water, the concentrated saltwater stored in tanks and heavily contaminated water stagnating
in the seawater piping trenches of Units 2 to 4 were completely removed in 2015.

The characteristics such as radioactivity, properties, and containment conditions of each risk source are
summarized through the risk analysis in Section 3.2.2. Here, the properties of fuel debris will be briefly
discussed. It should be taken into consideration that five years have already passed since the accident and
the radioactivity and decay heat have decreased over the years. And, it should also be considered that the
radioactive materials will further decay over the course of the assumed decommissioning work in the
future. Core radioactivity and decay heat are shown in Figure 3-4 for each unit. All values are relative to
the values at the time of the accident and the release of radioactive materials into the environment is not
taken into account. The current level of radioactivity has decreased to less than 1%, and decay heat to less

than 0.1%, compared to those at the time of the accident.
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Reference: JAEA-Data/Code 2012-018
Figure 3-4 Evaluation of core radioactivity (left) and decay heat (right)

Risk identification includes the identification of events and consequences. As shown in Table 3-1, events

represent the occurrence of natural disasters and failures, the condition of risk sources caused by them, and

changes in the containment function, while consequences represent public exposure caused by the release

of radioactive materials. Initiating events as the start of a series of events are as follows:

® Internal events: loss of power supply, internal fire, internal flooding, hydrogen explosion, malfunction,
erroneous operation (human error), internal missile, sabotage, etc.

® External events: earthquake, tsunami, volcanic activity, tornado, external fire, typhoon, heavy rain,
flooding, missile, illegal intrusion, etc.

The method of risk analysis discussed in Section 3.1.3 does not directly take into account the

above-mentioned events; instead, individual factors of Safety Management will be analyzed by assuming

these events. For the consequences, Hazard Potential will be used.
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3.2.2. Risk analysis

3.2.2.1 Selection of nuclides for evaluation

The nuclides to be considered during the period of several decades until the completion of
decommissioning will be selected. Appendix 3.2 explains the review conducted for the core and the fuels
in the pool at Unit 2, focusing on the effective dose that represents the impact on people.

The selected nuclides and their characteristics are provided in Table 3-4. The seven nuclides of Pu-238,
Pu-239, Pu-240, Pu-241, Am-241 and Cm-244 are selected for heavy nuclides, and the three nuclides of
Sr-90, Cs-134 and Cs-137 are selected for FPs.

Table 3-4 Major radionuclides and their characteristics

Nuclides .
Half-life STP(m*/TBq) Feature
Pu-238 87.7 years 66,000,000,000 | —
Pu-239 2.41x10* years 72,000,000,000 | —
Pu-240 6.54x10° years 72,000,000,000 | —
Pu-241 14.4 years 1,380,000,000 | —
Am-241 4.32x10? years 57,600,000,000 | Generated from decay of Pu-241
Cm-244 18.1 years 34,200,000,000 | —
Sr-90 29.1 years 96,000,000 | Medium volatile
Cs-134 2.06 years 12,000,000 | High volatile
Cs-137 30.0 years 23,400,000 | High volatile

Reference: Half-life from ICRP Publication 72, STP from EGPR02-WI01

3.2.2.2 Hazard Potential

Inventory, FF, and CF are determined for each risk source, and RHP is calculated as Hazard Potential. The
setting values and their basis are shown in Appendix 3.3.1.

Radioactivity required for inventory of the following was estimated from public data: fuel debris, fuels in
SFPs, contaminated water, secondary waste generated from water treatment, and radioactive solid waste.
Radioactivity of fuels in common pool and fuels in dry casks was estimated from that of fuels in SFPs.
Activity and amount of contaminants estimated from public data on the normal reactor with incorporating
the partial FPs with high volatility released at the time of accident that attached on the surface are
considered for the PCV internal structures. Range of estimation and variation among the data are
considered as uncertainties.

With regard to FF, fuel debris is categorized as large monolithic solid, spent fuel as discrete solid,
contaminated water as liquid, secondary waste generated from the water treatment as liquid or sludge; and
radioactive solid waste as powder. PCV internal structures are categorized as activated components and
surface contaminants. As for spent fuels, small quantity of highly volatile FPs released during the operation
is located in cladding in powder form. A wide range of uncertainty is set for fuel debris and the surface
contaminants such as PCV internal structures. Uncertainties are not set in the contaminated water and spent
fuels and intermediate uncertainties are set in the rest of those.
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To determine CFs for fuel debris, fuels in SFPs and fuels in common pool, the time margin for cooling
shutdown were estimated. Cooling is unnecessary for fuels in dry casks, contaminated water and
radioactive solid wastes. Possibility that the FPs on the surface of the PCV internal structures are released
by the temperature rise by cooling shutdown is considered. Although secondary waste generated from the
water treatment does not require to be cooled, continuous surveillance of impact of hydrogen generation is
considered in HIC. Time margin is estimated for shutdown of agitation to prevent fixation for waste sludge.
Although one order of magnitude is set for uncertainties, uncertainties are not set for the risk sources that

do not require to be cooled.

3.2.2.3 Safety Management

The characteristics of each risk source required to evaluate modified FD and modified WUD that comprise
Safety Management are described below. The detailed features and the values for modified FD and
modified WUD are described in Appendix 3.3.2.

No significant damage on the PCV was observed. Safety equipment is multiplexed and important
parameters are being monitored. Spent fuel pool of each Unit is sub-criticality system and cooling system
is multiplexed. However, rubble and heavy weight objects fell, building ceilings was lost and seawater
injection was experienced in some Units. No impact of the accident is observed on the common pool and
dry casks.

Contaminated water in the buildings is kept contained by balancing with the water level of groundwater.
Concentrated liquid waste contains highly concentrated radioactive materials and salt content, and stored in
the welded type tanks and placed in dikes. The waste adsorption columns are shielded containers filled
with Cs absorbed zeolite, which are fixed on the box culvert or storage rack. Waste sludge is stored in the
agglomeration pit, and leakage monitoring and hydrogen discharge are being carried out. HIC slurry was
housed in polyethylene container and collected in the stainless steel reinforcement unit, and is now being
stored in the box culvert.

The solid waste in storehouse is the highly radioactive rubble that are collected in the containers and stored
in the radioactive solid wastes storage building. Tentatively stored solid waste is the waste at various levels

of concentration of radioactive materials which is stored in various forms and monitored.

3.2.3. Risk evaluation

3.2.3.1 Prioritization of risk sources

Concerning the major risk sources at the Fukushima Daiichi NPS, the example of risk analysis performed
based on the information as of March 2016 are shown in Figure 3-5. In this figure, the impacts of
uncertainties involved in the factors on Hazard Potential and Safety Management are expressed as the
range of spread.

To continuously and promptly reduce the risks posed by radioactive materials, risk sources should be

categorized by the level of risks, as follows:
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[Category 1] Risk source to be addressed as soon as practicable
»  Fuels in the SFPs
»  Contaminated water in the buildings
[Category 1] Risk source to be addressed safely, effectively and carefully with thorough preparations and
technologies to realize a more stable condition
»  Fuel debris
[Category I11] Risk source that requires actions to be taken for a more stable condition
»  Concentrated liquid waste
»  Waste sludge
» HICslurry
»  Part of tentatively stored solid waste
»  PCV internal structures

Risks in Category | have high scores both in Hazard Potential and Safety Management, as well as the

highest level of risks as the product of them, because of lots of radioactive materials, high mobility, and

insufficient containment function and management, etc.

Risks in Category Il are similar to those in Category I; however, their level of risks is rather lower.

Category I11 includes the risk sources with a relatively low level of risks; however, planned actions should

be taken to realize a more stable condition, due to the following reasons.

® Although concentrated liquid waste will not be increased, highly concentrated liquid waste is being
stored for a long period of time.

® Agglomeration pits that stores waste sludge were not designed for long-term storage. Solid wastes
stored outside are not intended to be stored permanently.

® Asfor the PCV internal structures, activated materials are fixed inside, whereas some fission products
that are attached to the surface are not stabilized.

® HIC was designed so as to store the wastes for a long period of time after the accident; however, since
distillation of water occurred, drainage has been conducted while limiting the storage quantity and
monitoring impacts caused by hydrogen generation.

The risk sources other than those mentioned above are sufficiently in a stable and safe condition. The

common pool, dry casks, and solid waste in the storehouse have been safely designed and used, and no

impacts caused by the accident are observed on them. The waste adsorption column was designed for

long-term storage after the accident. For these items, sufficiently low levels of risks can be maintained by

ensuring continuous management in the future.
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Figure 3-5 Example of Risk Analysis at Fukushima Daiichi NPS

In the above discussion, to understand and compare the characteristics of various risk sources, fuel debris
and fuels in the SFP were summed up for Units 1-3. And the risk sources including dry casks and wastes
that can be further broken down were also summed. Thus, while Safety Management represents each risk
source, Hazard Potential assumes the release of radioactive materials all together, for example, from all
wastes. Although such analysis is appropriate when targeting the common causes, each unit or each waste

is required to be analysed for independent causes.

3.2.3.2 Changes in the level of risks over one year

The changes in the inventory by the treatment of contaminated water brought about noticeable effects in
risk reduction among major approaches taken in the past one year are shown in Figure 3-6. The baseline
value of the inventory of contaminated water has been set to 1 (as of March 2015), and the inventory value
as of March 2016 is shown as a relative value. As indicated by the arrows in the figure, each inventory has
been significantly reduced by the removal of contaminated water from the trenches of Unit 2-Unit 4 and
completion of concentrated salt water treatment Radioactive materials contained in contaminated water did
not disappear but were stored in the waste adsorption column or HIC slurry, which were the secondary
waste generated from the water treatment. Since Safety Management of these is very small compared to

the contaminated water, level of risks is significantly reduced.
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Figure 3-6 Decrease in Level of Risks through Treatment of Contaminated Water
Also, approximately 800,000 m? of treated water whose concentrations of Cs and Sr were significantly
reduced by the contaminated water treatment is stored in the tank as of March 2016. Treated water contains
tritium, whose Specific Toxic Potential (STP) as radioactive material is extremely low. Therefore, the
technical studies for the various types of options were carried out in the Tritiated water task force
established under the Committee on Countermeasures for Contaminated Water Treatment. Comprehensive

study will be required including the issues regarding the reputational damage from the social perspective.

3.2.4. Risk treatment

3.2.4.1 Basic strategy for risk reduction

The image of the treatment of risk sources, as categorized in Section 3.2.3, and the changes in the level of
risks caused by taking appropriate actions are shown in Figure 3-7.

First of all, actions for risk reduction should be taken for the risk sources in Category I. These actions have
definite plans for risk reduction; while they will be challenging, there are no mid-and-long-term R&D
issues, and thus, risk reduction should be conducted as soon as practicable. Specific actions are already in
progress; in order to transport the fuels in the SFPs to the common pool, removal of rubble is carefully
being conducted on the operation floor and in the pool. As the common pool is almost full at the moment,
some of the fuels now in the common pool must be contained in dry casks. There is a plan to reduce stored
amount of contaminated water in the buildings by lowering the water level and suppressing the inflow of
groundwater by means of land-side impermeable walls.

For the risk sources in Category I, the NDF provides technical support for various issues found in
implementing the reduction strategies; however, this is not covered by the Strategic Plan.

Secondly, the target is the fuel debris, which contains lots of radioactive materials and has many
uncertainties concerning its locations and properties although it is kept in a certain stable condition. After
fuel debris is removed it is contained for storage in containers which are designed to ensure sufficient
safety in terms of criticality, shielding, heat removal, etc. Various issues are to be studied in parallel with

the risk reduction of Category | and thorough preparations should be completed to take actions safely,
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effectively and carefully and then to realize a more stable condition. It is important to reduce the risks
associated with the work and to achieve a more stable condition of the fuel debris by carrying out
investigations and samplings.

Following these, the risk sources in Category Il with a relatively low level of risks are aimed to take
actions on a long-term basis. Note that the risks are reduced not only for the existing waste but also for the
risk sources to be newly generated from the actions taken in Categories I and II.

Category| : Risk source to be addressed as soon as practicable
- Fuels in SFPs and contaminated water in buildings

—_—

Categoryll : Risk source to be addressed safely, effectively and carefully with
thorough preparations and technologies to realize a more stable condition
- Fuel debris

Risk Level

Category Ill - Risk source that requires actions to be taken for a more stable condi
- Concentrated liquid waste, waste sludge, HIC slurry, part of tentatively stored
solid waste & PCV internal structures

Time —>

Figure 3-7 Risk Reduction Strategy

3.2.4.2 Issues in risk treatment

While decreasing the level of risks for existing risk sources by appropriate risk treatment, there is a
possibility that the level of risks could temporarily increase during the work. Among the risk sources of
Categories | and Il, removal of the fuels in the SFP and fuel debris will require caution to ensure workers
are not exposed, in addition to being careful about impacts on people and the environment caused by the
radioactive materials. The outline of risk levels for major risks estimated if no measures are taken is shown
in Table 3-5. In the actual operation, risk levels should be lowered by taking thorough measures. This table
also shows dust dispersion during removal of the highly radioactive rubble, which is to be carried out
before fuel debris removal as a risk related to the removal work.

Also various issues will be raised in the fuel debris retrieval work, including the increase in exposure of
workers during the removal work, and securing of storage locations for the increasing amount of removed
PCV internal structures to which fuel debris and cesium are attached. For the removal of fuel debris, these
issues must be properly considered.

Table 3-5 Major risks during operation and the outline of risk level

Dust dispersion .
. Workers’ Dust Damage L . (Estimate of
Risk source . . Re-criticality | during the removal .
exposure dispersion due to fall duration)
of rubble
Fuels in the SFP Low None Medium Low High Up to 1 year
Fuel debris High High Medium Medium Low Up to 10 years
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/ Column: Risk as a function of time \

During risk treatment, there is a possibility that the level of risk may increase due to the change in the
condition of facilities and risk sources as well as the work carried out. On the other hand, even when no
actions are taken, risks may be emerging or increasing.

The figure shows a conceptual image derived from the references below. Even if a level of risk is present
in the ALARP region, it cannot remain there permanently and eventually it gets intolerable (the yellow
region). In addition, as time passes, the level of risk could increase due to deterioration of the facilities
and the risk source (the dotted line).

On the other hand, by taking appropriate actions against risks, it is possible to prevent the risk sources
from entering the unacceptable region. This can be done via careful preparations and thorough
management, in spite of a possible temporary increase in the level of risk. Thus, it should be targeted to
reduce the level of risk without entering the unacceptable or intolerable regions (the solid line).

Unacceptable region

- -
——-—--——--------
-
-— -

— P

ALARP region Intolerable region

Risk Level

Broadly acceptable region

Time

Reference: V. Roberts, G. Jonsson and P. Hallington, “Collaborative Working Is Driving Progress in Hazard
and Risk Reduction Delivery at Sellafield” 16387, WM2016 Conference, March 6-10, 2016.
M. Weightman, “The Regulation of Decommissioning and Associated Waste Management” The

1% International Forum on the Fukushima Decommissioning (April 2016). j

-
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3.3 Steady promotion of decommissioning project

To make steady progress in the designed risk reduction strategy, and to accomplish the fundamental policy
of continuously and promptly reducing the risks posed by radioactive materials, risks influencing the
progress of decommissioning should be identified. Analyzing their severity, measures against significant
risks should be prepared. Namely, it is important to review comprehensively the project risks, such as
failure of technological development, insufficient personnel and space, cost increase, and reworks caused
by uncertain safety considerations.

Making progress in decommissioning the Fukushima Daiichi NPS is deeply connected with the return of
the evacuees to their homes. Even minor troubles or environmental impacts may affect the residents of the
surrounding areas seriously because of reputational damage. Therefore, it is essential to make a clear
explanation to society about the prospect of decommissioning work and to share various risks with the
local residents.

Any delay in the decommissioning would cause continuous social risks such as reputational damage, and
the response to social risks might, in turn, delay the decommissioning. Therefore, these two cannot be
separated.

In Sections 3.1 and 3.2, direct impacts of radioactive materials are considered as risk. In this section,
however, by returning to generic definitions in Table 3-1, a wide range of risks affecting the steady

progress in the decommissioning are to be considered.

3.3.1. Project risk management

(1) The Strategic Plan and project risk management

The logic tree for accomplishing the risk reduction in fuel debris and waste is shown Figures 3-8 and 3-9,
respectively. Most of the strategic plan accounts for technical reviews to establish the technological
requirements, which are discussed in detail in Section 4 and Section 5, respectively.

Since the technological requirements for successful risk treatment of fuel debris are challenging,
multifaceted reviews are now being made. Among others, understanding the in-core condition, response to
the safety requirements and securing accessibility through decontamination are essential prerequisites for
success; however, under the current condition where it is difficult to access the PCV because of the high
radiation dose, the possibility of not attaining them should also be taken into account. Risk management is
also important in selecting a fuel debris retrieval method, and some alternatives should be reviewed, not
just a single method. In a series of decommissioning tasks, it is also important to secure storage locations
for equipment and wastes as well as working areas. As an example, the increase in the tanks for
contaminated water including treated water is pressing the on-site area.

To accomplish the technological requirements for successful risk reduction of waste, reviews are being
made from a long-term viewpoint. In particular, understanding the amount of generated waste and its
properties is important to develop a risk reduction strategy for waste; thus, it is essential to grasp the

in-core condition for a successful strategy.
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In addition, a delay in promotion of R&D to support the actions against these risks, as well as fostering and
securing of human resources is essential as a project risk. To succeed in R&D, the Decommissioning R&D
Partnership Council has been established to manage in an integrated fashion from fundamental to field
application studies conducted by IRID, JAEA, universities and research laboratories. JAEA has large-scale
testing facilities where a group of researchers in Japan and abroad are concentrated to work jointly on the
R&D. For fostering and securing of human resources, Center of Excellence has been organized such as on

universities. These are discussed in detail in Chapter 6.

(2) Method of project risk management

As discussed above, project risk management is to identify the risks associated with the progress in the
decommissioning project and to take actions against significant risks in advance, and this is nothing but
deploying specific efforts through the Strategic Plan. Examples of the technique to manage project risk in
more systematic manner are described in the following. Project risk management needs to be implemented
in reference to such examples. Although we tend to focus on problem solving, it is also important to
prepare the countermeasures in case the desired result is not achieved.

As a generic risk management method, FMEA (Failure Mode and Effects Analysis) is well known. In this
method, potential failures are listed for each process or for each function, three indices of the consequence
and its magnitude, the cause of a failure and the likelihood of its occurrence, and the method of controlling
or detecting it and its feasibility are assessed, then the severity of the risk is determined by obtaining the
product of them. Then, countermeasures are developed for the risks of large severity, and effective actions
will be taken by forecasting how these three indices would be reduced.

DRiMa’ (Decommissioning Risk Management) of IAEA has been organized to develop a risk
management method for the safe and steady promotion of decommissioning. It uses a similar method to
that of FMEA,; however, risk is regarded as impacts on the progress of decommissioning (both a threat and
an opportunity) caused by uncertainties. Certain assumptions will be made for uncertainties and the
possibility that such assumption fails to become reality will be the risk. If the impact when assumption is
not realized will impede the progress of decommissioning, measures should be prepared in advance so as
to minimize the impact. Meanwhile, if it will be the opportunity to advance the decommissioning,
assumption is to be challenged so. Such action is recognized as risk management. A list of risk factors
associated with the decommissioning is developed in reference to past experience, and it will be useful in
understanding where a risk would emerge.

These risk factors are also arranged in the Value Framework® of NDA, which serves as a reference when
reviewing the project risks. In the Value Framework, the factors are arranged in a 3-tier hierarchical
structure, and the top tier consists of the following factors. The middle tiers and lower tiers consist of 24
and 54 factors, respectively. As shown below, the risk reduction of radioactive materials, which is analyzed
using the SED score, is only one of the factors; thus, various factors should be considered in reviewing the

entire decommissioning project.

’ Risk Management on Strategic and Operational Level during Decommissioning — First Outcomes of the DRiMa
Project at IAEA — 14467, WM2014 Conference, March, 2014
® The NDA Value Framework, January, 2016
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Health and safety during the decommissioning work

Security of radioactive materials, etc.

Protection of the environment from radioactive materials and chemical substances
Reduction of risks (or hazards)

Impacts on the social economy such as the local employment and infrastructure

Financial affairs such as costs and return on investment

Enabling missions other than the progress in decommissioning, such as setting precedents and
building capability
(3) Basic concept for ensuring the safety
The regulatory requirements to the Fukushima Daiichi NPS as a specified nuclear facility are established
as the matters for which actions are to be taken. To carry out risk reduction such as fuel debris retrieval,
designing of installations and the working plan shall be developed by ensuring safety in compliance with
the matters for which actions are to be taken. However, no precedents are expected in many cases, and it is
inevitable that various assumptions will be made on what are the safe conditions and how their
achievement could be confirmed. As a result, in case there are inappropriate assumptions, designing or
scheduling might be prolonged, or rework such as reconsideration of the assumptions might be required.
To avoid such a situation, it is helpful to develop a basic concept for ensuring safety in compliance with the
requirements of the matters for which actions are to be taken, and share it with the stakeholders in advance.
In doing so, the fundamental policy of continuously and promptly reducing the risk of radioactive materials
should be reconfirmed, and the following differences should be understood between the Fukushima Daiichi
NPS and a power reactor.
® The Fukushima Daiichi NPS will not be restarted. Thus, it does not necessarily advanced technologies
or installations that are essential to maintain constant power operation in a power reactor.
® Noble gases and volatile FPs were released at the time of the accident. Also, radioactivity and decay
heat are reduced over time since the accident, and hence sufficient time is available for the recovery in

case of failure in filling nitrogen or in cooling.

3.3.2. Relation with the society

(1) Sharing risk awareness with the local communities

In steadily proceeding with the decommissioning, it has been pointed out that communication with local
residents is greatly important, not only by domestic experts but also by experts of foreign countries and
international organizations with experience in decommissioning. As a first step, accurate and timely
information should be sent out; the fact that great efforts made by the workers are contributing to the
progress in decommissioning should be conveyed, as well, of course, as the troubles that actually
happened.

In addition, it is expected to explain the risk status, as well as its control method, at every milestones of the
decommissioning process. Through such risk communication, it is also expected to establish common

understandings on the target level of risks, to be achieved within the concept such as of ALAP. Such target
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risk level is expected to meet with the safety objectives in line with the regulatory requirements and the
international standards and besides, achieving the target will provide the local residents with a great
reassurance.

Particularly, fuel debris containing a large amount of radioactive materials is now kept under a certain level
of containment. If safe and reliable removal methods become available, risks can be reduced without
causing serious troubles. However, if the retrieval work is performed too hastily without thorough
preparations, it would remain susceptible to unexpected troubles until the retrieval work completes.
Namely, the risk reduction strategy involves a trade-off between promptness and carefulness. Thus, it is
necessary to separate the risks that should be removed as soon as practicable from those requiring careful
actions; this awareness must be shared with the local residents.

Such communication will not be accomplished just by sharing the information between the sender and the
receiver. It is important to accept the understanding by the receiver, to respect the opinions gained, to make
mutual efforts so as to reduce the gap between the sender and the receiver, and eventually to cooperate

toward decision making.

(2) Reputational damage

In considering the impacts on people and the environment caused by radioactive materials, direct impacts
such as exposure of the public and the workers were discussed in Sections 3.1 and 3.2. Apart from this,
there are also indirect impacts, and a typical example is reputational damage.

A representative reputational damage is “an economical damage caused through suspension of spending
and sightseeing by the people who regard the inherently safe food, products or land as dangerous when a
particular event, accident, environmental contamination or disaster is sensationally reported.” In the case of
the Fukushima Daiichi NPS, reputational damage may be caused not only by the emergence of a risk
through leak of radioactive materials but also by the only presence of the risk. In addition, magnitude of its
consequence is taken into account, but the likelihood of occurrence tends to be unperceived.

At the Fukushima Daiichi NPS, reputational damage and actual economic damage are present in the
current situation. In overcoming the damage and taking some actions, additional means to prevent further
occurrence of reputational damage may be required, or the understanding for taking such actions itself may
not be gained. As a result, there is a possibility of a delay in improving the current situation, thereby
causing prolonged reputational damage.

Similarly, in taking actions against the existing risk sources, there is a possibility that a delay in risk
treatment or increase in the worker dose and the cost may occur, as a result of fearing a possible occurrence
of reputational damage. This may lead to lowering the evaluation by society with regards to efforts in the
decommissioning, which, in turn, leads to a vicious circle of further delay in taking actions against risks.
To prevent further occurrence of such reputational damage, it is most important to properly manage the
radioactive materials so as not to lead to leakage, and to promptly reduce the existing risks. Further, it is
important to continuously provide accurate information to, in addition to the local residents, the people in
the press having a great influence on society, and the market participants and distributors, as well as the

consumers in Japan and also abroad.
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Figure 3-10 Logic Tree for Risk Reduction of Fuel Debris
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4. Strategic plan for fuel debris retrieval

4.1 Study plan for fuel debris retrieval (risk reduction)

Fuel debris is characterized by "being in a state that contains nuclear fuel materials without being contained
in the cladding, and combined with other materials"; therefore they have factors of risks related to criticality,
decay heat, containment, risk of high radiation, hydrogen generation, and degradation of the integrity of
supporting structures. Followings are difficulties in managing such risks.

-"Uncertainties" of the reactor condition,

-"Instability" of molten fuels and damaged facilities caused by the accident and

-"Insufficient management" due to severe access condition under a high radiation environment.

The amount of radioactivity (Bq) of fuel debris has been greatly decreased to about one several-hundredth of
the amount immediately after the accident. Also plant parameters for criticality, cooling and containment are
stabilized by the control performed according to the implementation plan issued by TEPCO. (For details,
refer to 4.2.2 Stable state maintenance/management).

However, to continuously and promptly reduce the risks associated with fuel debris, which is the
fundamental policy, the strategy to reduce risks from two points of view from mid-and long-term will be
required.

Mid-term risk is a risk of a deviation from "a certain stable state™ which is currently maintained for the fuel
debris. Examples of such deviations include re-criticality, cooling related issues, degradation of reactor
internals and leakage of radioactive materials. These deviations are unlikely to take place as long as the
current stable state is maintained. However, the understanding of the conditions and planning of the
measures against risk sources are desired to be established in the early stage since the methods which can
directly control the conditions inside the reactor have yet to be established. More stable state of the reactor
could be achieved by the appropriate measures, such as collection of highly unstable fuel debris (the debris
with the locational instability and in physically and chemically unstable state) and checking the conditions of

the fuel debris and reactor internals.

Long-term risk is a risk of environmental contamination caused by the leakage of highly toxic nuclear fuel
materials due to the deterioration of the buildings. To secure the ultralong-term safety by isolating spent fuels
from human environment, in Japan, high level waste is isolated and stabilized after being reprocessed
(geological disposal) as a fundamental policy. To leave fuel debris corresponding to the spent fuels of about
270t in Units 1-3 does not comply with this fundamental policy. This is because the durability of damaged
R/B is limited and its containment function cannot be assured for a long period of time. The fuel debris are,
therefore, to be collected within a time frame (about several decades) where the containment can be
maintained by the R/B and be brought into a stable state under sufficient control. To make the risk level

eventually the same as the risk of back-end project is a fundamental policy.
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Having considered the above discussion, and seen the consequences of the initial measures to reinforce the
R/B taken at the accident of Chernobyl nuclear plant Unit 4, leaving the nuclear materials for a long time
without establishing the proper collection policy - just thinking about short-term containment without
long-term safety considerations - must be labelled as an irresponsible postponement of the issue to the next
generations, as long-term safety can never be envisaged in such a situation.

In the decommissioning of the 1F NPPs, therefore, the measures taken at the Chernobyl nuclear plant Unit 4

can never be an option, and, fuel debris retrieval as explained below has an absolute priority.

As a mid-term risk reduction strategy for the fuel debris, the following items are to be studied based on the
current stable state to solve the difficulties in the risk management described above, and "the stably
controlled condition stably controlled condition based on the more accurate information" is aimed to be
achieved.

(1) Understanding of the conditions and properties of fuel debris (decrease in uncertainties)

*  Current stable condition can be ensured as uncertainty decreases through the understanding of the
conditions and properties of fuel debris. Also information obtained will be important inputs to the
studies on the safe and proven method for fuel debris retrieval.

(2) Improving the reactor condition during the fuel debris retrieval (resolution of instability)

(3) Maintaining the fuel debris in a stable storing state (improvement of management level)

Both mid-term and long-term risk reduction are important for the fuel debris retrieval. For the former, an
early stage execution and effectiveness of stabilization inside the reactor are desired, and for the latter, high
collection rate for the fuel debris is expected t even if it takes some time. For this reason, in the initial
operation of fuel debris retrieval, mid-term risk reduction is required to be focused on while selecting the
method which can collect fuel debris efficiently. If a certain amount of fuel debris is retrieved by this method,
reducing mid-term risk and safety of the R/B is maintained by a passive method*, "a low risk level widely
accepted by the society" is said to have been achieved. On that basis, the risk elimination (removal and
isolation of nuclear fuel materials) is to be aimed from a longer term perspective through the subsequent
works such as further fuel debris retrieval and facility disassembling. Consequently, the fuel debris retrieval

to reduce mid-term risk is required to be aimed for the time being.

*A state where cooling of the fuel debris and prevention of re-criticality, leakage such of radionuclide and hydrogen explosion
are ensured by a passive method.

In the meantime, in the studies of fuel debris retrieval strategy, note that the retrieval work itself will not be
justified if the level of the risk caused by the fuel debris retrieval work (leakage of radioactive materials and
workers exposure due to the failures during the operation) is higher than the permissible level. Also, the
human resources and time assigned for decommissioning are not unlimited; therefore it is important to
reduce risk by searching a realistic technical strategy for fuel debris retrieval while ensuring safety. The
approaches based on the concept (Refer to Colum on P.3-4) of ALARP (As Low As Reasonably Practicable)
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will be required. The basic approach needs to be recognized as a "risk-aversion-oriented approach instead of
focusing on the outputs” described in the Roadmap (Revised on June 2015). The process of fuel debris

retrieval is to be set flexibly while assessing the risks.

That is, technical strategy of fuel debris retrieval is to explore the optimal point between "resolution of mid-
and long-term risk of damaged reactors" and the "risk involved in the retrieval work," that are in a trade-off
relationship while balancing the issues such as regarding technical specifications, time period, work safety,
and actual work site conditions. This Chapter describes the concept to select a method with high accuracy
and its technical background.

The Roadmap declares that "Start of fuel debris retrieval at the first implementing unit™ is to start by
December 2021, and, as major milestones for that, “Determination of fuel debris retrieval methods for the
first implementing unit” is to be made in the first half of FY2018 and " Determination of fuel debris retrieval

policies for each unit™ in summer of FY 2017.

The detailed approach to the studies on the fuel debris retrieval method and sharing of the roles among the

related organizations involved in the fuel debris retrieval work are described in the following chapter.
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/) N\
/ Column: What the fuel debris is \

According to the definition introduced by IAEA, fuel debris is "fuels melted and resolidified with fuel assemblies,
control rod and internal structures.” As a similar term, there is "corium.” This term is defined as "the once molten
mixture of components of a nuclear reactor. It can consist of nuclear fuel, fission products, control rods, structural
materials from the affected parts of the reactor, products of their chemical reaction with air, water and steam, and, if the
reactor vessel has been breached, concrete from the structure of the reactor space" according to the definition by IAEA.
Although the debris caused by the accident at the Fukushima Daiichi NPS are rather corium, they will be called “fuel
debris” even from now in Japan since it is composed mostly of fuels and the term is entrenched.

Samples of fuel debris caused by the accident at the nuclear power plant in the world are as follows.

Photograph A Photograph B Photograph C
Fuel debris of TMI-2 Fuel debris of Chernobyl Fuel debris of Fuel debris of Windscale

As it can be recognized by those photos, the appearances of the fuel debris are significantly different depending on the
reactor types and accident progression. The retrieval measures should be therefore taken corresponding to the situation
of each case. In fact, out of the plant above, the plant where fuel debris was retrieved was only TMI-2 and the fuel
debris still remains in Chernobyl and Windscale.

According to the definitions above, since fuel debris is molten and solidified fuels, fuel assemblies that remain
unmelted and FPs that vaporized, leached and scattered when being melted, and actinide are not considered fuel debris.
However, if there is fuel assembly which was not melted, it needs to be retrieved. Also, the reactor internals that melted

and solidified by the impact of the accident will be not fuel debris if fuels are not mixed with them.

Photographs A-C are reprinted from the following under the permission of IAEA obtained by the NDF.
Photograph A and B: IAEA Experience and Lessons Learned Worldwide in the Cleanup and
Decommissioning of Nuclear Facilities in the Aftermath of Accidents, IAEA Nuclear Energy Series
No.NW-T-2.7, IAEA, Vienna (2014)

Photograph C: Managing the Unexpected in Decommissioning, IAEA Nuclear Energy Series
No.NW-T-2.8, IAEA, Vienna (2016)




4.1.1 Approaches to the study on fuel debris retrieval

According to the basic concept of fuel debris retrieval (risk reduction), fuel debris retrieval work is a series of
the process that includes not only the retrieval but also the collection, transport and stable storage of fuel
debris. To select a method to realize those processes, following items are required to be studied. The flow of

the studies is shown in Figure 4.1-1 Logic tree.

Note; Definition of "Fuel debris retrieval method" and "Fuel debris retrieval methodology" in the Staretgic
Plan are described below.

Fuel debris retrieval method: an individual process to retrieve fuel debris. At this point, it refers to
"Submersion-Top access method,” "Partial submersion-Top access method™ and "Partial submersion-Side
access method™ which are focused on are aimed to be achieved. (For details, refer to 4.3.1).

Fuel debris retrieval methodology: it considers the process from the commencement to the completion of
fuel debris retrieval work for each Unit, and refers to the contents including the method to be applied and its

order of the application, if multiple methods are applied.

(1) Understanding and estimation of the situation inside the PCV (For details, refer to 4.2)
The studies on fuel debris retrieval methods and development of fuel debris retrieval equipment and
devices require the information regarding the amount and properties of fuel debris for each location, such
as the core region, bottom of the RPV, CDR housing, and the inside and outside of the RPV pedestal. In
addition, the studies on the establishment of an access route to the fuel debris and of the system
equipment and working areas require information regarding the FP distribution and damaged condition
of reactor internals that affect the radiation evaluation. Also, a certain period of time will be necessary
before the commencement of the fuel debris retrieval work. By then, in order to ensure safety, it is
important to identify the state of FPs such as of the plant, fuel debris and cesium, and maintain and
control them in a stable manner.
That is, the following information regarding the conditions inside the reactor including fuel debris which
are in the scope of the study is required as an input to the study of fuel debris retrieval (risk reduction).
a. Locations, amount and properties of fuel debris
b. FP distribution inside the reactor (dose rate )

¢. Damaged condition of reactor internals

These pieces of information are desired to be obtained as actual data from the actual plant. However,
observation of the distribution conditions of fuel debris and FPs in the PCV involves high degree of
difficulties even if the current radioactive environment in the PCV of each Unit is lower than that after
the accident, since the radiation dose is still high as described in Appendix.4.1.

Therefore, in the preliminary understanding and estimation of internal PCV condition, its needs are to be
clarified and comprehensive analysis/evaluation are aimed to be carried out based on the all available
information using not only visual inspection with remote devices but also the findings and experiments in

the past and following analyses.
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a. Estimation based on plant investigation
i) PCV internal survey
ii) RPV internal survey
iii) Muon detection
iv) Investigation of the leak locations of the PCV
v) Sampling of fuel debris
b. Estimation by analysis
i) Improvement of severe accident progression analysis code (MAAP, SAMPSON)
c. Estimation based on knowledge and experiments
i) Plant parameter analysis
ii) Heat balance method
iii) Results of test and research of severe accidents in the past

iv) Properties test using simulated fuel debris

(2) Feasibility study (FS) of fuel debris retrieval method (For details, refer to 4.3)
To realize the fuel debris retrieval, required technical requirements are identified as follows. The
approach will be taken so as to study, design and develop the fuel debris retrieval method that satisfies
these nine requirements and evaluate its achievement and prospect.
i) Securing the structural integrity of the PCV and the R/B
ii) Criticality control
iii) Maintaining the cooling function
iv) Securing containment function
v) Reduction of workers’ exposure during operation
vi) Ensuring work safety
vii) Establishment of an access route to the fuel debris
viii) Development of fuel debris retrieval equipment and devices
ix) Developing system equipment and working areas
Also, i) - iv), out of these technical requirements are those related to the ensuring safety during the fuel
debris retrieval work and vii)-ix) are to the fuel debris retrieval method. Six technical requirements on
ensure safety need always be satisfied in each step of fuel debris retrieval work including the preparation
work. Most of them are required to be designed to satisfy the required specifications as a system structure.
The feasibility of installation area for system equipment is also required to be evaluated. That is, those
are required to be considered in conjunction with the technical requirements on the fuel debris retrieval
method.
The Fukushima Daiichi NPS has been designated as specified nuclear facilities and there are no specific
standards for the technical requirements on ensuring safety. For this reason, the studies on the concepts
and standards on ensuring safety are also required to be performed based on the on-site situation and
communication with regulatory body.
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As described above, there are many technical requirements to be satisfied for the fuel debris retrieval
method. To evaluate those feasibilities, the methods subject to the studies and developments are required
to be examined in detail.

For this reason, in the original Roadmap, investigations and developments were started based on the Full
submersion-Top access method which is used during the periodical inspection of standard power station,
and is also applied for TMI-2. This method is performed by raising the water level to the upper part of the
reactor well to cool down, provide shielding and prevent the scattering of radioactive dust.

The situation of the Fukushima Daiichi NPS is, however, different from TMI-2 and fuel debris may have
reached to the bottom of the PCV, which is the outside of the RPV pedestal, instead of staying in the RPV.
Also, the PCV has been damaged and the water injected for cooling the fuel debris was leaked from the
PCV and it is staying inside the building. To realize the submersion-top access method under such
conditions, there are major issues which are to travel a significantly long distance to the fuel debris
located at the bottom of the PCV, specifically outside of the RPV pedestal, and to raise PCV water levels
by repairing the PCV leak locations.

Therefore, assuming the difficulties in developing the Full Submersion method -Top access method, the
development of the methods with different access directions and different PCV water levels are
discussed in the Strategic Plan 2015. Out of the method combining the possible access directions and
PCV water levels, three methods which have less difficulty in the element of the development were
selected as the method to be focused on. The conceptual design and FS will be performed for these three
methods and their feasibility will be evaluated. (For details, refer to 4.3.1)

® Submersion-Top access method (including Full Submersion method)

® Partial submersion-Top access method

® Partial submersion-Side access method

Although the technical requirements above are required to eventually be satisfied, it is efficient to focus
on the following requirements particularly important for each method in evaluating the feasibility of fuel
debris retrieval method.
® Submersion method:
> PCV repair and establishment of the water level control system
> Ensuring the structural integrity of the PCV and the R/B considering its load and aged deterioration
when submerged
> Maintaining sub-criticality when the water level rises
® Partial submersion method:
> Shielding for high radiation from fuel debris
> Prevention of the impact on workers and environment caused by the dust scattering to the outside of
the building
> Confirmation of radiation resistance such as of fuel debris retrieval equipment.
® Top access method

» Establishment of access route to the R/B operating floor
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» Securing the access route for the periodical inspection (e.g. removal of reactor well shield plug, PCV
upper head, insulator for the RPV upper head, RPV upper head, steam dryer, steam separator)
® Side access method
» Dose reduction for the CRD hatch on the 1st floor of the R/B and equipment hatch.
» Removal of objects on the access route, such as Primary Loop Recirculation (hereinafter referred to
as PLR) pumps, valves, piping and supports outside the RPV pedestal and CRD handling machine,
operating floor inside the RPV pedestal to establish access route to the Drywell of the PCV

(hereinafter referred to as "D/W").

(3) Studies on handling to stabilize conditions of retrieved fuel debris (For details, refer to 4.4)
The retrieved fuel debris is expected to be stored in the storage canisters and transported to the outside of
the R/B to be stored within the site. The study, design and development are required to be performed so
that a series of operation is implemented as a system. Also, the nuclear fuel materials to be transported
needs to be studied in consideration with the following systems since they are subject to the safeguards.
a Storage canister design
b Development of the transport system
¢ Development of the storage system
d Establishment of safeguards measures
The fuel debris retrieval method should be studied, designed and developed so as to satisfy the technical
requirements related to the fuel debris retrieval. Understanding and estimation of the situation inside the
PCV is to be carried out through the close collaborations and arrangement since its results will be the
input of this study. Although technical requirements on the collection, transport and storage of the
retrieved fuel debris are required to be studied for any type of fuel debris retrieval method, coordination
will be required since the requirements may be affected by the type of the method. The study on the
storage area is equally important to determine the retrieval method, since retrieval cannot be achieved if

there is no storage space.

(4) Studies on the approaches to the retrieval method for each Unit (For details, refer to 4.5)
The approaches to the retrieval method for each Unit are studied based on the (1)-(3) above. Note that
there is a difference in the applicability of the methods depending on the locations of fuel debris inside
the PCV. That is, the applicability of each method will be able to be evaluated by the results of the
understanding and estimation of the situation inside the PCV in each Unit.
According to the current estimation of the situation inside the PCV (interim evaluation), fuel debris of all
Units was estimated to be scattered at the bottom of the RPV, bottom of the PCV (inside the RPV
pedestal), and bottom of the PCV (outside the RPV). All the fuel debris scattered in each Unit are not
necessarily retrieved by one method and the policy may be made by combining multiple methods. For
example, the location where first fuel debris is retrieved is determined first. Then, the method to be used
in other locations are examined and studied together with the preceding retrieval work and the work in

the next stage will be continued based on the improved retrieval method. Specific designs/studies and
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technical developments needs to be accelerated toward the "Determination of fuel debris retrieval
methods for the first implementing unit,” planned to be made in summer of FY 2017.

The whole image towards fuel debris retrieval is shown in Figure 4.1-2. A part of the FS, conceptual
design and element test are currently being carried out for "Determination of fuel debris retrieval
policies.”

Also, in the studies on the policies, the fuel debris retrieval method and application technology is
evaluated and determined based on the perspective of Five Guiding Principles as shown in the Strategic
Plan 2015.

"Safe" should be evaluated with the highest priority. A target level foreseen from the perspective of safety
regulations or independent safety ensuring should be set up for the safety; it is first required to carry out
a conceptual design to meet the target. Seeking the realistic constraints for the resources (e.g. human,
physical, financial and space) required for realization of this conceptual design from two perspectives
(i.e. "efficient” and "field-oriented™), only the concepts judged feasible by the coordination with the field
work are selected. Since the notion of "timely" should basically be used for priority setting in the

technology where the conditions of "safe,"” "efficient” and "field-oriented" are satisfied, it is not desirable
that safety, efficiency and site conditions are disregarded as a result of "timely" being preferred. With
regard to "proven,” the technologies with high technical maturity and high applicability are basically
adopted. Therefore, the maturity of application technologies should be thoroughly evaluated by
comparing and checking with various requirements to overcome, which are needed to put the methods

into practice.
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Figure 4.1-1 Logic tree on risk reduction for fuel debris
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4.1.2 Role-sharing among related organizations

Since the fuel debris retrieval work involves highly-difficult technical challenges which have never been
experienced, not only collaboration with related industries and research institutes, but also acquisition of the
knowledge and technologies from the broad range of fields in Japan and abroad including the field other than
nuclear engineering. Also it is required to implement necessary R&D and apply the developed technologies
to fuel debris retrieval work in the actual field.

The role sharing toward decommissioning of the Fukushima Daiichi NPS is described in Figure 1-1 of
Chapter 1. Here, the fundamental views of role sharing of each organization that participates in fuel debris
retrieval are briefly described below:

(1) TEPCO

® Investigation of plant conditions, basic design, procurement, detailed design, fabrication, construction
work plan, training, technical studies on the on-site construction work and field work.

® Development and delivery of implementation plan (discussion with the NRA)

® Presentation of needs for the highly technical R&D projects to be carried out as a subsidized program of
the Japanese Government, and management of field demonstration tests for review and evaluation for
practical application.

® Collaboration and ensuring conformity among the technical studies, field works and R&D projects.

® R&D carried out by TEPCO itself

(2) The Government of Japan
® Policy (e.g. Basic policies for the Roadmap) decision and progress management of decommissioning.
® Budgetary measures for research and technical development that involves high degree of technical
difficulties
(3) NDF
® Development of a strategic plan for the retrieval method
® Provision of support and progress management of technical studies
® Operation of advisory committee for fuel debris retrieval project

® Planning, coordination and management of R&D

(4) Research institutes (e.g. IRID)
® Development of R&D project plan and its implementation
(e.g. development of equipment/device, development of the evaluation method and collection of
data/information required)

® R&D progress management, collaboration and ensuring conformity among R&D projects
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4.2 PCV inspection strategy and latest information

This chapter describes the positioning and the basic concept of the internal PCV conditions analysis,
collection and evaluation methods of required information, current analysis results, and future inspection

strategy.

4.2.1 Basic concept of internal PCV condition analysis

To understand the internal PCV conditions including plant conditions and fuel debris is extremely important
to carry out the studies on the fuel debris retrieval method. However, considering the severe environmental
conditions due to high radiation, to conduct inspection for all kinds of required information using with
remote devices will be difficult from technical and temporal perspective.

For this reason, in order to obtain highly accurate results, making maximal use of not only plant investigation
but also the results of the severe accident progression analysis and the evaluation based on plant parameter,
required information should be analyzed and evaluated comprehensively based on the priorities set by the
required timing, accuracy level, and significance.

Based on the above, the internal PCV conditions analysis is to be performed as follows.

(1) Considering the necessity of information, the collection, analysis, evaluation of information for internal

PCV condition analysis are carried out according to the priorities given.

(2) Utilizing the information obtained effectively, the most probable results are to be achieved in the

comprehensive analysis and evaluation of internal PCV conditions.

(3) Considering the balance of "safety measures, retrieval equipment and equipment design/cost" in the
"workload, time and cost" for obtaining information, valuable information is to be obtained to the extent

possible with a view to the time and cost allowed.

If it is difficult to obtain information in advance, assessment is to be performed based on the maximum
likelihood method. A conservative process plan is to be established including contingency plan, and
conditions of actual unit are confirmed while carrying out the work. The approach where process plan is
narrowed down, materialized, and reviewed following the improvement of the accuracy of internal PCV
condition analysis is also to be studied. This concept is based on an experience of TMI-2 which is similar

accident plant. Figure 4.2-1 shows the image of the procedures.
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Decision of policy Decision of

of fuel debris fuel debris Start fuel
retrieval method retrieval method debris retrieval
A A A

[ e

Comprehensive analysis and evaluation of the internal PCV conditions

iTHTENETED TATI T

Estimation by heat balance method, Estimation from plant parameter trend
(Rough estimation of fuel debris distribution)

PCV internal survey* RPV internal survey*
(Condition of pedestal and RPV lower head) (Condition of fuel debris)
Fuel debris sampling”
(Fuel debris characterization)
| Muon detection* (Existence of fuel debris in RPY) >

| Estimation by severe accident analysis code (Location, amount, composition of fuel debris and FP distribution) >

[ [ [

‘ Estimation from simulated debris, knowledge and experience (Property of fuel debris) >

* Determine the survey contents considering the balance of cost of development/survey, period,
exposure dose and the obtained information

» Based on the new findings, continuously improve the comprehensive analysis/evaluation

Figure 4.2-1 Strategy for internal PCV condition analysis

(Comprehensive analysis and evaluation)

Information required to study the fuel debris retrieval is considered to be used mainly for the purposes as
follows.
Table 4.2-1 Information required for fuel debris retrieval studies

Purpose Required information Required timing
(1) Decision on approaches to the o
. Fuel debris distribution In summer of FY 2017
retrieval method
(2) Advancement of ensuring safety Fuel debris distribution and properties In summer of FY 2017
(3) Optimization of retrieval Improvement of accuracy of information

. . . o After FY2018 on a timely basis
equipment and equipment design above, and FP distribution.

(4) Further optimization for retrieval L n To be continued including the period
i Detailed internal PCV conditions and fuel
method and improvement of ] ) i after the commencement of fuel
N debris properties by sampling . .
applicability debris retrieval

The purposes of the information above are as follows:

(1) To study the access direction and flow lines of fuel debris retrieval and concept of the systems.

(2) To ensure safety, such as the evaluation of re-criticality and cooling conditions. Allowance of the method
can be reviewed reasonably according to the information.

(3) To rationalize the application to the actual plant depending on the quantity of information.

(4) To perform retrieval work according to on-site situation before and after the commencement of the

retrieval work.
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Note that the required accuracy and quantity of information are varied depending on the degree of the
progress of the process even if these pieces of information are the same.

At this point, the analysis and evaluation of the information required to determine the approaches to the fuel
debris retrieval method are being carried out as the first priority. The information obtained will be utilized
not only for (1) but also for (2), (3) and (4). Therefore, when collecting information for (1), information for
(2), (3), and (4) will also be obtained if it is reasonable. Table 4.2-2 shows major collection method and
degree of importance of the information required for the decision on the approaches and method for fuel

debris retrieval.

Also, in order to conduct study required to understand the amount, locations and properties of fuel debris and
FP distribution, comprehensive analyses and evaluations are conducted by the estimation of three items
which are (1) Investigation of conditions inside the actual reactor, (2) Estimation by severe accident analysis
codes and (3) Estimation based on knowledge and experiments according to the logic tree shown in Figure
4.2-2. The information collection, analyses and evaluation are required to be performed utilizing its features

since they have different features. The features for each item are shown in the Table 4.2-3.
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Understanding of location,
amount and properties of

fuel debris and FP distribution

Estimation by Estimation by

actual unit analysis
investigation Y
Survey for Fuel debris | | Analysis based on
certain detection severe accident
structures system analysis code
Internal Investigation
) TCV | | ?PV | survey of by muon
|2uenr{r;a guenr{r;a S/C and detection
v v torus room method

Estimation based
on knowledge and

experiments
Knowledge from Engineering Experl_ments
past accidents and || estimation based sir%illr;%ed
researches on plant data A
fuel debris

Figure 4.2-2 Logic tree for understanding the situations of fuel debris and FP

Table 4.2-3 Features of method of collecting information for internal PCV condition analysis

Method (expected information)

Features

- Visualization and measurement by PCV
internal survey (i.e. Verify fuel debris
distribution, damage state of the bottom of
the RPV and shell attacks)

Investigation of - Visualization and measurement by RPV
conditions inside internal survey
the actual reactor (verify fuel debris distribution)

- High reliability of information obtained for
actual measurement.

- Not suitable for comprehensive
understanding due to local data.

+ Muon detection
(Confirm fuel debris inside the RPV)

- Capable for understanding the fuel debris
distribution inside the RPV.

- Small fuel debris cannot be evaluated due to
low resolution.

- Reduction of uncertainties in the analysis
using severe accident progression analysis
code and estimation of internal PCV

Estimation condition by the sensitivity analysis and
by severe accident inverse calculation.
analysis code (Reduce uncertainties in the locations,

amount and properties of fuel debris and FP
distribution, and amount and locations of

- Capable for the estimation of plant
parameters which were not measured at the
time of the accident and comprehensive
understanding of fuel debris distributions.

- Difference may be caused depending, such as
on the conditions and models because of the
uncertainties.

fuel debris)
Fabrication  of ~simulated debris and |\ copanility of information obtained for
findings from the past
(Mechanical/chemical properties of fuel actual measurement.
S . prop - Depends on the conditions of simulated debris.
Estimation by debris)

knowledge and

- - Consideration from the heat source (fuel
experiments

debris) evaluation by heat balance method
and plant parameter (Verify fuel debris
distribution trend)

- Low dependency for the models based on the
measured value. Capable for comprehensive
understanding.

- Low quantification performance. Only the
presence of the fuel debris can be identified.
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4.2.2 Maintaining management of stable condition

The current conditions of Units 1-3 can be estimated to maintain the stable cold shutdown state based on the
plant data of the inside of the PCV, such as the temperature, hydrogen concentration and pressure recorded
since the accident. Appendix 4.2 shows its details.

Moreover, technical developments required for practical application of the fuel debris retrieval methods,
such as the development of equipment and facilities for remote decontamination, investigation, and work are
being advanced. It is, therefore, important to maintain, control and monitor the condition of plant, fuel debris
and FP such as Cs in ensuring safety until fuel debris retrieval starts.

Although at this moment, it is difficult to observe the condition of fuel debris directly due to high radiation,
the information is required to be understood from the perspective of maintaining and management of safety

state. The status of the information obtained to date is as follows:

(1) Criticality control

a. Xe-135 concentration, which is a short half-life FP, is continuously monitored by the gas radiation
line monitor installed in the PCV gas control system of each Unit. While the criticality criterion has
been set to 1Bg/cm3, no sign of criticality has been shown. In addition, evaluations have been
carried out by using various conditions, such as compositions and shapes of fuel debris, deposition
shape, composition and mixed amount of structural materials. The results indicated that the
possibility of reaching criticality was low.

b. A boric acid water injection system has been installed in order to make it subcritical or prevent
criticality for the case when the fuel debris reaches re-criticality or there is a possibility of
re-criticality. Two tanks of boric acid water has been installed (one for spare), and alkalescent
sodium pentaborate solution which has little effect on structures will be injected through the reactor
coolant injection system. This system can achieve the boron concentration of 510ppm, which is
equivalent to the reactivity of more than 5%.k. In addition, when boric acid is exhausted up, the sea
water having the reactivity reduction effect of approx. 3%.k will be injected. The time required from
the occurrence of criticality to the completion of injection takes usually 6 hours and 22 hours at the
longest even assuming the equipment is damaged.

c. The assessment of the impact during re-criticality was performed conservatively to evaluate the
radiation dose at the boundary of the site assuming that the critical state with the output level,
equivalent to 100 times the criticality criterion for Xe-135 concentration continues for one day. It
indicated that the evaluated exposure dose at the site boundary was 2.4 x 10-2 mSv and it does not
have significant impact.

(2) Cooling

a. TEPCO is carrying out the maintenance and management of the equipment for cooling fuel debris as
well as continuous monitoring of the parameters including the temperatures of the reactors. The
buffer tanks which are the water source of the circulating injection cooling facility that cools down
the fuel debris was replaced with condensate storage tank (hereinafter referred to as "CST") on July

2013 and the operation of the CST reactor coolant injection system has been started. Thereby,
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improvement of seismic resistance and increase in capacity are being achieved for the tank, reducing
the risk of losing water injection function due to reduction of a reactor water discharge line length. In
addition, the desalination system (RO), which is one of the circulating injection cooling facilities,
was installed and the construction for smaller circulation loop in the T/B of Unit 4 is being
conducted. This construction will reduce the circulation loop (outdoor transfer pipes) from approx. 3
km to approx. 0.8km (approx. 2.1km if transfer line for stagnant water included).

b. As described above, the parameters including the temperatures of the reactors indicated stable value
which was lower than that immediately after the accident. Also the temperatures in the RPV and
PCV have been declined due to the continuous cooling and decrease in decay heat, and it can be
estimated to be in a stable cold shutdown state.

c. In the implementation plan, the reactor core re-damage frequency is approx. 5.9 x 10-5 / year
according to the risk assessment of the reactor coolant injection system by probabilistic risk
assessment. It can be confirmed that the risk is reduced compared to the reactor core re-damage
frequency of approx. 2.2 x 10-4 / year evaluated in the “Report (Part 1) on facility operation plan
(Revision 2) (December 2011). In addition, according to the evaluation of the reactor coolant
injection system in the event of abnormality, even in the case where the amount of radioactive
materials of three plants are assumed to be released due to an event equivalent to a severe accident
greatly exceeding an expected level (water injection shutdown for 12 hours), the effective doses are
approx. 6.3 x 10-5 mSv / year at the site boundary, approx. 1.1 x 10-5 mSv / year at a 5 km point
from the Specified Nuclear Facility, and approx. 3.6 x 10-6 mSv / year at a 10 km point from the
Specified Nuclear Facility and therefore, it is considered that there will not be a significant risk of

exposure to the general public in the vicinity.

(3) Containment

a. Prevention of leakage of radioactive materials from the PCV gas phase part
The radioactive materials released to the environment are reduced by extracting and filtering the gas
in the PCV of Units 1-3 using the PCV gas control systems and by monitoring the concentration and
amount of radioactive materials using radiation monitoring and control equipment. Also, since the
pressures in the PCV of Units 1-3 is slightly positive, no serious damage is considered to have been
caused in the gas phase of the PCV.

b. Prevention of a leakage of the contaminated water (liquid phase) from the R/B
The contaminated water leaking from the PCV of each Unit is accumulated such as in the R/B. The
water level gauges are installed to monitor the conditions of contaminated water accumulated in the
building and other facilities so that the contaminated water does not leak and the level of the
accumulated water is controlled so as to be kept lower than the underground water level. In addition,
the underground water level is being checked by the water level gauges installed in appropriate
sub-drains in the vicinity of the building.

c. Hydrogen explosion prevention
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i) The nitrogen filling to RPV/PCV is continued. The amount of injecting nitrogen gas is controlled
when injecting nitrogen so that the hydrogen concentration in the PCV of each Unit does not
exceed the burning limit concentration (4%) and the hydrogen concentration are monitored.

ii) In addition to these efforts, for Unit 1 where intermittent increase in hydrogen concentration in the
PCV was observed, hydrogen released from the water remains in the suppression chamber
(hereinafter referred to as "S/C") to the upper part of the S/C was replaced with nitrogen, and the
stable condition has been achieved. Because a small amount of hydrogen continues to be released
from the accumulated water in the S/C, nitrogen gas injection is carried out in order to maintain the
stable condition, reducing the risks due to hydrogen. For Unit 2 where increase in the hydrogen
concentration in the PCV due to by pressure fluctuation was observed, nitrogen gas injection to the
S/C was carried out and replacement by nitrogen gas was completed. The changes made in the
parameters are being checked. For Unit 3, because the increase in hydrogen concentration has not
been observed and it is considered that the condition of the closed space in the S/C is stable, the
change of the parameters is being checked.

iii) Hydrogen concentration in the PCV indicates that a certain value as previously described and its

concentration is being controlled sufficient low to the inflammability limiting concentration (4%).

(4) Maintaining and management of stable condition
With respect to the fuel debris, the circulation cooling system has been installed, the measures are also
taken to improve reliability, such as installation of multiple of equipment and the stable cooling condition
is being maintained. It is important to continuously maintain and manage the stable condition from the
safety perspective.
It should be noted that maintaining the stable condition until the commencement of fuel debris retrieval
affects ensuring safety during the fuel debris retrieval and has continuity.
Therefore, maintaining and improving the functions to control and manage the radioactive material
release, to cool a reactor, to prevent criticality and to prevent hydrogen explosion, the cooling of fuel
debris and the concentration and amount of radioactive materials are being monitored. In addition, it is
important for the monitoring to create databases of plant data so as to effectively manage the plant

information, such as temperatures of RPV/PCV and injection flow rate of cooling water.

4.2.3 Current survey status

The immediate observation of the distributions of the fuel debris in the PCV and FPs is difficult to be realized
due to high radiation environment inside the PVVC of each Unit. For this reason, distribution and properties of
the fuel debris and FP distribution are obtained through the comprehensive analysis and evaluation based on
the all pieces of information available. The information collection and evaluation method for comprehensive
analysis and evaluation and the status of comprehensive analysis and evaluation conducted to date are
described below.
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4.2.3.1 Current status and evaluation of investigation of conditions inside the actual reactor

As investigation of conditions inside the actual reactor, inspections for specific locations, such as the inside
of the PCV, RPV, S/C and torus room, and measurements of the fuel debris distribution using muon detection
system are to be conducted. Muon detection technology is a measurement technology utilizing the
characteristics of cosmic ray muon that scatters exclusively in high density materials and travels in a straight
line if there is none. It is categorized to transmission method, scattering method and transmission method
using nuclear emulsion plate depending on the detection method. Also, PCV internal survey can be
categorized to the observation using a fiber scope camera, sampling and analysis of stagnant water, CCD
camera, dosimeter and unmanned robot equipped with a thermometer.

The following is the status of the visual inspection using remote devices.

4.2.3.1.1 PCV/RPV internal survey

The internal PCV/RPV survey is an effective method to study the fuel debris retrieval policy by getting the
information on the current status of the plant including the photographs, damage state of the equipment,
radiation dose and temperature. This section describes the status of the study on the PCV internal survey for
Units 1-3 performed in FY 2015 and study status of RPV internal survey. Also, the status of the PCV internal

survey performed to date is shown in Appendix 4.3.

(1) Unit 1 PCV internal survey

a. Purpose: Collection of information of the “Grating on the 1st floor inside the PCV.”

b. Method: Inspection device was inserted from the PCV penetration (X-100B penetration) and
inspection of the outside of the pedestal (B1 inspection) was conducted using shape-changing robot
on April 2015.

c. Information obtained:

i) No large scale damage on the existing facilities (e.g. PLR pump, wall inside the PCV, HVH) was
observed. (No fuel debris was found.)

ii) Dose rate was approx. 10 Sv/h.

iii) PLR piping shielding units were confirmed fallen.

iv) The access route to the bottom of the D/W was confirmed but the deposits are scattered over a wide
range.

d. Considerations: It can be estimated that the temperature at the periphery of the grating on the 1st floor
might exceeded 328 deg. C, which is the melting point of lead since PLR piping shielding units (lead
wool mattress) have fallen.

e. Issues: Back and forth motion should be used while checking the crawler portions. During the
counterclockwise inspections, inspection crawler robot was stuck in the gaps between grating bars in
the area between PLR pump and air-conditioning unit. Also, when installing thermometer after the
B1 inspection, low visibility was occurred due to the sediments stirred up in the stagnant water.
Therefore, the internal survey of the outside of the pedestal in the PCV (B2 inspection) was
postponed to FY2016.
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(2) Unit 2 PCV internal survey

a.

Purpose: To verify fallen objects on the platform, damage states, and access route to the periphery
of the bottom of the PCV using the internal survey robot.

Method: Inspection using internal survey robot inserted from X-6 penetration

Information obtained:

Although internal survey for the pedestal inside the PCV (A2 inspection) was planned, eluted
materials were confirmed near the CRD hatch (X-6 penetration) and peripheral dose rate exceeded
the assumption significantly.

Issues: Timing of the inspection was postponed to FY2016 since the measures are required to
reduce the radiation dose around the X-6. The future scope of the PCV repair including some
peripheral areas will be required since low temperature history for the X-6 penetration during the
progress of the event is assumed, instead of leaching from X-6. Also, multiple methods have been
applied to provide decontamination to the areas close to the X-6 penetration but it takes time more

than expected.

(3) Unit 3 PCV internal survey

a.

Purpose: Information collection to contribute to the verification of cooling state in the PCV and
studies on the future investigation method.
Method: The inspection device (camera, thermometer and dosimeter) was inserted via PCV
penetration (X-53 penetration) in October 2015. The dose rate measurement, PCV internal survey
using CCD camera, and stagnant water sampling were performed.
Information obtained:
Sediments were observed on the CRD rail and gratings on the 1st floor. (transparency under the
water inside the PCV was fine)

ii) Water level inside the PCV was OP: approx. 11,800mm. Almost consistent with the estimated

value.

iii) The maximum radiation dose detected in the gas phase inside the PCV was approximately

1Sv/h.
Consideration: The radiation dose inside PCV is the lowest among Units 1-3. This is considered to
be because of shielding due to high stagnant water level.
Issues: Water level coordination or waterproof equipment will be required for PCV internal survey

since stagnant water level is high.

(4) RPV internal survey

It is very effective to confirm the conditions of the fuel debris inside the RPV, structures and environment

directly before the commencement of the retrieval work in order to carry out the retrieval work in a

reasonable manner. As a result of the studies on the RPV internal survey method, the investigation

accessing from the piping connected to the nozzle located on lateral side to the inside of the RPV, it was

found difficult to reach the appropriate locations and conduct inspections from technical perspective.

Accordingly, internal survey method which establishes holes on the shield plug and upper part of the PCV
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from the operating floor to access the inside the RPV was selected as a development object. The
development to confirm the feasibility is currently underway. With regards to creating an opening in the
upper part of the PCV as major technical issues, the possibility of sealing technology to control radioactive
materials released from the inside of the PCV is confirmed through the element test. Also, the element
tests were conducted for the technology to confirm feasibility of creating an access hole through the
complicated internal structures from reactor core region from the operating floor level. In addition, the
concepts of the system required for the RPV internal survey on the site was studied and it indicated the
necessity of considerable preparation for the inspection-related systems including the measures to control
the release of radioactive materials.

The requirements on the entire system during the boring and inspection are to be summarized as future
issues. The detailed studies are to be conducted for technologies for the internal survey to be applied as
well as the verification of the possibility. On the basis of the site conditions, the detailed studies are
conducted for the improvement of reasonable plan for the RPV internal survey and timing of
implementation for each Unit. Also, since the scales of the system may become larger, survey items and its
degree of importance in the survey needs are to be studied combined with the technical FS. The evaluation
will need to be performed from the perspective of cost effectiveness in consideration of the risk involved
in the survey. It is important to conduct these evaluations systematically while making decision in
appropriate timing.

Also, before the commencement of the development, it is desirable to perform the researches on the details
of other technical development and technical information in Japan and abroad with incorporating the

reasonable method flexibly.

4.2.3.1.2 Muon detection

Measurement of the fuel debris distribution using muon detection technology is as follows:

(1) Unitl
The fuel debris distribution measurements were performed by muon detection of transmission method
twice from February to May and from May to September, 2015. The results of these measurements
indicated that in the original reactor core region indicated that there was neither water nor fuels larger than
1 m, which can be identified by muon detection using transmission method. Detailed measured results are
shown in Appendix 4.4.

(2) Units2and 3
The distribution measurement of the fuel debris was performed by muon detection of transmission method
using nuclear emulsion plate for Unit 2 and it implied there are no high density materials (fuels) in the
reactor core regions. The measured results are shown in Appendix 4.4.
Also, the measurement for the core region and RPV lower plenum by the transmission method has been
started from May 2016. The evaluation will be performed after the data measurement for more than three
months.

The measurement plan is also required for Unit 3.
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4.2.3.2 Estimation by severe accident analysis codes

The amount, locations and composition of fuel debris and FP distribution are to be estimated using severe
accident analysis codes. Developing a model specific to each analysis code is to be based on the data
obtained from the zircaloy oxidation tests and melting tests of uranium oxide in the past. The result of
analysis is to be obtained according to the progress of the accident and scenario, such as the amount of
injected water and opening and closing of SR valve.

The severe accident progression analysis is highly depending on the computational model employed and
estimation scenario and calculated results contain the uncertainties. However, quantitative information, such
as the amount and composition of fuel debris and FP distribution at several locations inside the reactors will
be able to be obtained and it will be effective method to understand a whole situation of the severe accident.
Also, estimating the temperature history inside the reactors during the progression of the severe accident
through the severe accident progression analysis, the states of the major internal structures and equipment is
to be presumed by the calculation results.

Furthermore, OECD/NEA BSAF (Benchmark Study of the Accident at the Fukushima Daiichi Nuclear
Power Station) project has been carried out as an international joint research. In this project, the estimation of
internal PCV conditions is being performed through the severe accident progression analysis by 13
institutions from Japan and abroad.

The estimation by analysis situation performed to date is described below.

(1) Analysis results using severe accident analysis codes
Using the MAAP and SAMPSON codes, which are the severe accident analysis codes, the amount and
locations of the fuel debris and FP distribution are estimated. Addition and improvement of physical
phenomena model required to evaluate the fuel debris and FPs at the Fukushima Daiichi has been
performed for both codes. These improvements were completed in FY2015. The amount and locations of
fuel debris and distributions of FP were analyzed using the improved version of the MAAP and
SAMPSON codes. The overview of the MAAP and SAMPSON codes and improvement for the severe
accident analysis codes are shown in the Appendices 4.5 and 4.6.
Also, in FY2015, the analyses focusing on the event specific to each Unit were conducted. The analysis
addresses the clarification of the mechanism of the plant behavior using sensitivity analysis, and reduction
of the uncertainties in the analysis. For example, since pressure increase behavior (pressure spikes) was
observed three times in Unit 2 after the depressurization of RPV, this pressure behavior was reproduced by
the steam and hydrogen and water vapor generated by the reaction of the fuel debris and injected water
using the MAAP code. Samples of sensitivity analysis using MAAP code is shown in Appendix 4.7.
The MCCI (Molten Core Concrete Interaction) evaluation implies that most of the fuel debris was highly
likely to have fallen to the pedestal in Unit 1 due to the damage to the RPV. It is important to evaluate the
erosion of the concrete and amount of MCCI. Since the shape of the pedestal of the Fukushima Daiichi
NPS is complicated including sump pits, relocation and diffusion model for the concrete are added to the
MCCI evaluation module of the SAMPSON code and the extent of the scattering and erosion behavior of

the fuel debris in Unit 1 were evaluated. The evaluation results suggest that the fuel debris are scattered to
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a fairly wide range of the D/W floor of Unit 1. The evaluation results of MCCI in Unit 1 are shown in
Appendix 4.8.

The results of the analysis of the amount and locations of fuel debris and FP distribution using the MAAP
and SAMPSON codes are described below. Also, the estimation results of the conditions of the reactor
internals and equipment based on the temperature estimated by the severe accident progression analysis
are as follows:

a. Amount and locations of the fuel debris

The results of analysis of the amount and locations of the fuel debris are shown in Table 4.2-4. Since
severe accident analysis codes have characteristics of the models used for each code and uncertainties in

the input scenario, it is required to take into account the uncertainties contained for use the results. Issues

to be noted in the comparison among the result of severe accident analysis codes and Units are show in
Table 4.2-4.

Table 4.2-4 Analysis results using the severe accident analysis code (Unit: ton)

25

58 25 79

10

109(78) 79(130) 92(37) 76(14) 103(51) 53(20)
33(52) 52(0) 102(4) 5(0) 96(6) 0(0)
287 271 260 166 281 181

Note: The weight inside and outside the pedestal is the weight of fuels/structural materials (excluding the
weight of concrete). The weight of concrete is indicated in ().

-In Unit 1, the RPV had been damaged before water injection was started. Analysis results by both MAAP and
SAMPSON codes showed that most of the debris had fallen on the pedestal.

+In Units 2 and 3, analysis using SAMPSON code indicated that the particles of debris were cooled by water
injection and accumulated inside the RPV. At core region and bottom of the RPV, amount of debris estimated by
the SAMPSON code are larger than that by the MAAP code.

- In SAMPSON code, the particles of debris were modeled as one lump for and it will be cooled if there is water.
In the actual phenomenon, it can be estimated that cooling water is maldistributed and granular debris which
does not contact with cooling water will be re-melted and dropped on the lower plenum.

+ Results of analysis using the SAMPSON codes showed the fuels of a part of the outer periphery of the core were
remained in stub-shape, since water stayed outside the reactor core shroud and contributed to the cooling. The
fuel will be melted and dropped if there is no water.

Reference: IRID Completion report for “Improvement of recognition regarding the internal PCV
condition using severe accident progression analysis and actual plant data"
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b. FP distribution

The FP distribution inside the RPV, PCV and R/B were analyzed by the MAAP and SAMPSON codes.
The results indicated a large difference which was depended on properties of FP nuclides using both codes.
The results of analysis of the distributions of Cs and Sr, which are the representative FP nuclides, are
described in Appendix A4.9-1. A large difference (uncertainties) between those codes is caused by the
differences in FP evaluation models and chemical form of the FP nuclides which were considered in the
evaluation model.

c. Estimation for the status of major structures and equipment

Although it is necessary to know the current conditions of equipment inside the reactor for the fuel debris
retrieval, there is no measured value of the environment (temperature) that the equipment have
experienced during the severe accident. Therefore, the conditions of the equipment inside the reactor were
estimated based on the temperature evaluation results from the severe accident progression analysis
(MAAP and SAMPSON codes). This estimation was performed by referencing not only the results of
analysis but also the on-site situation. The high-temperature deformation, creep rupture and corrosion
degradation were considered as degradation events induced in the structures and equipment in the scope of
the evaluation. The Evaluation criteria for each degradation event are shown in Appendix 4. 10.

The evaluation results indicated that the creep deformation may be induced for the steam dryer, steam
separator assemblies, upper grid plates and core support plates in all Units. For use the evaluation results,
the uncertainties are required to be considered in the severe accident progression analysis (MAAP and
SAMPSON codes) performed for this time. All estimations results including those of other reactor
internals are shown in Appendix 4.11.

Since the evaluation results of the temperature refers to those of FY2014, it is necessary to confirm the

effects from the latest analysis results in the future.

Also, considering the thermal data obtained from the analysis after the severe accident base on the
corrosion rate for 40 years after the severe accident, the seismic stress evaluation was performed in the
"Development of technology for RPV/PCV integrity evaluation.” The results of the analysis indicated that

the induced stress at the RPV, PCV and pedestal of Unit 2 fell below the evaluation criteria.

(2) Results of analysis by OECD/NEA BSAF
In the Phase-1 of OECD/NEA BSAF project, the severe accident progression analysis of Units 1-3 for six
days after the earthquake was performed by 13 institutions in Japan and abroad. The result of analysis is
shown in Table 4.2-5.
The result of analysis of Units 2 and 3 was categorized into two cases, which are that the fuel debris
remains in the RPV, and falls down to the PCV. The result of Unit 2 can be considered depending on the
modeling of the fuel debris relocation from the reactor core to the lower plenum and the assumption
amount of the water injection by the fire engine which has large uncertainties. With regard to Unit 3, the

results were affected by the difference in the assumption of HPCI water injection behavior (amount of
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injected water in reducing the RPV pressure), that is, the maximum quantity and cycle of the steam flow
that drives HPCI were different significantly among the institutions that performed the analysis.

The Phase-2 of the OECD/NEA BSAF project is being carried out following the Phase-1. In the Phase-2,
setting the implementation period at three years, which is from April 2015 to March 2018, the severe
accident progression analysis of three weeks after the earthquake is being performed by 22 institutions
from 11 countries to advance the improvement of the analyses. Also, the findings of the severe accident
research analysis are shared through the workshop regarding the state of the FP adhered to the reactor
internals and features of MCCI. The progress (PRG, Program Review Group) meeting and workshop are
being held about twice a year. Interim reports and final reports are planned to be established at the end of
FY2016 and in May 2018 respectively.

Table 4.2-5 Evaluation results of fuel debris distribution in BSAF Phase-1 (Unit: ton)

105-164 147-240 140-268

(Provided by IAE)

Integrating the knowledge around the world, OECD/NEA SAREF (Safety Research Opportunities
Post-Fukushima) also studies the project regarding the decommissioning and safety assessment.

4.2.3.3 Estimation based on knowledge and experiments

Estimation from the knowledge and experiments can be categorized into three cases, which are the
estimation based on the past accidents and researches, engineering estimation on plant data and experiments
conducted using simulated fuel debris.

The examples of core meltdown accident include the accident at TMI-2 and Chernobyl Nuclear Power Plant
Unit 4. The findings to be obtained will be utilized in the estimation of the behavior inside the RPV and
estimation by the MCCI. The researches performed in the past include the FP tests performed at the Phebus
reactor in France and MCCI test at the U.S. Argonne National Laboratory. Those results were reflected to the
models of the severe accident analysis code.

The engineering estimation based on the plant data is considered in line with the plant parameter, such as the
fuel debris distribution evaluation by the heat balance method.



The simulated debris for testing was fabricated considering the severe accident phenomenon progress at the
Fukushima Daiichi NPS in reference to the TMI-2. Using the simulated debris, the data on the mechanical,
chemical and physical properties are collected.

In this section, the status of estimations for fuel debris distribution based on the plant data and for the fuel

debris properties based on the experiment using simulated debris is summarized.

4.2.3.3.1 Engineering estimation based on the plant data

(1) Estimation by heat balance method
The ratio of the fuel debris in the RPV and PCV was estimated based on the heat balance assuming that the
temperature of the cooling water injected to the RPV is elevated to temperature of the accumulated water
by the heat source (fuel debris) inside the RPV/PCV. That is the balance of the heat input (heat capacity of
injected water and decay heat) and heat emittance (heat emittance from the PCV wall surface to the
building or to the atmosphere and temperature elevation of cooling water by the fuel debris). The
estimation results using heat balance method and the overview and estimation results of heat balance

method are shown in Table 4.2-6 and Appendix 4.12 respectively.

Table 4.2-6 Results of estimation of fuel debris distribution by the heat balance method

Unit Estimation results

Heat source equivalent to the decay heat of approx. 45% may exist in the PCV. (Evaluated assuming no heat
Unit 1 source exist in the RPV based on the results of the analysis using MAAP code, which is (no decay heat in the
RPV))

Unit 2 30-60% heat source (fuel debris) may exist in the RPV.

20-70% heat source (fuel debris) may exist in the RPV. The amount of debris exist in the RPV as a heat
Unit 3 source is, however, likely to be fewer since the temperature of RPV accumulated water does not follow the
temperature of injected water.

Note: This estimation includes the uncertainties of the decay heat of the fuel debris that fell to the bottom of
the PCV (according to the evaluation performed by the JAEA, it will be reduced to about 60% if all of the
highly volatile nuclide are released), possibility of heat conductance from the fuel debris to the floor
concrete, and uncertainties in the evaluation of heat transfer rate in the heat emittance from the PCV side
to the outside. (Provided by IRID)

(2) Estimation based on the trend of plant parameter

The heat source (fuel debris) in the RPV was estimated based on the trend of the temperature around the
RPV in the post-accident condition, water temperature of S/C, amount of injected water via feedwater
(FDW) system and reactor core spray (CS) system. The FDW system is a system that introduces the water
cooled by condenser into the RPV during the normal operation of BWR. If the integrity of the bottom of
the RPV is maintained, the cooling water will accumulated inside the RPV and water level will be raised.
However, since increase in the water level was not observed, it is assumed that the bottom of the RPV has
been damaged and the cooling water was dropping from the damaged portion to the inside of the pedestal.
This indicates that the water injection using the FDW system was not able to cool down the reactor core
even it can cool down the bottom part of the RPV in the post-accident conditions. On the other hand, the

CS system is a core spray system for the coolant loss accident and is installed along the walls of the core
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shroud immediately above the reactor core. In the CS system water injection, the cooling water is flowing
through the space from the reactor core to the bottom of the RPV and the scape can be cooled down.
Table4.2-7 shows the estimation results of the fuel debris locations for each Unit. Also, Appendix 4.13

shows the estimation method described above and its results.

Table 4.2-7 Results of estimation of fuel debris locations based on the trend of plant parameter

Unit Estimation results
Few heat sources are highly likely to exist in the RPV.
Unit 1 The heat source is likely to exist on the water injection paths of the FDW system. The removed heat is being

transferred to the S/V in response to the water injection.

A certain amount of heat source is likely to exist in the RPV.
Unit 2 The distance to the heat source from the RPV lower plenum is shorter than that of feedwater nozzle N4B.
The removed heat is estimated to transferred to the S/C.

A certain amount of heat source is likely to exist in the RPV.
Unit 3 It is difficult to estimate since changes are less likely to be recognized by the parameters in the PCV due to a
large amount of accumulated water.

4.2.3.3.2 Estimation of fuel debris properties based simulated fuel debris experiments

The studies, such as on the retrieval, collection and storage of fuel debris will require the data on the features
of the fuel debris located inside the reactor. Therefore, in addition to the knowledge obtained to date (e.g.
TMI-2 accident and severe accident research), analyses and tests using simulated debris are performed and
fuel debris properties are estimated based on these data.

Also, the developments are being carried out for the technologies required to analyze and measure the fuel

debris which will be retrieved from the reactors.

(1) Understanding of features using simulated debris
In the characterization using simulated debris, evaluation of the features of metal debris, features of
products caused by the reaction specific to the severe accident at the Fukushima Daiichi NPS and features
related to the heterogeneity.
1) Characterization of metal debris
Mechanical of metal oxides properties, such as of Zr (O), which is zirconium that oxygen is dissolved
in, estimated to be contained in the metallic layer of the fuel debris, has been measured.
2) Characterization of the products caused by the reaction specific to the accident at the Fukushima
Daiichi NPS.
The following data is being collected: mechanical properties and the formation phase of simulated fuel
debris forms a solid solution of fuel, oxides of stainless steels, FP elements, and sea salt compositions.
3) Characterization for the heterogeneity
Since the evaluation of the heterogeneous properties as a large lump was difficult to be performed in
Japan, the evaluation tests for the mechanical properties are being conducted for the large scale
products of MCCI at CEA, France.

Also, at the National Nuclear Center, Kazakhstan, the data of the fuel debris in a powder form, which

is the molten material that solidified by water cooling and physical property such as the particle size,
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density, phase of the condensed solidified materials has been obtained in the characterization test for
the large scale molten and solidified metal ceramics.
In addition to the results of characterization using simulated debris described above, the fuel debris
properties are estimated based on the knowledge obtained to date (e.g. experience from TMI-2 accident,
severe accident research) and summarized in the list. In particular, the macro properties, e.g. compressive
strength and uranium content, and micro properties e.g. the mechanical properties and thermal properties
such as thermal conductivity are summarized based on the literature survey and experimental results of
each location of the fuel debris estimated by the severe accident progression analysis.
Also, the estimation of the properties, such as external appearance and shape of the fuel debris are being
carried out temporarily for the fuel debris which has been estimated by the severe accident progression
analysis based on the TMI-2 accident and tests, in the RPV/PCV. The estimation results are shown in
Appendix. 4.14.
Based on the needs of the information on the fuel debris properties which are required for the studies on
the fuel debris retrieval, the list of the above properties will be updated in collaboration with the

comprehensive analysis and evaluation of internal PCV condition.

(2) Analysis of actual debris properties
The properties of actual debris (e.g. mechanical properties and chemical composition) are required
information for safe fuel debris retrieval. Therefore, the needs of analysis from the related projects are
summarized as an analysis plan so as to collect the required information on the fuel debris properties
reasonably and reliably.
Also, since the fuel debris formed in the state which has never been experienced before will be handled,
the analysis flow is being studied comprehensively to identify the required development items, and the
analytical techniques including the dissolution method of actual fuel debris and analysis method for
chemical form are currently developed. In this regard, the studies are conducted for the cask required for
transportation specimen with high radioactivity. These studies are to be conducted steadily according to
the processes for fuel removal from SFPs and establishment of analysis and research facilities.
As a facility for analysis of the actual debris, testing facilities where specimen with high radioactivity can
be handled will be required. Although the existing facility of JAEA located in Ibaraki district can be
utilized at this moment, the facilities are not considered to meet a broad range of demands. Radioactive

Material Analysis and Research Facility No.2 is, therefore, planned to be established in Okuma machi.

The studies on the plan for the analysis of actual fuel debris properties are to be revised including the
priorities, frequency and timing of the analysis. Also it is important to reflect the studies to the specifications
and operation method of the Radioactive Material Analysis and Research Facility No.2 appropriately. Also,
the analysis needs in the stages of fuel debris retrieval, stable fuel debris storage, waste conditioning
processing and disposal, and in addition, analysis needs over the mid and long term, such as the safe research
needs of damaged reactors are to be satisfied in the establishment of analysis plan. With regard to the facility

for analysis, it is appropriate to study the use of the existing facilities of JAEA in Ibaraki district, as needed.
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To analyze and evaluate the obtained data, it is also require establishing a structure that incorporates the
opinions from the experts in Japan and abroad.

The storage method, canisters and transportation casks of the specimen for analysis are required to be studied
separately from the collection and storage for the full-scale retrieval. Also, the technical issues related to the
exportation are required to be studied as needed.

Also, in parallel, the issues related to the analytical techniques using a small quantity of sample which can be

obtained by the PCV internal survey are required to be carried out.

4.2.4 Comprehensive evaluation for the internal PCV condition and future actions

The comprehensive analysis and evaluation is performed for the internal PCV condition based on the
information obtained by the visual inspection with remote devices, estimation by severe accident
progression analysis, estimation based on the knowledge, experiments and internal PCV conditions, such as
the amount and locations of fuel debris in each Unit assuming the uncertainties are being estimated. Current

issues and future actions are described based on the above results.

4.2.4.1 Summary of comprehensive analysis and evaluation of internal PCV condition

Comprehensive analysis and evaluation of fuel debris distribution are being conducted based on the
information on the fuel debris distribution shown in 4.2.3.1-4.2.3.3. The evaluation results and the results of
plant investigation, such as radiation dose rate inside the PCV are shown in Table 4.2-8. The information
used for the comprehensive analysis and evaluation of fuel debris distribution involves uncertainties. For
example, the severe accident progression analysis, it involves uncertainties since it lacks the data measured
at the time of the accident and depends on the computational model and assumption scenario adopted for
each accident progression analysis code. Thus, the value of the results obtained by the comprehensive
analysis and evaluation (evaluated value) should have a margin since uncertainties are inherent in any
information. Also, the fixed value is indicated as a probable estimate at this point, since it is used as a
representative value in the various evaluations and studies relating to the future fuel debris retrieval method.
Appendix 4.15 shows the results of the analysis using severe accident progression analysis code used for the
comprehensive analysis and evaluation above, estimation results based on the trend obtained by heat balance
method and plant parameter, and information based on the results of muon detection, PCV internal survey
and BSAF Phase-1.

(1) Unitl
According to the record of D/W pressure, some evaluations indicate that the water injection was not
achieved until 11 days after the station black out. Based on this evaluation, the decay heat and heat caused
by the Zr-vapor reaction were not removed and it was exposed to the most severe condition over a long
period of time and the RPV was damaged significantly. This damage has been estimated to cause the most
of the fuel debris to leak outside the RPV. This estimation is consistent with the results of the severe
accident progression analysis, estimation from the plant parameter, muon detection and results obtained in
BSAF Phase-1.
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Results of estimation of fuel debris locations

* Most of the fuel debris had fallen to the lower plenum. Little fuel remained in the core region (little
criticality risk due to the stub-shaped fuels)
* Most of fuel debris that had fallen to the lower plenum fell to the bottom of the PCV.
« Although it transferred to the outside the RPV pedestal, there is no possibility of a large scale shell
attack.
(2) Unit2
The RCIC started to operate after the shutdown of the reactor and continue cooling the inside the reactor
over three days. In specific, since decay heat immediately after the shutdown of the reactor could be
removed during the time when its temperature is high, the fuel melting state is estimated to be the lowest
among Units 1-3. Since there is no data, such as on the temperature during the accident and fire engine
amount of injected water, the margin for the evaluated value is large.

Results of estimation of fuel debris locations

* Most of the fuel debris had fallen to the lower plenum, and very little fuel remaining in the core region.
(Small risk caused by criticality due to stub-shaped fuels)

* More than half of the fuel debris had been fallen to the lower plenum fell at the bottom of the PCV.
However, since there is no data on the temperature during the accident and fire engine amount of water
injected, the uncertainties are the largest among Units 1-3.

* Although they may be moved to the outside of the RPV pedestal, its extent is smaller than that of Unit 3.

(3) Unit3
The RCIC and HPCI started to operate after the shutdown of the reactor and continued cooling about 1.5
days. As with Unit 2, although there is no data on the temperature during the accident and amount of
injected water, the degree of severity of the accident is estimated to be in between Unit 1 and Unit 2 since
cooling level is estimated to be in between Unit 1 and Unit 2. Since fuel debris is assumed to be located in
the RPV based on the trend of plant parameter and its quantity is estimated to be equal to or fewer than that
of Unit 2.

Results of estimation of fuel debris locations

* Most of the fuel debris had fallen to the lower plenum, and very little fuel remaining in the core region.
(Small risk caused by criticality due to stub-shaped fuels)

* Most of fuel debris that had fallen to the lower plenum fell to the bottom of the PCV.

» Although they may be moved to the outside of the RPV pedestal, its level is lower than that of Unit 1.

* The extent of falling down to the lower plenum by the fuel debris and transporting to the RPV pedestal
are moderate among Units 1-3.
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4.2.4.2 Issues on the internal PCV condition analysis and future actions

Since the estimation results of the internal PCV conditions obtained to date involves uncertainties, it is
required to implement the PCV internal survey and muon detection which can obtain the actual measurement
data of the inside of the reactor should be performed. Furthermore, it is important to reduce the uncertainties
in the estimation results of internal PCV condition by reflecting these actual measurement data to the
comprehensive analysis and evaluation of the internal PCV condition.

In addition to the results obtained from various plant data and investigation of conditions inside the actual
reactor, estimating the physical phenomenon caused in the plant at the time of the accident, such as
generation of the fuel debris and FPs and relocation behavior, the comprehensive analysis and evaluation of
the internal PCV conditions are required to be continued. Also, clarifying the source of uncertainties of the
estimation results such as the fuel debris locations and distributions, the sensitivity analysis is to be carried
out using analysis code to reduce such uncertainties to improve the accuracy of the comprehensive analysis
and evaluation. The major implementation items are described below. Also, the future actions for internal

PCV condition analysis are shown in Figure 4.2-3.

Investigation of conditions inside the actual reactor

(1) The PCV internal survey (e.g. Unit 1 B2 inspection, Unit 2 A2 inspection and Unit 3 inspection using
swimming robot) which is currently planned and muon detection (Unit 2) are to be reliably performed.
Also, RPV internal survey is to be conducted systematically. This is very important in terms of
confirming the estimation results of the fuel debris distribution of each Unit by the site data. In
particular, in the evaluation of Unit 2, the confirmation should be obtained through the visual inspection
with remote devices, since the changes in the amount of the fuel debris remain at the bottom of the RPV

is large due to the amount of injected water at the time of accident (with large uncertainties).

(2) The comprehensive analysis and evaluation is required to be reviewed as appropriate by utilizing the
latest information on the fuel debris and FP distribution which can be obtained from the PCV internal

survey, RPV internal survey and muon detection.

(3) According to the PCV internal survey for Units 1 and 3, there were some deposits on the structures in
the accumulated water in the PCV, and those should be considered in the future internal survey and the

studies of fuel debris retrieval methods.

(4) Since decontamination work around the X-6 penetration as a preparation of internal survey for Unit 2
PCV takes significantly longer time than expected, the decontamination/radiation dose reduction work

to be performed in the area closer to the PCV requires more thorough preparation and approaches.

Estimation by the analysis

(1) The issues are to be identified to reduce uncertainties in the analysis of accident progression scenario
and state of post-accident fuel debris. As identified issues, the uncertainties in the analysis and
evaluation conducted to date are to be reduced through the estimation of physical phenomena occurred

in the plant at the time of accident, such as the fuel debris and generation and migration behavior of FPs,
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)

®)

which were identified by the findings obtained in the past cases and research, and the estimation by the
sensitivity analysis and the inverse analysis that takes into the boundary conditions and the analysis

model of the severe accident progression analysis code.

The study on the FP distribution are required in order to perform comprehensive analysis and evaluation
for the matter to be noted in the study on the fuel debris retrieval method, such as the amount and
locations of FPs, and possibility of contamination of FPs, attached to the reactor internals. It should be
based on the findings of the evaluation of the residual quantity inside the reactor and chemical

properties, in addition to the results of on-site radiation dose measurement.

Utilizing the opportunity of international joint research, such as BSAF-2 and SAREF project, it needs to
collect the result of analysis and evaluation performed by organizations overseas in addition to the data
and information regarding the fuel debris and FPs, and reflect them to the comprehensive analysis and
evaluation.

Estimation based on knowledge and experiments

M)

The list of the fuel debris properties established in FY2015 is required to be verified and revised
continuously in collaboration with the comprehensive analysis and evaluation of internal PCV

condition based on the needs of information on the fuel debris retrieval.

Also, investigation of conditions inside the actual reactor and so on is required to be continued. Performing

the comprehensive analysis and evaluation of internal PCV condition based on the information obtained,

more probable estimation results of internal PCV conditions are required to be provided in the studies on the

fuel debris retrieval method.
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4.3 FS of fuel debris retrieval method

This section describes the status of the studies on feasibility of the safe retrieval method of the fuel debris.
Following the background of the selection of three methods to be currently focused on, the features of
retrieval methods are described. Also action status, issues and future actions for nine technical requirements,
which are the key issues required to realize the method.

4.3.1 The selection of fuel debris retrieval methods and their features

As the method to retrieve the fuel debris for the Fukushima Daiichi NPS, the method applied to the retrieval
at TMI-2, which is the preceding case, has been studied since the release of original Road map. This is a
method that retrieves fuel debris by filling water to the upper part of the PCV and the radiation dose is
expected to be reduced by water shielding effect. On the other hand, there are many challenges involved in
developing the technologies required to repair the PCV damaged by the severe accident so as to be filled with
water. Hence, assuming that the challenges are involved in submerging the entire fuel debris, the studies are
being conducted for methods of retrieving the fuel debris while they are partially exposed to the air and
without filling the PCV with water to the top.

Unlike TMI-2 where fuel debris remained in the RPV, since the fuel debris are estimated to be scattered
broadly in the PCV, it may be difficult to reach and retrieve the fuel debris from top of the RPV as it was
performed in TMI-2 depending on the location of the fuel debris.

In consideration of such situations, the fuel debris retrieval methods combining the levels of water in the
PCV and directions of accesses to the fuel debris are to be identified in order to realize the fuel debris
retrieval corresponding to distribution of fuel debris for each Unit and differences between site conditions.
Through the evaluations for the applicability based on such features, some methods to be focused on are to
be selected.

(1) Study on the fuel debris retrieval method considering the PCV water level and access direction
a. PCV water level
In the studies on the retrieval method, the features of the retrieval methods vary depending on the water
level of the PCV. The categories of the method according to the PCV water level during the fuel debris
retrieval are defined as follows. Image of water levels are shown in Figure 4.3.1-1.
® Full submersion method: A method in which water fills to the top of the reactor well.
® The Submersion method: A method in which the water fills to a level above the highest point of the fuel
debris distribution.
Note: This method is called the Submersion method assuming there is no fuel debris scattered above the
reactor core region and water level is above the uppermost part of the reactor core region.
® The Partial submersion method: A method in which the water is filled to a level below the highest part
of the fuel debris distribution. To retrieve fuel debris in the air water is poured on the cutting point and
its periphery.

Note: This method is called the Partial submersion method assuming there is fuel debris exposed to the
air if the water level is lower than the uppermost part of the reactor core region.
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® Dry method: All the areas where fuel debris is scattered are exposed to the air, and neither water cooling

nor water pouring is involved.

] |
all
] |
all

L |

Full submersion Partial submersion

Top access method Submersion-Top entry method “Top entry method Dry method

Figure 4.3.1-1 Classification of method according to the PCV water level

b. FS of access route for each direction of accesses to the fuel debris
As shown in Figure 4.3.1-2, three directions of access to the fuel debris can be considered: from the upper
part of the PCV (Top access), from the side of the PCV (Side access), and from the bottom of the PCV

(Bottom access). The feasibility of the access route for each direction is evaluated as follows.

i) Access from the top of the PCV (Top access)

The access route from the top of the PCV into the core has already been secured structurally for the fuel
replacement work during the periodical inspection. The access into the reactor can be made by removing
the well shield plug, PCV upper head, insulator for the RPV upper head, and RPV upper head. The upper
grid plate immediately above the core may be made by removing the steam dryer and steam separator
allowing access to the fuel debris inside the RPV. There is however a possibility that the equipment to be
removed may be deformed due to high temperature during the accident and may be difficult to be removed
using a normal method. In such case, it is necessary to cut them before removing. Also since the FPs such
as Cs released from the fuels at the time of accident may have been absorbed by these pieces of equipment,

the protective measures against extremely high radiation will be necessary.

ii) Access from the side of the PCV (Side access)

On the side of the PCV, there are equipment hatch and X-6 penetration (CRD hatch) leading into the PCV.
Although the size of these openings is limited, the access route into the PCV is structurally secured. At the
bottom of the D/W inside PCV, PLR pumps, valves, pipes and supports are equipped on the outside of the
RPV pedestal, and CRD handling machine and operating floor (grating) are equipped inside the RPV
pedestal. Since those pieces of equipment may impede the access to the fuel debris, they are required to be
cut off and removed.

iii) Access from the bottom of the PCV (Bottom access)
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Since there is no access route into the PCV from the bottom of the PCV available, a new access route to the

bottom of D/W will be necessary.

Although it is theoretically possible to establish the underground access tunnel leading to the bottom of the

D/W from the outside the R/B via underground, such route may affect the underground water management.

Also, the tunnel is required to penetrate the bedrock that supports the R/B, R/B foundations, D/W bottom

shell and D/W bottom foundation; therefore there is a concern of reducing the strength of R/B, D/W

bottom shell and RPV pedestal foundation.

Regarding this access type, as a result of the basic study, the prospect for the technical issues on the

excavation construction to establish an underground access tunnel to the basement of the R/B civil

engineering work was confirmed and the results indicated that it can be technically solvable. On the other

hand, there are some problems to be solved by development to perform drilling upward from the basement

of the R/B to the bottom of the D/W. Furthermore, the following issues with high degree of difficulty are

required to be solved to realize the fuel debris retrieval method. (Appendix 4.16: FS of the fuel debris

retrieval from the bottom of the R/B)

® Unless all necessary conditions to perform Dry retrieval method are satisfied, there is contaminated
water accumulated at the bottom of the D/W, which is to be controlled not to leak outside at the time of
creating an opening at the bottom of the D/W in the final stage of the establishment of the access route
from the bottom.

® \With regard to the issues described above, the leakage of contaminated water from the bottom of the
PCV can be controlled for a long period of time during the fuel debris retrieval work in the subsequent
process where the access route from the bottom is used.

® The fuel debris retrieval equipment is to be installed at the bottom of the D/W through the underground
access route with severe dimensional limitations while keeping water sealability. In this regard, the
fuel debris retrieval equipment which can satisfy with these requirements is to be prepared.

® The fuel debris retrieval is to be performed for the all areas including the area distant from the opening
to access to the bottom of the D/W.

® The retrieved fuel debris is transported to the storage facility via the access tunnel to the basement of
the R/B.

Since the degree of difficulty of the issues described above is high, it is considered necessary to perform

the development and verification over long term.
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Side access ]

Bottom access

Figure 4.3.1-2 Direction of access to the fuel debris direction of access to the fuel debris

¢. Assessment and narrowing of retrieval methods by considering the combination of the PCV water level
and access direction
Twelve types of the combinations can be made by the directions of the access to the fuel debris and PCV

water levels described in Figure 4.3.1-5.

The methods to be focused on will be selected from the combinations through the studies on their
applicability to the actual unit.
The fuel debris retrieval requires the development that involves extremely high degrees of difficulty. The
methods which can be developed with high feasibility, which is “simple and requiring few development
factors” are to be focused in the screening for the selection. This is considered to be a procedure that
satisfies Five Guiding Principles.
As described in Figure 4.3.1-5, for the Full submersion method and the Submersion method, the access
port will be below the PCV water level for side and bottom access. Therefore a large water tight hatch will
be required to prevent water flow from the access port when bringing equipment and materials in and out,
or retrieving the fuel debris. Fully remote-controlled and automatic system will also be required, and there
are a number of challenges will be involved in the actual utilization of this method. Those challenges
include maintenance works through the water tight hatch or dealing with construction troubles and will be
caused for the Partial submersion method by side access if the access port is below the PCV water level.
These options will not be focused in the studies for the practical application.
As described in (2) b., regarding bottom access retrieval method, even if a route for the bottom-access can
be established, a lot of critical issues are involved in the subsequent management of contaminated water
and fuel debris retrieval work (cut off of the fuel debris in a broad area and export of the fuel debris via
access tunnel). Therefore, since its feasibility was evaluated as low for a short or mid-term time period to

be developed and verified. This option will not be focused in the studies for the practical application.
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With regard to the Dry method, surface temperature of the fuel debris at the bottom of the D/W is
estimated at 400 deg. C based on the assumption as follows: all fuel debris in Unit 1 fell inside the pedestal
at the bottom of the D/W and located as disk shape, amount of decay heat in the target commencement
period of fuel debris retrieval (2021), and condition of air cooling by natural convection. The temperature
inside the fuel debris will be higher than surface. (Figure 4.3.1-3)

A sample of the analysis results of temperature distribution of fuel debris under air cooling condition by
making 3D models of Unit 1 based on the assumptions above is shown in Figure 4.3.1-4. The result of the
analysis using decay heat of the fuel debris expected in 2021 and 2031 as input conditions indicated that
the highest temperatures on the surface of the fuel debris are expected to reach approx. 350 deg. C and
approx. 320 deg. C respectively. (Appendix 4.17 Overview of the analysis evaluation for air cooling in the
reactor)

In consideration of the maintenance of concrete strength, the target temperature of the concrete should be
approx. 100 deg. C or less. Using the Dry method will pose a high degree of difficulty in the air cooling of
the fuel debris. It is, therefore, estimated that this condition will not be satisfied in the early stage of the
retrieval work for the fuel debris located at the bottom of the D/W. If the amount of fuel debris remained
inside is decreased as the retrieval work progresses or if the realistic air cooling method is established in

addition to decrease in the fuel debris amount, retrieval could be conducted by Dry method.

1000 - . S
——Casel (Q=30kW; A=20m2)

Case2 (Q=30kW, A=40m2) ||
|| — -Case3 (Q=30kW, A=10m2) ||
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Heat transfer amount
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800 i+

Q(W): Required amount of heat
removed
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A(m2):Transfer heat area
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Tg(°C); Coolant temperature
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400

Reference diameter of pedestal of
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(Provided by TEPCO)
Figure 4.3.1-3 Complete air cooling for Unit 1

Surface temperature of fuel debris and surface heat transfer rate
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Figure 4.3.1-4 Complete air cooling for Unit 1
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Figure 4.3.1-5 Narrowing of retrieval methods based on the combination of the PCV water level and access

direction
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Based on the results described above, the methods were narrowed down to those listed in the lower frame
described in Figure 4.3.1-5. As fuel debris retrieval method, "Submersion-Top access method,"” "Partial
submersion-Top access method" and "Partial submersion-Side access method" will be focused and studied.

Schematic drawing for three methods of the fuel debris retrieval to be focused on is shown in Figure 4.3.1-6.

|

]
]

T
s

Submersion-Top access method Partial submersion Partial submersion
-Top access method - Side access method

Assuming the in-core structures Assuming that the in-core structures Assuming that the equipment and

above the fuel debris are removed above the fuel debris are removed other objects outside the RPV

pedestal in PCV are removed

Figure 4.3.1-6 Schematic drawing of the fuel debris retrieval to be focused on

Actual selection of the fuel debris retrieval is not simple, such as selecting the one from three methods. There
are variations of selection by setting or combining the water level of the PCV and access route, and
conducting detailed engineering according to the plant conditions including the inside of the reactor of each
Unit and situation of technical development.

In the fuel debris retrieval method, the concept of the prevention of the release of the radioactive materials
from the PCV is important, especially for ensuring work safety. The method to confine the radioactive
materials during the fuel debris retrieval work is being studied and the current concepts of three methods to
be focused on are introduced as a reference for subsequent studies. The study plan for the Submersion-Top
access method is shown in Figure 4.3.1-7. The concept for the containment is to make its pressure negative,
in contrast to the outside pressure, by repairing the PCV, establishing the primary boundary, and establishing
the secondary boundary by repairing or covering the R/B.

Since it would be difficult to completely prevent leakage by repairing the PCV and R/B, containment by
negative pressure control and water level difference management is required to be considered. The concept
of the containment boundary for the Partial submersion-Top access method and Partial submersion-Side
access method is shown in Figure 4.3.1-8. In principle, it is based on the same concept which establishes the
double containment boundaries to prevent release of radioactive materials by controlling negative pressure.
For the reference in future studies, an example of the flow lines for the fuel debris during the retrieval work

by the Partial submersion-Side access method which is currently studied is shown in Figure 4.3.1-9.
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Establishing primary boundary (red line) by repairing PCV,

secondary boundary (blue line)is established forbuilding or building cover.
Pressure insidethem are controlled more negative than the outside.
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to prevent spread of contamination.
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Figure 4.3.1-7 Study plan of the containment boundary for the Submersion-Top access method

Partial submersion-Top access method
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Partial submersion-Side access method

Figure 4.3.1-8 Image of the containment boundary for the Partial submersion method
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Figure 4.3.1-9 Flow line for the fuel debris in the Partial submersion-Side access method

(2) Study on the applicability of each retrieval method to the location of fuel debris
The fuel debris is estimated not only in the RPV (core region and the RPV lower plenum) but also inside
and outside the RPV pedestal at the bottom of the D/W. Also, a part of the fuel debris around the RPV
lower plenum is estimated to be attached to the CRD housing.

The schematic drawing of estimated fuel debris distribution is shown in Figure 4.3.1-10.

Reactor core  e—)
\\
RPV lower plenum \ i I:I CRD housing
~] 4 //
Inside the Outside the
~ L
B ]
: Fuel debris

Figure 4.3.1-10 Schematic figure of estimated fuel debris distribution

The results of the evaluation for the applicability of fuel debris retrieval for these fuel debris locations for
three methods from the degree of difficulty in feasibility are shown in the Table 4.3.1-1. (For details, refer
to Table A4.18-1 of Appendix 4.18)
Features of applicability are as follows:

- High applicability of the Top access to the fuel debris in the RPV

+ High applicability of the Side access to the outside of the RPV pedestal

- Both Top and Side access are applicable to the inside of the RPV pedestal
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In either case of the possible fuel debris location (inside of the RPV (core region, RPV lower plenum and
CDR housing), inside and outside of the RPV pedestal), retrieval can be done by either three options of
fuel debris retrieval method. It will be necessary to retrieve fuel debris by combining these methods

depending on the locations of fuel debris.

Table 4.3.1-1 Applicability of the fuel debris retrieval method according to the locations

Fuel debris locations
Fuel debris retrieval Inside the RPV . .
Method (core region, RPV Inside the RPV Outside the RPV
lower plenum and pedestal pedestal
CDR housing)

Submersion - o o A
Top access

Partial submersion- o o A
Top access

Partial submersion- A o o
Side access

*The fuel debris locations where triangle marks "A" are placed are the areas where the method is not
essentially highly applicable to. The retrieval may be done depending on the detailed locations and amount
of existing fuel debris based on the comprehensive evaluation for the reasonability of the whole retrieval
process.

(3) Applicability of retrieval method in other conditions
To apply the fuel debris retrieval method on site, applicability to the various kinds of restrictions will
require be studying and evaluating. Items to be considered are as follows:
+ Applicability to the limitations on the PCV water level which may be required in the future.
- Applicability to the other on-site operations requiring considerations on the interface with fuel debris
retrieval work
- Applicability to the accuracy of estimated internal PCV condition for each location obtained at the

commencement period for the fuel debris retrieval.

The approaches to the retrieval method for each Unit is to be studied from technical perspective considering
the conditions of Unit and features described in the Section (2) and (3), and are evaluated in light of the Five

Guiding Principles.

4.3.2 Approach to key issues on fuel debris retrieval

This section clarifies the purpose and major requirements on each technical requirement. Also, with regards
to the approaches required to satisfy the requirements above, this section describes the studies to assess the
success or failure, additional issues to be studied and future action policies based on the current action status
(results and plans) such as of R&D projects, and its evaluation.

In addition to the conclusions of these nine technical requirements, the perspectives to be focused on in the

detailed study to be conducted for each method toward the study on the approaches to the fuel debris retrieval
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are described below.
Nine technical requirements as the key issues to achieve the fuel debris retrieval method are as follows:
® Technical requirements especially related to ensuring safety during the fuel debris retrieval

(1) Securing the structural integrity of the PCV and R/B

(2) Criticality control

(3) Maintaining the cooling function

(4) Ensuring containment function

(5) Reducing workers’ exposure during operation

(6) Ensuring work safety

® Technical requirements as key issues directly relates to the fuel debris retrieval work
(7) Establishment of access route to the fuel debris
(8) Development of the fuel debris retrieval equipment and devices

(9) Establishment of the system equipment and working areas

Technical requirements on ensuring safety for fuel debris retrieval are described in (1)-(6). As for "safety" in

this retrieval work, it is not appropriate to apply the same safety standards as the normal nuclear power

station to the Fukushima Daiichi NPS, which is a Specified Nuclear Facility. NRA indicated "The matters for

which a Specified Nuclear Facility operator should take measures,” for the Fukushima Daiichi NPS based on

"Law on the Regulation of Nuclear Source Material, Nuclear Fuels Material and Reactors.” In response to

that, TEPCO has developed "Implementation Plan for the Specified Nuclear Facility" and is addressing the

risk reduction work for the damaged NPS while ensuring safety.

The concepts for ensuring safety to be considered in the fuel debris retrieval work are as follows:

® The purpose of ensuring safety is to protect (1) Residents and environment, and (2) Workers from the
impact caused by radioactive materials.

® The objective is to reduce risks by fuel debris retrieval from the current level of conditions, where the
severe accident occurred. Although volatility fission products by the accident were released and decay
heat are deteriorated in each Unit, the facilities such as R/B and PCV are still in a state of damage by the
accident with high radiation environment.

® The functions to "shut down," "cool down" and "contain™ a reactor, which are the bases of nuclear safety
are managed by monitoring the plant parameters after the accident.

® During the fuel debris retrieval work (normal and expected abnormal operation), the temporary risk
increase from current state is to be controlled as small as possible and is kept under a certain level of
limit. The limit is examined by assessing the impacts on the residents and environment. The measures
for ensuring safety should be recognized as a high-priority issue and be addressed in the effort from the
early stages, such as prior examination and preparation.

® The risk that attributable to external events (e.g. seismic, tsunami, tornado) is to be studied. In response to
the study, the concept of defense in depth assuming the plant that experienced severe accident is to be

studied.
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® Safety during operation may be ensured based on the safety standard by prediction or assumption at a
certain point in time, due to limited information on fuel debris. Sharing "safety-related information™
clarified at each operation step among the relevant organizations and reflecting them to the retrieval
methods or safety management, safety requirements should be flexibly revised so that the safety is
ensured more appropriately.

® Conformity and response such as to the expected safety-related requirements and inspection requirements

by regulation should be considered in the development of equipment or construction methods.

It is important that the safety requirements during the fuel debris retrieval work are to be established before
commencement of the works. It should be appropriately reviewed based on the facts clarified as the work
progresses. In addition, response policy relating to ensuring safety and observed data will need to be

indicated in the early stage while having active dialogue with nuclear regulatory authorities.

4.3.2.1 Securing the structural integrity of the PCV and R/B
(1) Purpose
The R/Bs, PCVs, RPVs, and the peripheral components, which have been damaged by the accident,
shall maintain the following significant safety functions during the fuel debris retrieval work period at
seismic events.
1) The R/Bs shall maintain its support functions of the important components and systems such as
the PCVs, RPVs and the peripheral components.
2) The PCVs shall keep up its containment capability to prevent a massive release of radioactive
materials.
3) The RPVs shall maintain the circulation path of cooling water.
The schematic sketch such as of R/B, PCV and RPV is shown in Figure 4.3.2-1.

|
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Reactor Pressure
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(PCV vent pipe)

=| Primary Containment Vessel
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|

S/C supports S/C supports
(Earthquake-proof support) (Column support)

Figure4.3.2-1 Cross section of R/B and major components
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(2) Major requirements
a. Evaluation of aseismic performances of the Submersion/Partial submersion methods at seismic events
The required functions described in above 1) - 3) of (1) shall be maintained during fuel debris
retrieval work by the Submersion and the Partial submersion method even at seismic events.
The following conditions need to be taken into consideration in the evaluation of aseismic
performances.

- Establish appropriate design seismic ground motions and evaluation criteria considering the
damaged states of the systems, structures and components induced by the accident.

- Consider damages caused by the accident, degradation of materials due to exposure to high
temperature, corrosion due to seawater injection as well as further degradation and corrosion that
may progress to the time of the completion of fuel debris retrieval.

-Take account of the additional weights based on fuel debris retrieval work plan such as fuel
debris, water inside of the PCV for cooling and submersion of fuel debris, water sealing
material and fuel debris retrieval equipment including, radiation shielding and supporting
structures.

b. Development of corrosion prevention measure for RPVs/PCVs and related piping systems, and the
verification of its applicability
Develop the prevention measures for corrosion progression in the RPVs/PCVs and related piping
systems over a long period of time during future fuel debris retrieval work in order to maintain the

current status, and verify their applicability to the actual equipment.

(3) Action status and evaluations and issues
a. Evaluation of aseismic performance of the Submersion and Partial submersion methods at seismic
event
Following approaches/activities have been carried out for the evaluation of aseismic performance of
the Submersion and Partial submersion methods.
- Seismic safety assessment of the R/Bs taking into account its damage induced by the hydrogen
explosions
- Evaluation of the load bearing capacities and stiffness of the reinforced concrete RPV pedestals
which had experienced high temperature exposures during the accident
- Evaluation of aseismic performance of the Submersion and Partial submersion methods
considering the wall thinning of the PCVs, RPVs and the peripheral components by corrosion,
taking into account those mentioned above as well.
- Development of a simplified seismic evaluation method for of fuel debris retrieval methods to
quickly understand the approximate results under various conditions related to fuel debris
retrieval methods.

The findings and issues obtained to date are summarized below.
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i) Seismic safety assessment of the R/Bs taking account of its damage

The following studies had been carried out by TEPCO for the seismic safety assessment of the
R/Bs of the Fukushima Daiichi NPS Units 1-4.

-Evaluation of seismic responses of the R/Bs under the Great East Japan Earthquake motions (a

massive earthquake of the moment magnitude, Mw, of 9.0)
- Seismic safety assessment of the R/Bs, taking into account the damages induced by the
hydrogen explosions during the accident

- The investigation on degradation of the reinforced concrete seismic resistant walls of the R/Bs
The overviews for each item above are described below.
The acceleration time histories of the Great East Japan Earthquake were recorded on the base mats
of R/Bs. The analytical responses of the R/Bs under the recorded acceleration time histories were
evaluated to be well below the evaluation criteria, although some of the responses of the bearing
walls exceeded the responses slightly under the current design basis seismic ground motion, Ss
(600Gal).’
The seismic safety assessment results of the R/Bs taking into account the damages induced by the
hydrogen explosions under the design basis seismic ground motion, Ss, indicates that the responses
of the major seismic resistant walls and the SFPs were below the evaluation criteria with decent
seismic margin.’
TEPCO has evaluated the ground motion (900Gal) based on the new regulatory requirements for
light water nuclear power plants issued by NRA also.”* However, the R/Bs and PCVs damaged by
the accident have great difficulties for the repair works and reinforcement due to high radiation.
Under such conditions, if the design seismic ground motion and evaluation criteria which might
contain a high degree of safety margin were used for seismic safety assessment of Fukushima
Daiichi NPSs, the whole risk reduction achieved by the fuel debris retrieval may be delayed due to
the extension of the design and construction period of the structures and facilities for the fuel debris
retrieval work which have to secure higher aseismic performance. Therefore, the design seismic
ground motions and evaluation criteria shall be selected appropriately from the perspective of
optimum reduction of the entire risk at Fukushima Daiichi NPS.
The periodic investigation on the degradation of the reinforced concrete seismic resistant walls has
been implemented at Unit 4 R/B which seems to be most severely damaged by the hydrogen

explosion, because its radiation dose is comparatively low.** According to the investigation results,

% Nuclear and Industrial Safety Agency "Impacts of the Great East Japan Earthquake on the nuclear power
plants (Seismic response analysis results of the buildings, structures, components and the piping systems)
(Fukushima Daiichi and Daini nuclear power plants),” Dec., 2011 (Japanese)

9 TEPCO, “Seismic safety evaluation of the main office buildings of the unit 1 through 4 of the Fukushima
Daiichi nuclear power plants against the design basis seismic ground motion Ss,” No. 5-1, 4th Study group on
monitoring and assessment of specified nuclear facilities, Feb. 21, 2013 (Japanese)

1 TEPCO, “Considerations on protection against the external events for the Fukushima Daiichi nuclear power
plants,” 27th Study group on monitoring and assessment of specified nuclear facilities, Oct. 3, 2014 (Japanese)

12 For example, TEPCO, “Periodical investigation results (9th) on structural integrity of the reactor building of
unit 4 of the Fukushima Daiichi nuclear power plant,” Jul. 31, 2014 (Japanese)
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no harmful cracks that may cause corrosion of the rebar were observed on the major seismic walls
and SFP walls. Also, the concrete compressive strengths of roughly 35N/mm? or higher are being
obtained in every investigation of the concrete strengths at seismic resistant walls, which are much
higher than the design concrete strength of 22.1N/mm? and no sign of degradation has been
observed. Although a similar investigation is necessary for the degradation evaluation of Units 1-3
R/Bs when their radiation dose situations are improved, the degradation of them is currently
supposed to be relatively low based on the investigation results of Unit 4.

ii) Evaluation of load bearing capacity and stiffness of reinforced concrete RPV pedestal influenced

by high temperature exposure

The severe accident analyses have been conducted for Units 1-3 by using analysis codes such as
MAAP and SAMPSON. The analytical results indicate that the molten fuels may be released from
the bottom of the RPV to the PCV bottoms inside of the RPV pedestals."® Therefore, load bearing
capacities and stiffness of RPV pedestals are considered to be decreased due to the effects of
exposure to the high temperature. The many experiments using various size and types of specimens
under several temperature conditions have been conducted by IRID for the evaluation of the impact
of high temperature exposure followed by moistening by cooling water injection. One of typical
experiments was conducted using 3 sets of 1/6 scale model of reinforced concrete pedestals which
were submerged in the water after temperature experience of ambient temperature, 400 and 800 deg.
C, respectively. Cyclic horizontal incremental loadings were applied up to the failures of the test
models under vertical static loads corresponding to deadweights of components supported by the
pedestals."* According to this test results, the maximum resistance force (load bearing capacity)
and maximum deformation of the test model submerged in the water after the high temperature
experience of 800 deg. C was reduced to approximately 70% of those of the test model of ambient
temperature experience. Furthermore, the load bearing capacity of pedestal exposed to high
temperature of 800 deg. C followed by moistening by cooling water injection is evaluated to be
higher than the load induced by the design basis seismic ground motion Ss.
The evaluation of load bearing capacities of the RPV pedestals are required to be reviewed based
on the latest findings to be obtained from the further investigation inside the PCVs and progress of
severe accident analyses.
Also, the severe accident analysis results and other findings implied that the molten fuel debris
have been fallen onto the PCV bottoms inside of RPV pedestals. The impacts of the erosion on the
RPV pedestals by molten fuel debris may be required to be evaluated, depending on the future
observations of the states of the actual spread of the fuel debris on the PCV bottoms through the
investigation of the inside of the PCVs and that of the RPV pedestals.

iii) Evaluation of aseismic performance of the Submersion and Partial submersion methods based on

i) and ii) above.

3 IRID, “Improvement of recognition regarding the internal PCV condition using severe accident progression
analysis and actual plant data,” Nov. 2015 (Japanese)

14 IRID, “Development of the structural integrity evaluation methods of the RPVs and PCVs,” Nov. 2015 (Japanese)
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In the R&D program by IRID, the FS for seismic safety of RPVs, PCVs and other related major
components against seismic input of Ss (600gal) was carried out for the time of the fuel debris
retrieval work for both the cases of the Full submersion method (water filled up to the top of the
PCV) and Partial submersion method (current water level), in which, additional weights on the
operation floor such as container and fuel debris retrieval equipment including radiation shielding
and supporting structure as well as water inside of the PCV for cooling and submersion of fuel
debris, water sealing material were considered. Especially, the detailed evaluation of S/C supports
by elastoplastic FEM analysis has been carried out from FY2015. In parallel, in case of low seismic
margin of the SC supports, technical development has been carried out for establishing the
alternative back up method such as to place high-flow anti-washout underwater mortar on the torus
room floor as an option for the reinforcement of the S/C supports. This reinforcing method raise the
floor level of the torus room, consequently, it requires to control appropriately the water level in the
torus room lower than that of groundwater.
In FY2016, the assessment of impact on the important safety functions of the RPV/PCV described
in (1) under a severe earthquake event need to be performed. If there is any possibility of failure of
the SC supports, for example, its consequent impact (ripple effect) is to be evaluated. Its
countermeasures (preventive measures and mitigation measures) are also need to be studied. The
prospect of their effectiveness is to be verified through the detailed analyses and experiments, as
needed.

iv) Development of simplified seismic evaluation method for aseismic performances of fuel retrieval

methods under various options

Development of the simplified seismic evaluation method was completed in FY2015. This method is
effective to quickly evaluate the rough estimate of an impact of water level of inside of the PCV, and
of additional weights on the operation floor such as container and fuel retrieval equipment including

radiation shielding and supporting structure.

b. Development of corrosion control measures for RPVs/PCVs and piping systems and their verification
of applicability to the actual units

The one of the concerns at the Fukushima Daiichi NPS Units 1-3 is the progress of corrosion of the
RPVs/PCVs caused by exposure to the seawater and by the fallen fuel debris with a high
temperature. It is necessary to confirm the applicability of the corrosion control measure to the
actual components in order to prevent the progress of corrosion in the structural materials of the
RPVs/PCVs and related piping systems and to maintain the current status of them for a relatively
long period of time.
The circulation water has been injected into the PCVs to cool down the fuel debris and nitrogen is
also injected to prevent hydrogen explosions. Since dissolved oxygen in the cooling water is
reduced in the nitrogen atmosphere, corrosion of steel material is supposed to be inhibited. Since
the PCV will be opened to atmosphere during the fuel debris retrieval work period, corrosion may

progress due to the inflow of ambient air and increase the dissolved oxygen in the water. The
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(4)

a.

corrosion progress is concerned to have an impact on the structural strengths of components at
seismic event and consequently the functions to maintain the boundaries of the PCVs and S/Cs.
Although addition of rust inhibitor in the cooling water during the fuel debris retrieval work period
is an alternative candidate of the corrosion control measures instead of nitrogen injection, it is
necessary to consider the impact on the sodium pentaborate to be injected as a criticality prevention
agent and on cooling water quality control system by small circulation loops which are currently to
be studied.
As the candidates, rust inhibitors of inorganic oxide film type used in the general water treatment
system as well as those of precipitated film type were selected. The candidates of rust inhibitor are
narrowed down to the following four types, considering their corrosion prevention effects, radiation
impacts and impacts on the water quality maintenance system by small circulation loops.

+ Sodium tungstate (oxide film type)

* Sodium pentaborate (oxide film type)

* Zinc /Sodium carbonate mixed phosphate (precipitation film type)

+ Zinc/Molybdenum Sodium mixed Phosphate (oxide layer +precipitation layer type)
There still have been some issues, such as further narrowing-down of the candidates based on the
applicability to actual units from the view point of prevention of local corrosion and impact on the
existing entire water treatment system and establishing of conceptual design of the corrosion

control system with its management procedures applicable to the actual units.

Future course of action

The future actions to be taken are described below based on the evaluation results obtained by
FY2015 in order to contribute the decision making on the policy and method of the fuel debris
retrieval work.
Evaluation of aseismic performance of the Submersion and Partial submersion method

Through performing of the following activities and the results of aseismic performance evaluation by
FY2015, the prospects for the seismic performance of the Submersion and Partial submersion method
are planned to be obtained.

Establishment of safety scenarios against a severe earthquake event

Impact assessments on the important safety functions of the RPVs/PCVs described in (1) against a
severe earthquake event need to be performed. If there is any possibility of failure of the SC supports,
for example, its consequent impacts (ripple effects) need to be evaluated as well as its
countermeasures (preventive and mitigation measures) is to be established (establishment of safety
scenarios).

Development of the assessment methods of the seismic safety of the components and evaluation
method of impacts of their failures to establish the safety scenarios

The methods to assess the seismic safety of components and to evaluate the impact of their failures
are to be developed for the PCVs/RPVs, S/Cs and RPV pedestals in order to establish the safety

scenarios described in i).
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iii) Improvement of safety scenarios

In order to improve the assessment methods of the seismic safety of the components and evaluation
methods of impacts of their failures described in ii), efforts are to be also focused on the verification
of the applicability of the developed methods reflecting more realistic conditions such as the restraint
conditions of components and the conditions for seismic load evaluation. Furthermore, the detailed
analyses and experiments are to be conducted as needed.

b. Development of corrosion control measures for RPVs/PCVs and piping systems and verification of their
applicability to actual units
For the future fuel retrieval work, it is necessary to confirm the applicability of the corrosion control
measures to actual units in order to prevent the progress of corrosion in the structural material of the
RPVs/PCVs and related piping systems. To maintain the current status of them, further narrowing down
of candidates of selected rust inhibiter is to be carried out based on the evaluation of the applicability to
actual units (e.g. prevention of local corrosion, impact on the existing entire water treatment system,
matching with criticality control system). In addition, the conceptual designs of the corrosion control

system along with management procedures applicable to the actual units are to be established.

4.3.2.2 Criticality control

(1) Purpose
To prevent workers’ exposure and impact on the environment due to re-criticality even when the shapes of
fuel debris and water level are changed as a result of the water injection and retrieval works carried out

during the fuel debris retrieval.

(2) Major requirements
In order to achieve the purpose, the method of the criticality control for the fuel debris whose signs of
criticality are not observed at this moment should be established by being combined with the technology
to prevent workers’ exposure by shifting the state to subcritical in case of re-criticality through the period
of the preparation and fuel debris retrieval work.
The requirements to establish the criticality control method are described below. These are common for
the Submersion method and Partial submersion method.
a. Establishment of the criticality control method based on evaluations for possibility of re-criticality and
behavior at criticality.
In order to appropriately control the criticality in the current status where the conditions inside the PCV
is unknown, it is necessary to evaluate the possibility of reaching the re-criticality under based on the
results of the estimation for the amount, location, shape and properties of the fuel debris, and
identification of the events that may induce re-criticality. Excessive conservatism may, however, affect
the assessment of the feasibility of the criticality control; therefore it is important to set a reasonable
level of conservativeness. It is also necessary to accurately evaluate the amount of FPs and exposure

dose rate in order to consider the measures for mitigation of environmental impacts in case of
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re-criticality. In addition, site applicability will need to be studied after the study on the criticality
control method based on the evaluation results.
Major requirements that need to be satisfied for the establishment of criticality evaluation and criticality
control method are as follows:
® The criticality scenario is to be evaluated based on appropriate conditions assuming multiple
methods.
® The information required for the assessment of the reasonable conservatism is to be identified, and a
plan for acquisition of such information is to be drafted and implemented.
® The accuracy of the assessment on re-criticality consequences is to be verified.
® The concepts for the systems and facilities to implement criticality control are established and
feasibility is evaluated.
Technical development to implement criticality control
i)  Sub-criticality monitoring methods
Since the neutron multiplication factors are changed if the retrieval work affects the criticality (water level
and amount) of the fuel debris; therefore it is necessary to monitor such changes. In addition, if any
anomaly is detected, works should immediately be suspended or neutron absorber should be used to
maintain the state of sub-criticality.
The following is the requirement to be satisfied for the sub-criticality monitoring methods to be put into
practice.
® Partial increase in effective multiplication factor of the widely distributed fuel debris is detectable.
ii) Recriticality detection technologies
Under the current conditions where the distribution of the fuel debris is not fully understood, it is difficult
to monitor the neutron multiplication factors, and its technical development is underway. On the other
hand, the amount of FPs and neutron and gamma ray dose will increase once the criticality occurs, making
it rather easy to detect them. This method may, however, result in the delay in the detection and responses
since it may take time as well. Therefore, it is required to take appropriate measures to prevent the workers’
exposure and the public.
The major requirements to be satisfied for the re-criticality detection technologies are as follows:
@ Safety is ensured by the combination of re-criticality detection, exposure evaluation and mitigation
measures.
® Partial re-criticality of the fuel debris widely scattered is detected without having excessive impact of
radiation
iii) Criticality prevention technologies
Dissolving the neutron absorber in the coolant or covering the surface of the fuel debris with neutron
absorber, criticality must be prevented regardless of the condition of the fuel debris. If this can be achieved,
there may be fewer restrictions posed on the fuel debris retrieval method.
The major requirements to be satisfied for the criticality prevention technology are as follows:
® Reactivity required for maintaining the re-criticality in assumed conditions is specified and secured.

® Integrity of the facility is maintained considering the corrosion of materials inside the reactor and
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impact on the cooling water circulation system.

(3) Action status and evaluations and issues
a. Establishment of criticality control method based on evaluations for possibility of re-criticality and
behavior at criticality.

i)  Evaluations for possibility of re-criticality
The criticality scenario that may cause re-criticality during the period from the preparation to fuel debris
retrieval work is being identified assuming the multiple methods. Also, possibility of criticality for each
location where fuel debris is accumulated is being evaluated in conjunction with the results of criticality
evaluation comprehensive analysis of internal PCV condition for each Unit. (Fig.4.3.2-2)
Toward the decision on approaches to the retrieval method, in order to indicate how much the PCV water
level can be increased from the criticality control perspective, evaluation are being performed for the
boron concentration required for criticality control and possibility of increase in the PCV water level by
pure water assuming the remaining fuels in the core region (including stub-like fuels), at the RPV lower
plenum and bottom of the PCV. In order to eliminate excessive conservativeness in the analysis, the
method to consider gadolinium, as burnable poison and FP, contained in the fuel assembly and evaluation
method of remaining fuels in the core region using the detailed composition of fuel assemblies were
studied in FY2015.
The setting method of uranium enrichment and gadolinium concentration has been studied for boron
concentration required for criticality prevention.
Meanwhile, the current study indicated that the water level up to the RPV lower plenum is unlikely to
cause re-critical state if considering the internal structures and FPs as chemical composition of fuel debris
within the realistic range. In addition, the increase in the water level up to the core region is unlikely to
cause re-criticality, if the height of the fuel assemblies remaining in Unit 1 is smaller than three layers ring
and those in Unit 2 is smaller than 5X5. These results are required to be shared for the comprehensive
analysis of internal PCV condition and be reflected to the future research plan. It is, however, difficult to
completely deny the possibility of criticality in the condition where internal PCV condition is not clear.
The policy decision is required to be made with impact mitigation measures assuming the possibility of
criticality. In addition, information regarding the possibility of criticality will be absolutely necessary
toward the determinations on the policies and confirmation of the method and decision-making on the
commencement of the operation. The method to understand the possibility of criticality comprehensively
based on the limited data is required to be studied considering the composition of the fuel debris, which is
the condition of criticality evaluation in statistic manner.
Since reactivity may be inserted depending on the changes in the shape of the fuel debris, when retrieving
the fuel debris, setting of limits of amount of fuel debris per one operation is being studied based on the
criticality evaluation.
ii) Evaluation of behavior at criticality
In the development of the impact evaluation method, a thermal-hydraulic model for kinetics analysis code

for single-point reactor has been improved in order to assess the neutron response and amount of FPs
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generated after re-criticality to establish the impact mitigation measure to exposures. Also, FP generation
assessment model required for the development of re-criticality detection system using the exposure and
gamma-ray at the time of re-criticality was created. In FY2015, the evaluation model assuming the water
filling up to the upper part of the PCV was developed and behavior at criticality assuming Unit 2 was
performed. As a result, if the number of fuels remained in the reactor does not exceed 380 when the PCV
water filling speed is limited to less than 1cm/h, workers’ exposure and environmental impact could be
controlled to within the standard value for the normal operation even in the criticality state. (Fig. 4.3.2-3)
Evaluation results might be changed by reviewing the criticality detection time and further optimization of
conservativeness of evaluation condition; however, results of investigation inside the reactor using muon
detection system (transmission method) currently performed in Unit 2 will be the data important to
confirm the feasibility of the criticality control when filling pure water.

Also, the analysis functions required for the behavior at criticality during the fuel debris retrieval were
studied and issues were identified. The setting of the conditions is to be studied in FY2016 to evaluate the
behavior at criticality during the fuel debris retrieval.
iii) Establishment of criticality control method

Based on the evaluation results of criticality and behavior at criticality above, the basic concept of the
criticality control corresponding to multiple methods are summarized. (Table 4.3.2-1) From criticality
prevention perspective, it is desirable to use soluble neutron absorber e.g. boron as coolant for criticality
control method when filling the PCV with water. The possibility of filling of pure water is, however, also
being studied since there are some issues such as the feasibility of water quality management system
including removal of nuclide from the coolant. Also, conceptual studies for the systems and facilities are
being performed to conduct criticality control.

Since site applicability of systems and facilities to control the criticality will need to be confirmed, it is
important to reflect the studies on the retrieval methods and verification of feasibility of the system to the
criticality control method. Also the fuel debris retrieval system and device identified through the
conceptual study and the functions required for circulation cooling system are to be indicated.

To evaluate validity of the criticality control, objective of the criticality control is required to be clarified.
In this regard, installation of excessive equipment should be avoided in light of the reduction workers’
exposure during the field work, realization of fuel debris retrieval and feasibility of other safety
requirements. Also, it is important to establish logic based on the data that indicates the validity as well as
to set the appropriate and realistic objectives.

b. Development of the criticality control technology

i)  Sub-criticality monitoring methods

As a sub-criticality monitoring method towards the application to the liquid-waste process and cooling
systems, establishing the concepts of the sub-criticality monitoring system equipped with the neutron
detector, gamma spectrum detector, and gamma dosimeter based on the reverse multiplication method,
design and prototype of the equipment were created and the feasibility was evaluated by the criticality
experiment device. This system is to be installed near detectors outside the tanks or piping of liquid waste

process and cooling systems where fuel debris may be accumulated. In the element test, the basic data was
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obtained regarding the detection characteristics of neutron detectors and gamma ray detectors under the
background of high gamma-ray, which is expected to be occurred in the periphery of liquid waste process
and cooling systems. Also in the system test, the performance to identify the changes in the sub-criticality
state by processing the signals from the detectors was evaluated. It was confirmed that the criticality
approach can be monitored in sub-critical condition with effective multiplication factor of approx. 0.5 to
0.7. Moreover, as a different method, usage of the reactor noise in the neutron count rate measurement was
studied and possibility of its application was confirmed.

Development of sub-criticality monitoring methods was started since FY2014 in preparation for the
application to the fuel debris retrieval work in the PCV/RPV.

Referencing the technologies developed by FY2015, the concepts of the system that combines the
methods which may be applicable during the fuel debris retrieval work. This system is to analyze
sub-criticality state by measuring the changes in the neutron counter rate during machining the fuel debris.
It requires operation check for detector under high gamma ray environment expected in the periphery of
the fuel debris.

ii) Recriticality detection technologies

The methods of neutron detection and gamma-ray measurement from short-lived FPs have been studied as
re-criticality detection technologies.

Having established the concepts on the neutron detection system to be installed inside the PCV based on
the evaluation by the analysis of the neutron dose distribution in and outside the PCV in the event of
re-criticality, its equipment design and prototype were created and the feasibility was evaluated by the
irradiation testing facilities. As a result, sensitivity data for counting rate of neutron signal discriminated
from gamma-ray was obtained under high gamma ray environment expected inside the PCV. The
development on the measurement method based on neutron detection was completed in FY2013.

For the gamma ray detection system assuming installation in the gas treatment systems, studding the
option for the improved method that has faster response speed of re-criticality detection than the current
PCV gas control system, optimized design was created focusing on the difference of FP yield between
spontaneous fission and neutron fission. As a result, concurrent counting for Kr-87/88 in addition to the
current counting system of Xe-135 was selected, and the element test was conducted for the verification of
the principles and the feasibility of the system was confirmed. Also, in FY2015, as a result of the analysis
of measured data of gas control system of Unit 1, Kr-87/88 that principally derived from spontaneous
fission was confirmed capable for being measured. Although there is a certain level of errors,
multiplication factor of neutron source of current status was also confirmed capable of being estimated
though the examination of the measured result of multiple short half-lives nuclide. Since the neutron
source multiplication factor will be valuable data to understand the level of possibility of criticality in each
Unit, its development should be continued in considering the application not only for Unit 1 but also for
other Units.

In detection of re-criticality based on the gamma ray, the delay in detection time may have a significant

impact on the mitigation and termination of accident progression; therefore approaches need to be taken to
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guantitatively calculate the detection time required based on the results of evaluation of behavior at
criticality and exposure assessments.

iii) Criticality prevention technologies

In the development of the criticality prevention technologies, the study on the possibility of continuous
injection of soluble neutron absorber and development of undissolved absorber are being carried out.
Sodium pentaborate has been selected as a candidate material that behave as a rust inhibitor for the soluble
neutron absorber. The material corrosion test results indicated the prospect that the PCV materials were
maintained soundly under the condition of boron concentration of greater than 2,000ppm. (Fig. 4.3.2-4)
Also, the evaluation was performed for the boron concentration required for criticality prevention in
consideration of the gadolinium contained in the fuel assemblies. As a result, prospect was confirmed that
the criticality prevention can be achieved under the condition of around 6,000ppm and boron
concentration that can be feasible from the perspective of material integrity and necessary boron
concentration evaluation was found. In the future, to confirm the feasibility of continuous injection of
sodium pentaborate, conceptual study is required to be performed for the water quality management
system, from the perspectives of impact caused on the removal of nuclide in the coolant, environmental
impact caused by the sodium pentaborate leakage and amount of boron necessary for the period of fuel
debris retrieval.

Undissolved neutron absorber is being developed as a candidate impact mitigation measures when
maintaining the sub-criticality during the fuel debris retrieval work and in case of criticality. The
requirements such as operability and leaching characteristics have been set and candidate materials were
selected to date, narrowing down the selected candidates such as according to the basic physical property
test and radiation resistance test. Also the prospects for the durability to the environment close to the fuel
debris were confirmed for B,C/metal sintered body, B/Gd containing glass materials, Gd,O3 particles,
water glass/Gd,0; agglomerated powder materials, and slurry/Gd203 particles. Also, confirming the
neutron absorption capacity of these candidate materials by the neutronic characteristics test, evaluation
for the amount to be placed considering the application to the actual unit and studies on the application
method are to be performed. Also, with regard to the application to the actual unit, reactivity reduction
effect is required to be confirmed by the placement of neutron absorber, and the method that combined
with the measurement of the level of sub-criticality using the criticality proximity monitoring technology

is required to be studied.

(4) Future actions
The past achievements and the current studies were compared to the requirements, and the areas that require

further studies are identified and summarized below.

Establishment of criticality evaluation and criticality control method
® |dentify the required information and the timing in the development of various criticality control
methods and acquire such information reliably.

® Setsufficient and realistic objective for the criticality control and establish the logic based on the data
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of adequacy.
® FEvaluate the feasibility of the systems and facilities to perform criticality control in collaboration

with studies on the fuel debris retrieval system and device and circulation cooling system.

b. Development of the criticality control technology
i)  Sub-criticality monitoring methods
® Although detectors are to be installed in the periphery of the locations for machining fuel debris,
possibility of meeting the requirements should be fully examined because the distribution of the
fuel debris is yet to be confirmed and there are restrictions on the installation location.

® The development policy is to be amended if requirements cannot be met.

ii) Recriticality detection technologies
® The practical application should be determined with the involvement of the site personnel.
Therefore, it is necessary to confirm the location to install the detectors and determine whether the
requirements can be met for re-criticality detection technologies using the neutron detection
system developed in FY2013.
® The objectives for ensuring safety are reconfirmed, including the reduction of the time for
detection by 1/10 of the current time in case of gamma ray detection for re-criticality detection

system.

iii) Criticality prevention technologies

® Studying the concept of the water quality management system in order to inject sodium
pentaborate solution all the time, the possibility is to be confirmed for the items including the
amount of boron to be required for the period of fuel debris retrieval work and the nuclide to be
removed from the coolant materials. Also, the extent of the impact caused by sodium pentaborate
to the environment in case if coolant is released from the coolant boundary is to be confirmed.

® The criticality control method is to be studied to reduce the boron concentration, such as by
combining with the other criticality control methods.

® A method is to be formulated to confirm the amount of neutron absorber absorbed using the
binders to the fuel debris and to quantify the reactivity effect so that the insoluble neutron absorber

can actually be used on site.

The above mentioned actions should be carried out as early as practicable in preparation for the fuel debris
retrieval. It is, however, necessary to provide criticality control for the process that may affect the water
levels and fuel debris shapes even before retrieving the fuel debris. Also, its applicability needs to be
examined in preparation for the increase in water level after sealing the PCV. The possible technologies that
can be applied to such cases include soluble neutron absorber and re-criticality detection by gamma ray or
combinations of those technologies, and the development of these technologies must be completed as soon

as practicable.
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Table 4.3.2-1 Basic concept of the criticality control

Concept of general management

PCV water filling

Debris retrieval

method (sample) Pure water Boric acid water
Criticality | - Evaluate possibility of criticality |Criticality scenario | Criticality Criticality scenario
prevention evaluation prevention by evaluation+ limitation
+ Limit the reactivity inserted atone| | boricacid of retrieval quantity per
time while measuring the degree | Limit of water filling | criticality prevention
of sub-criticality in advance of | SPeed FP gas behavior | using absorber
operation Incremental monitoring o
- Suspend the operation by detecting | Water-filling Sub-criticality
the state close to the criticality . monitoring py
FP gas behavior Sub-criticality
monitoring measurement system
Impact (Criticality detection) Criticality detection | Criticality Criticality detection by
mitigation | Identify re-criticality state by by FP gas y-ray detection by FP | FP gas y-ray +neutron
monitoring neutron and FP gas gas y-ray
behavior End of criticality by End of criticality by
(Criticality shutdown) boric acid water End of criticality | absorber
Insert negative reactivity after or decrease in water | by highly
detecting re-criticality level concentrated

(Behavior at criticality)

Evaluate the behavior at
re-criticality and study the validity
of impact mitigation measures

boric acid water

Public document: 2016.2 Secretariat of the Team for Countermeasures for Decommissioning and Contaminated Water Treatment

s » 13 « 5 = »
1,000ppmB
(with corrosion)

- 50 & %
2,000ppmB
(without corrosion)

Figure 4.3.2-4 Results of steel materials corrosion test by sodium pentaborate
(1000 times the seawater value for 100 hours) (Provided by IRID)

4.3.2.3 Maintaining the cooling function

(1) Purpose

To maintain the cooling function since decay heat is constantly generated by the fuel debris over a long

period time such as for the treatment, PCV repair and fuel debris retrieval.

(2) Major requirements

Basic requirements which should be addressed are as follows:

® Temperature is less than 100 deg. C so as to estimate, manage and record the cooling conditions of fuel
debris.

® Alternative water injection system and equipment are installed in case of that a permanent facility

cannot cool fuel debris due to the events such as earthquake and tsunami.
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Other than above, requirements are different depending on the period (phase) of approach toward the fuel

debris retrieval. The following are the major requirements in three phases.

a. Phase 1: Circulation loops during stagnant water treatment

® The reactor vessel is cooled down and removal of Cs and desalting of the contaminated water is
possible (Figure 4.3.2-5)

® Operation and management are carried out for stagnant water with different floor height and water
levels in series. In the building where the treatment is not completed, operational is controlled so as to
keep the level of underground water higher than that of building's stagnant water.

b. Phase 2: Circulation loops during the PCV repair work

® Circulation, collection of excess water and drainage with required flow rate must be possible before the
commencement of the PCV repair work.

c. Phase 3: Circulation loops during fuel debris retrieval work

® The required functions (e.g. cooling, cleanup, water level control, criticality prevention) are in place for
long-term operation during the fuel debris retrieval works.

® Treatment of the pieces of fuel debris flowing into the circulation loops is studied.

(3) Action status and evaluations and issues

TEPCO is carrying out maintenance and management of equipment for cooling down the fuel debris as well
as continuous monitoring of the parameters including the temperatures of the reactors. The main water
source of the cooling water injection system for cooling down the fuel debris has been changed from a buffer
tank to a CST since July 2013 and operation of CST reactor coolant injection system has been started. By
doing so, the risk of losing water injection function due to reduction of a reactor water discharge line length
is reduced and improvement of aseismic performance and increase in capacity are achieved for tanks. On the
other hand, keeping the cooling water injection, the RPV bottom temperatures and the PCV gas phase
temperatures of Units 1-3 are maintained between approx. 15deg. C to 30deg. C during the recent one month
in spite of the differences among the Units or locations of the thermometer (Appendix 4.2 Fig.A4.2-1 Trend
of temperature around the reactor in the Fukushima Daiichi NPS). Also there is no significant change in the
parameters such as the pressure inside PCV and the amount of radioactive materials emitted from the PCV.
Also no abnormality in the cooling condition nor the indication of criticality were observed. From the above,
it was confirmed that the overall cold shutdown state has been maintained and the reactors are in a stable
condition (Reference: Presentation of 63rd Contaminated Water and Decommissioning Issues
Team/Secretariat Meeting dated Mar.31, 2016) In addition, the multiple back-up systems for injection of
coolant into the reactors are maintained, thereby improving the credibility of the cooling system. (Fig.4.3.2-5
Example of Unit 1)

(4) Action plan

Future actions for each phase are described as follows.

a. Phase 1: Circulation loops during stagnant water treatment

As shown in Figure 4.3.2-6, cooling of the fuel debris and removal of Cs and salt in stagnant water are being

performed. Constructions for small loop to improve reliability have been approved and carried out.
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b. Phase 2: Circulation loops during the PCV repair work
The flow rates of collection, circulation and drainage from torus rooms must be studied based on the
estimated amount and locations of leakage after PCV repair and the circulation loops must be designed. To
do so, following the understanding of the actual performance of water sealing and limit value (permissible
amount of leakage) of other R&D projects and studies on the locations of water intake and installation
method of the water intake lines for circulation system, the cooling system with functions to collect, drain
and circulate the cooling water before reaching to the leak locations is to be established before the
commencement of the PCV repair work.
¢. Phase 3: circulation loops during fuel debris retrieval work Phase (Refer to Appendix of conceptual
diagram)
The circulation loops with required functions that enable the fuel debris retrieval by Submersion method
must be established and the conceptual diagram currently planned is shown in Figure 4.3.2-7. As described
above, in parallel with the study on the water collection system including the permissible amount of leakage
after the PCV repair, coordinating with the concept of boundary, the following should be performed:
engineering, R&D, response to regulations are to be performed for the functions of cooling, criticality
prevention, removal of radioactive materials, turbidity prevention, water quality management, water level
control/monitoring, and interlocks which should be equipped for fuel debris retrieval. Also other than

Submersion method, desired circulation loops such as for cooling by pouring water is to be studied.

*Bold line-Current water injection line

- a3 pumps
PCV R'B Reactorwaterinjection J
L pump in turbine building Mormal/emengency —‘ Buffer tank
< ) r_emac_‘”"‘mr for treated
CS(Bsystem 1 INJSClion pUmps water
MUW CST reactor water on the il
system 2 inecfion pump —@—
R 3 pumps 3@ )
< CST
" FDWiA) system
<& — N Demineralized
iBIsystem water tank
FOW®sy Reactor water injection pump beside

the demineralized water tank

(Provided by TEPCO)

Figure 4.3.2-5 Current water injection line to the reactor (Unit 1)
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Overall image of Small circulation loop

(Bold line indicates RO circulation faciliies to be installed inside the building)
New transfer line from RO system to CST |

New transfer line from SPT to RO system/
New RO system on operation floor of T/B of Unit 4 | drain line of RO hqmwmmbems(aued

Water processing water (backup)

SPT water
Flown underground water receiving tank A

(Source: 64th the decommissioning and contaminated water management team meeting, Apr. 21, 2016)

(Provided by TEPCO)

Figure 4.3.2-6 Phase 1: Circulation loops during stagnant water treatment
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Figure 4.3.2-7 Phase 3: Conceptual diagram of Circulation loops during fuel debris retrieval
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4.3.2.4 Ensuring containment function

4.3.2.4.1 Concept of ensuring containment functions

(1) Purpose

To protect the residents and environment from the impact by confining the radioactive materials including
alpha nuclide generated during the fuel debris retrieval work for a long period of time (for normal/abnormal

operation) and controlling and preventing its release controlled/managed.

(2) Major requirements

a. Determine concept for ensuring containment functions (boundary) during fuel debris retrieval work
Assuming the current release control of the radioactive materials at the Fukushima Daiichi NPS where
containment functions have been lost by the accident, it is necessary to provide an appropriate securement
of the containment functions (boundaries) and release control of radioactive materials under the
environment which is more severe condition where cutting particles including alpha nuclides are caused
by the retrieval work.

In this regard, it is important to consider the release and migration pathway of radioactive materials. There
are two major pathways, which is via groundwater from the liquid phase and via atmosphere from the gas
phase. For this reason, the study is conducted for each path.

Also, the level of risks, which are the frequency of event generation and degree of impact are required to
be studied for the periods during the normal operation and abnormal operation.

In particular, the exposure assessment standards at the time of accident is to be determined as well as the
release limit and release control target value during the normal operation.

Although this is originally a regulatory matter, it is important to be provided and shared based on the
studies on the realistically achievable containment functions including its concept considering the
positioning the Fukushima Daiichi NPS, which is a Specified Nuclear Facility.
b. Establish a containment system for the liquid phase

The detailed containment system for the liquid phase including the release control of the radioactive
materials based on the concept of securing the containment functions (boundary) during the fuel debris
retrieval works described above. In this regard, it is important to aim at a system which is feasible under a
high radiation environment. If necessary, the study is required to be conducted again going back to the
concept of containment functions (boundary). Also as the major requirements to be satisfied for the
containment system for the liquid phase, the impact of the radioactive materials contained in the liquid
phase during the fuel debris retrieval work to the outside is required to be controlled sufficiently, the
impact outside must be limited even assuming the accident caused by the PCV such as a large amount of
leakage, and the integrity of the system is to be secured under the possible seismic conditions.
c. Establish a containment system for the gas phase

A containment system for the gas phase including the release control of radioactive materials based on the
concept for ensuring containment functions (boundary) described above. In this regard, it is important to
aim at a system which is feasible under the high radiation environment. If necessary, the study is required

to be conducted again going back to the concept of containment functions (boundary)
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. Also as the major requirements to be satisfied for the containment system for the gas phase, the impact of
the radioactive materials contained in the gas phase during the fuel debris retrieval work to the outside is
required to be controlled sufficiently, the impact outside must be limited even assuming the possible

accidents, and the integrity of the system is to be secured under the possible seismic conditions.

(3) Action status and evaluations and issues

a. Concept of containment functions (boundary)

At the Fukushima Daiichi NPS, the reasonably feasible measure was implemented on the assumption that

the state and the severe environment which the facility damaged in the accident from, post-accident

emergency response, and it has resulted in current stable condition. As a standard (goal) to be complied

with at this stage (during normal period), NRA sets the impact (entire site) caused by the additional

exposure at the site boundary is to be 1mSv/year. This figure is based on the release in controlled area of

standard reactor and radiation control. Also, applying the standards of the various kinds of accident, the

exposure dose at the site boundary of 5 mSv/accident is assumed by the evaluation for the time of

accident.”

The increase in the concentration of alpha particle, which are FP and nuclear fuel materials in the PCV are

concerned during the fuel debris retrieval. Accordingly the utmost efforts are made aiming at ND which is

less than detection limit during the normal period so as to minimize the release of radioactive material

containing alpha nuclide to the extent possible. Under the accident such as extremely rare event,

5mSv/accident will be the one of the target value at the site boundaries.

b. Confinement system for the liquid phase
i) Current containment status for the liquid phase
Cooling water injected into the reactor receives PCV as a primary boundary once and the leakage from
the PCV makes the building as a secondary boundary. The cooling water injection system to reuse water
accumulated in the buildings for the reactor core cooling after the cleanup has been adopted. In this case,
the boundaries of the buildings are designed to control the stagnant water in the building under the
groundwater level around the building. Accordingly, groundwater is flowing in (inleak) and radioactive
materials are prevented from being flown outside the building (outleak). For this reason, since
groundwater flows in will be surplus on the water balance and stored as water treated by the water
treatment system, contaminated water issue such as storing the tanks continuously within the site has
been occurred. In response to this, pumping up the groundwater by the sub-drain systems installed
around the building and releasing it in the harbor through the purification system, the amount of inflow
is being reduced by lowering the groundwater level. Also, the multi-layered measures are being used to
reduce the amount of groundwater itself that comes close to the building by installing the land-side
impermeable walls (ice wall). Also, the stagnant water level in the building is designed to be controlled

by installing the transfer system for stagnant water in the building. While reducing the groundwater

> Reference: "Safety evaluation guide" Partial revision of Former Nuclear Safety Commission of Japan:
Regulatory Guide for Reviewing Safety Assessment of Light Water Nuclear Power Reactor Facilities, Mar 29,
2001.
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inflow, the difference of the water levels in and outside the building is required to be controlled reliably
in any conditions in order to prevent contaminated water from being released.

ii) Approach to the PCV repair (For details, refer to Section 4.3.2.4.)

As for alpha particle, the upper limit of the concentration relating to the internal exposure, which is
inhalation in particular is stricter than other nuclides. A special attention should, therefore, be paid for
the release from the gas phase in the dust form and careful study will be required for the gas phase
boundaries when the fuel debris retrieval. For this reason, it is easier to cut the fuel debris underwater or
with pouring water to the extent possible and control alpha particles that are transferred to the liquid
phase. In such case, the study will be required to raise the PCV water levels while taking measures to
stop the leakage from the PCV (water sealing). This is the one of the major objectives of the R&D for
the PCV repair (water sealing).

The technical developments of the PCV repair (water sealing) are being carried out separately for the
bottom part (below the torus room ceiling) and upper (above the first floor of the R/B) of the PCV. Since
on-site radioactive environment is severe, the element test for the repair technology using the
cement-based materials, which allow remote handling, has been carried out. According to the results of
the tests, although the leakage can be controlled by the cement-based materials, it is difficult to achieve
complete water seal and a certain amount of the leakage is required to be allowed. Assuming this
condition, the containment functions are required to be studied even for the PCV repair. (For details,
refer to Section 4.3.2.4.2)

iii) Approach to building stagnant water

As a contaminated water management described above, water flowing in the building can be controlled
by lowing the stagnant water level inside the building using the installed sub-drain system, land-side
impermeable walls and stagnant water transfer system inside the building while lowering the
groundwater level. If the groundwater level and stagnant water level inside the building is lowered, T/B
can be disconnected from the R/B. If it progresses, treatment of the water currently accumulated in the
building will have been completed including the R/B. In the Roadmap, this treatment is planned to be
completed by the end of 2020. For this reason, a containment system is required to be established by the
time of the fuel debris retrieval work so as to prevent the leakage inside the R/B from the PCV from
being leaked outside the building.

iv) Issues to be solved

Since the radionuclide including alpha particle is supposed to be transferred to the liquid phase,
regardless of the fuel debris retrieval method, concentration of the radioactive material (risk =Hazard
Potential) in the liquid phase will be raised. In this regard, the technical development for the PCV repair
(water sealing) has been carried out to establish the containment functions for the liquid phase
(boundary). However, in the case where it is difficult to achieve a complete water seal or need to be
achieve the inflow of the groundwater and outflow of the contaminated water assuming the accident
such as a large amount of leakage, the separation from the groundwater is very important and the studies
on the containment system for the liquid phase is required including the treatment of the R/B and

impermeable wall. (Refer to Figure 4.3.2-8 Conceptual diagram of boundaries)
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¢. Confinement system of gas phase
i) Current containment status for the gas phase
Extracting the gas in the PCV and installing the PCV gas monitoring system that extracts the gas in the
PCV while deactivating the inside of the PCV by the nitrogen injection system, the gas phase inside the
PCV is being maintained slightly positive. It prevents the hydrogen explosion and minimizes the amount
of the radioactive material release. Consequently, the results of the evaluation for the additional release
amount from the R/B of Units 1-4 during March 2016 indicated that the exposure dose at the site
boundaries was 0.00087mSv/year, which is sufficient low.
ii) Issues to be solved
Although the measures are taken to transfer the radionuclide containing alpha particle to the liquid phase
during the fuel debris retrieval to the extent possible, the alpha nuclide concentration is expected to be
raised also in the gas phase. As for alpha particle, the upper limit of the concentration relating to the
internal exposure, which is inhalation in particular is stricter than other nuclides. A special attention
should, therefore, be paid for the release from the gas phase in the dust form and careful study will be
required for the gas phase boundaries when the fuel debris retrieval.
Since a certain level of negative pressure is required to be maintained to ensure containment of the gas
phase, negative pressure control system has been studied under the studies on various concepts for the
systems used for the fuel debris retrieval method. (Refer to 4.3.2.9)

The containment functions (boundary) at the Fukushima Daiichi NPS are described in Appendix 4.19"
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Figure 4.3.2-8 Conceptual diagram of boundaries

(4) Future actions

a. Concept of containment functions (boundary)
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The concept is to be established for the containment system of liquid and gas phases which can actually be
established during the fuel debris retrieval work based on its study status and the current concept for the
containment functions (boundary).

b. Confinement system for the liquid phase

The following is the possible measures to reduce the risks involved in the increase in the concentration of
radioactive material in the liquid phase (risk = Hazard Potential) due to the fuel debris retrieval work.
(Refer to Figure 4.3.2-8 Conceptual diagram of boundaries)

i) Absorbing the cutting particles in the peripheral area when cutting the fuel debris, the concentrations
of alpha particle diffused in the liquid and concentration of the radioactive materials in the
contaminated water are to be suppressed so as to reduce the total Hazard Potential to the same or
lower level.

ii) The leakage from the PCV is to be prevented by repairing the PCV (water sealing) and the risk is to
be reduced by lowering the amount of radioactive materials that transfer to the stagnant water in
the building. It is, however, considered difficult to achieve the complete water seal (no leakage).

iii) Even if the risk can be reduced by the method of i) or ii) during the normal operation, the water level
of the torus room may be increased and become higher than the groundwater level when an
abnormal event is caused by a large amount of leakage in the state where PCV water level is
raised. In response to this, the system that lowers the water level by transferring water urgently
uses a large scale pump as a countermeasure. It is, however, difficult to prevent temporal inverse
of water levels depending on the assumption of outflow velocity. The method which does not raise
the PCV water levels can be selected.

iv) Assessing the impact under a rare abnormal condition, the impact to the outside due to the temporal
inversion of the water levels is to be confirmed small. Furthermore, risk reduction requires water
sealing is to be conducted for the R/B.

v) If complete water seal cannot be achieved for the building, alternative measures are to be studied. The
advantages and disadvantages of the exposure, resources, term and interference with other
constructions involved in the works are to be evaluated comprehensively while assessing the
feasibility of each risk reduction measures and its effect. By do in so, application of the
containment system for the liquid phase will be evaluated.

c. Confinement system for gas phase

The cells are to be installed in the upper part of the PCV to minimize the impact to the outside even if
alpha nuclide concentration is increased in the gas phase during the fuel debris retrieval work. Also the
studies should be conducted for the containment system in the gas phase (primary boundary) including the
installation of air conditioning system (secondary boundary) that to control negative pressure inside by
installing the container in the R/B. In this regard, estimating the dispersion rate of alpha particle, the
impact to the outside is to be evaluated such as by the performance of the filters used in the air
conditioning system and leakage rates of primary/secondary boundaries. The evaluation is required to be
conducted not only for the normal work but also for possible abnormal event. (Refer to Figure 4.3.2-8

Conceptual diagram of boundaries)
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These studies are to be conducted in the conceptual studies of the systems relating to the fuel debris
retrieval method. (Refer to 4.3.2.9)

4.3.2.4.2 Construction of boundary (e.g. PCV repair)

(1) Purpose

Based on the boundaries described in the previous section, the PCV, which is the first boundary is required to
be repaired to the extent possible in order to prevent the impact to the residents and environment by
confining the radionuclides including alpha nuclide caused by the work and minimizing and controlling its
release during the fuel debris retrieval work for a long period of time (during the normal operation and
abnormal operation). It is, however, difficult to achieve a complete water seal since the cement-based
materials will be used for the PCV repair technology which is currently under the development. The
establishment of the containment system that allows a certain amount of the leakage should be studied as

well.

(2) Major requirements

a. The actual unit with a margin and secure long-term stable water seal from the perspective of ensuring
safety is to be applied and regulations relating to the construction work are to be prepared including the
construction periods for the fuel debris retrieval.

b. The reliability of water sealing is ensured including the monitoring of the PCV repair work, inspection
method after the construction, detection in case of leakage and establishment of the re-repair method

¢. The development of the liquid phase management (e.g. containment and criticality prevention) system that

generally prevents the leakage to the outside is studied.

(3) Action status and evaluations and issues

The leakages currently identified are the sand cushion drain line at the bottom of the PCV, bellows on the
vacuum break line and bellows of the PCV penetrations for MS line. The possible locations of leakage
includes suppression chamber, which is shown in Figure 4.3.2-13. Also, the accident event this time is
evaluated since the inspection of the upper part of the PCV is less advanced due to the impact of high
radiation. The Figures 4.3.2-15 -4.3.2-17 show the possible locations of damage for each unit. Each Unit has
about 300 areas, which is quite a few. The areas where boundaries are established are indicated by the bold
red lines in Figure 4.3.2-14. Since the leakage may be occurred at the bottom from the suppression chamber
connectors of Unit 2, the vent pipes or downcomers located upstream are planned to be closed. Also, the
penetrations in the upper part where the leakage are expected to be occurred are also planned to be closed. It
is, however, difficult to repair by welding, since the repair areas are of very high degree of difficulty in
accessing due to a high radiation and obstacles. Therefore, the grout will be placed in the area where the
leakages are occurred using remote-controlled equipment in order to close the leakage. (Under the technical
development) However, if the area where welding is considered applicable is found as the on-site inspection

progresses, the repair will basically be performed by welding.
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The technical developments are being carried out separately for the liquid phase for the bottom part (the torus
room ceiling or lower) which is submerged and upper part of the vapor phase (First floor of the R/B or
higher) which is barely submerged.
The major issues additionally raised in the technical development last fiscal year are described below.
a. Issues to secure water seal
i) Issues to repair PCV bottom (under torus room ceiling)
1) Water sealing for vent pipes:
v Measures to prevent grout from being flown to the downstream of the vent pipes
Since the water sealing is applied in the middle part, inflatable seals and supporting material for water
sealing are currently being developed so as to install staunches. The grout will be injected after blowing up
the inflatable seals by the inflatable seal method. The prospect for the technical development is to be
confirmed within FY 2016 for the resistance of inflatable seal fabrics (e.g. tension of the suspended portion
caused by the weight of the grout), initial setting at the bottom of the vent pipe (on the vent header) to blow
the inflatable seal evenly, and the its supporting materials which are packing materials to control expansions
and gaps left eventually (including the gaps caused by the obstacles).
Also, zero leakage is aimed under the condition of the water level up to the torus room ceiling as the first
objective in the development, and the limit of the water sealing (upper limit of the PCV water filling) is to be
confirmed by the test while studying the changes in the water sealing materials including the measures in (2)
described below.
v Measures to vent pipe swelling
The development is to be confirmed within FY2016 for the addition repairing materials considering the
development and re-repairing of water sealing materials such as rubber materials that conform with the
deformation by the pressure so as to prevent the bleeding channel because of that the vent pipe by the
increase in the hydraulic pressure by submersion is blown up and water sealing materials come off from the

inside of the vent pipe.

= Assumed water flow
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(Provided by IRID)
Figure 4.3.2-9 Diagram of water sealing for vent pipes Part 1
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Figure 4.3.2-10 Diagram of measures to the vent-pipe expansion Part 2

2) Water sealing by pouring grout for S/C:

v' Water sealing for downcomers
Balancing the water levels of the PCV and S/C by installing the guide pipes on the S/C side, the development
of the technology to stop the water flow is to be confirmed within FY2016, since it is difficult to implement
the repair under the cooling water passing state (hydraulic pressure for the downcomers). However the
leakage areas of S/C are not identified for Unit 2 under the current inspection. Although it is appropriate to
provide treatment of water sealing before blocking water of the downcomers, if leakage areas are located at
the bottom such as expected ECCS systems, if the leakages are located in the upper part of the S/C, effect by
the guide pipe cannot be expected. Therefore, the measures such as with pouring water are required to be
studied.

v' Water sealing for vacuum breaker
Since hydraulic pressure will be applied to the vacuum breaker from the vent pipes by the allowable leakage
water after the water sealing for vent pipes, there may be some portions in the upper part of the vacuum
breaker where the amount of grout applied is insufficient. The development of the water sealing materials is
to be confirmed within FY2016.

v" Impact to the poring of the grout
Impact to the S/C integrity caused by the increase in the load to the S/C by the burial grout is to be confirmed
in collaboration with other R&D project, RPV/PCV aseismic performance and impact assessment technical

development project within FY2016.
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Figure 4.3.2-11 Water sealing for downcomers (Provided by IRID)

ii) Issues on mortar injection to the torus room
1) SC supports reinforcement
v" Mortar reinforcement height
Since a margin for the SC support could not secured by the seismic evaluation conducted for other R&D
project (RPV/PCV'’s aseismic performance and impact assessment technical development), technique to
provide reinforcement by applying mortar to the torus room. Therefore, the relationship of current
groundwater level > stagnant water level of the torus room may be reversed depending on the height of the
mortar applied to the torus room (pin connection points of the column supports in the current plan). No
inleak will be occurred and stagnant water may be flown outside the system. Although coordination with the
treatment measures to the stagnant water will be required, the measures without reinforcement and measures
that will not cause the leakage to the outside the system will be studied within FY2016 in collaboration with

other R&D project (RPV/PCV'’s aseismic performance and impact assessment technical development).

/ Case of Unit 1

Dry up level
of other building

o S/C bottom end

Torus room D E ] 230
bottom end =

Figure 4.3.2-12 Layout drawing of torus room (Provided by IRID)
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Note: To dry up the surrounding buildings, the level of groundwater water needs to be under
OP-300mmand fixed water level of torus room to maintain the stagnant water level in the torus
room needs to be within the range of OP-1100mm-1300mm considering the margin (approx.
800-1000m) for water level differences control. As described above, the lower end of the torus
room of Unit 1 was OP-1230mm. It is very close to the control limit even without mortar, and
mortar cannot be placed; therefore it is difficult to be reinforced.

iii) Issues on repair of upper part of the PCV (First floor of the R/B or higher)
The element test will mainly be conducted since inspection has not progressed sufficiently due to high
radiation.
Since the difficulties may be involved in the reduction of radiation dose, remote-controlled repair is required
to be studied also for the upper part.
1) D/W penetration water sealing
Although the water sealing materials were considered to be applied for the areas of leakage hydraulic at first,
it was found that the spray coating was not resistant. To resist the hydraulic pressure, injection operation will
be required. Hence, dikes will need to be established. It is, however, not realistic if considering the on-site
remote handling and the study on the water filling level of the PCV.
2) Water sealing for equipment hatch
The water seal was studied and it was found that it cannot resist the load up to the full water level of the well.
Considering cases where groove welding is difficult, the application of materials with excellent radiation
resistance and water-sealing will be studied in parallel with filling the PCV with water.
iv) Water sealing for penetrations on the wall of torus room
Although there is a possibility of conducting the water sealing by injection operation, it is not realistic that
the person approaches to the location to build dikes required for the injection operation if considering the
remote handling on the site. Accesses from the T/B and Rw/B need to be studied.
b. Issues on repair reliability
i) Impact to the inner surface of the S/C, torus room, and piping (e.g. vent pipes, downcomers)
Conditions of the inner surface are yet to be identified. The impact to the water seal needs to be tested, given
the on-site application.
ii) Long-term water sealing
Progression test for the bleeding channel is required to be planned to evaluate the changes in the portions
where water leak is prevented such as by the hydraulic pressure, corrosion and earthquake, expansion of
bleeding channel. Also technical development which enables leakage detection method and re-repairing (e.g.
addition repairing materials and injection position) is also required to be planned.
iii) Constructability
Technical development which enables monitoring of the construction progress status and construction
completion status is required to be planned. The plan and evaluation of reproducibility test, plan for the
implementation method for the assurance test (e.g. leak test, inspection) and studies on the evaluation
method will be required.

c. Issues on establishment of control system for liquid phase
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Figure 4.3.2-14 shows the results of the study on the concept of the control system for the liquid phase
assuming the leakage at the repair areas. It includes a wide variety of issues, such as cooling of the fuel debris,
criticality prevention, corrosion control for reactor internals, PCV water level monitoring and control. As a
major issue, it is required to determine the water intake point of the PCV, and inspect and control the water
levels of the PCV, S/C, torus room and groundwater. The leak out from the system needs to be prevented
while maintaining the relationship of groundwater level >torus room water level and the functions which are
complex and require a quick response are to be realized.
(4) Future actions
The following items are to be performed so as to make final judgement on the application of the PCV repair
to the actual unit in summer of FY 2017.
a. Water seal is to be ensured focusing on the resolution of many issues previously described.
In the technical development for the fuel debris retrieval, the control system in the gas phase is to be
established to maintain negative pressure inside the PCV from the perspective of prevention of radioactive
dust scattering during the fuel debris retrieval. A reasonable repair method for the area in the upper part of the
PCV, which are estimated to be damaged, is to be studied considering the prevention of gas leakage.
b.  Focusing on the following four items, repair reliability as well as the long-term water seal is to be
ensured.
i)  Verification of water sealing performance simulating the conditions of the actual unit (rust and
slippage characteristics on the inner surface) and reproducibility and feasibility of re-repairing
ii)  Long-term water seal under a high water pressure including aseismic performance (evaluation
such as of bleeding channel development)
iii)  Constructability including monitoring technologies (construction progress and completion
verification)
iv)  Studies on the on-site construction considering radiation dose reduction (e.g. decontamination,
removal, shielding)
c. Establishment of liquid phase control system
As described above, a complete water seal is very difficult to be achieved by the repair using grout and a
certain amount of leakage to the torus rooms needs to be allowed. As described so far, it is important to
control the differences in the water levels between the inside and outside(inleak control) in order to keep the
water level inside the torus room lower than the groundwater level, currently performed in case of a large
amount of leakage at the time of fuel debris retrieval. Also, separation from the groundwater is the most
important to prevent the inflow of the groundwater and contaminated water leakage. The study on the control
system in liquid phase is required including the water seal for the buildings and outer water shield in case of

a large amount of leakage.
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Figure 4.3.2-13 Leak locations currently identified
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= Studying the structure that satisfies the basic functions of PCV circulation
cooling system, the conceptual system drawing was planed.
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Figure 4.3.2-14 Conceptual diagram of boundaries currently planned (red bold line) and control system in
liquid phase (Provided by IRID)
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Figure 4.3.2-17 Possible damage area of each floor (Unit 3) (reference 3)

4.3.2.5 Reduction of worker’s exposure during operation

The inside of the R/B is under an extremely high radiation environment because of the impact of the
contamination caused by the accident. Since the fuel debris retrieval work and its related works are
performed mainly in the R/B, it is not an exaggeration to say that the reduction of the workers’ exposure
determines the implementation of the work. Although the measures for the dose reduction are taken
generally from the perspective of "time, distance and shielding,"” those are the measures when radiation
source cannot be changed. Decontamination (broad decontamination including removal of radiation source)

that removes radiation source itself is also important measures at the Fukushima Daiichi NPS.
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Also, utilization of remote technology is highly anticipated as measures to secure the distance. The reduction

of radiation dose by the appropriate combinations of these measures is what we should aim for. For this

reason, the studies on the decontamination are to be conducted to reduce the workers’ exposure in the R/B

based on the following basic concepts.

Following the studies focusing on the dose reduction utilizing the remote technologies and combinations of

decontamination measures, the radiation exposure control during the work is planned from the perspective of

"time, distance and shielding."”

® The works are carried out by remote technologies without any access made by human being under
extremely high radiation area such as the inside of the PCV and torus room.

® In order to achieve a low cumulative dose for a whole work considering the exposures relating to the
decontamination and to the PCV repair works, the optimum combinations such as by the
decontamination, shielding, remote technology, and shortening of operation time are to be studied for
the inside of the R/B other than those described above (management based on the dose budget).

® The evaluation and studies are to be conducted assuming the installation work of the facilities,
maintenance work and response to the trouble will be necessary, even if the remote technologies are
utilized.

® The decontamination work, either by remote technologies or manual operation will be determined by
the radiation dose rate of the target areas, contamination form, operating space, frequency of use,
applicability and development trend of the remote technologies.

® The study is to be conducted on the areas where the work needs is clear. The studies for the areas where
the needs are not clear or for the betterment, the reduction of overall radiation dose will not be carried
out.

The major issues in the dose reduction during the works related to the fuel debris retrieval are the

decontamination of the inside of the R/B related to the preparation work and the shielding used when

carrying out the fuel debris retrieval work itself. Those two issues are described below.

4.3.2.5.1 Decontamination of the inside of the R/B
(1) Purpose
Exposure to the workers for the PCV internal survey, PCV repair and preparation for the fuel debris retrieval

is to be reduced by the decontamination for the work areas and access paths (shielding and removal of

radiation sources).

(2) Major requirements

a. Contamination condition investigation

Considering the needs of the PCV internal survey and PCV repair work, If the data obtained by the
inspection conducted to date is not enough, the inspections are to be conducted for contamination situation
(e.g. contamination form, contamination distribution and decontamination objects).

b. Radiation dose reduction plan
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To secure a required work environment for the target areas using the appropriate radiation dose reduction

technologies (decontamination, removal and shielding), the radiation dose reduction plan is to be formulated

considering the contamination situation.

The target dose rate of the work areas is to be set so as to fall below the exposure dose limit (50mSv/year and

100mSv/five years) specified by the law though the studies on the work method, operation time, the number

of workers. Also, the plan is to be made considering the arrangement of the environment to use

decontamination equipment.

¢. Radiation dose reduction technology

Information regarding the radiation dose reduction technologies is to be revised as necessary.

(3) Action status and evaluations and issues

a. Contamination condition investigation

The level of radiation dose inside the R/B was lowered in some areas by decontamination work but still
high in most areas. Consequently, the PCV internal survey and inspection in preparation for the PCV
repair are not sufficiently conducted. The radiation dose level at the 1st floor of the R/B for each Unit is
shown in Figure 4.3.2-18.

To formulate a radiation dose reduction plan, characterization such as contamination form and
contamination penetration depth of target decontamination areas is required to be identified; however, it
is difficult to carry out a sampling due to a high radiation.

In the peripheral area of X-6 penetration (PCV penetration for carrying in and out of the control rod
drive (CDR)) on the 1st floor of the R/B of Unit 2, the leakages from the flange seals and highly
concentrated contaminants on the floor was found by removing the shielding blocks. After removing
the leaked materials from the flange, cleaning and grinding were carried out for the floor surface but the
radiation dose was not reduced to the target level. Furthermore, the issues has been raised such as for the
understanding of the contamination form and dust scattering prevention since the work environment
was deteriorated due to the dust generated by the grinding; therefore the countermeasures are currently
being studied. (Refer to Figure 4.3.2-19) Also, since the detailed preliminary inspection was yet to be
carried out for the installation structures of shielding blocks and information regarding the precise site
conditions was not sufficiently shared, it took time to remove the shielding blocks.

AC pipe (Atmospheric Control piping) on the 1st floor of the R/B of Unit 1 has been estimated to be a
radiation source since the high radiation steam that attached inside the pipe during the S/C ventilation.
Also, since DHC pipe (dehumidification system piping for drywell) is connecting with RCW piping
(reactor component cooling water system piping) whose whole system is highly contaminated by
radioactive materials, the water contained in the pipe is estimated to be a radiation source. To perform
the PCV internal survey from X-6, the radiation source is required to be removed to reduce radiation
dose.

During the inspection of contamination distribution on the operating floor of Unit 3, the spectrum, other

than radiation dose was measured by collimation. In addition to the detection of nuclides, now the
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estimation of the locations of radiation source became possible and the rage to be decontaminated was
identified.

b. radiation dose reduction plan

It is difficult to identify the contamination situation for the areas with high radiation level. Although the
decontamination plan will be studied and formulated based on the estimation, it will lead to a delay in
its process if the situation becomes clearer after the planning and is found to be severer than expected.
It is difficult to carry out the works effectively since important facilities and peripheral equipment
interface with decontamination work.

The reduction of radiation dose on the 1st floor of the R/B is contributed to the ducts such as in the
narrow area and mid and high places instead of the floors at this point. On the 1st floor of Unit 2, the
effect of the radiation dose reduction by decontamination and removal of the ducts has been achieved
and decontamination of mid and high places is important.

Although manual work is be required depending on the target work areas, it will be necessary as a
supporting work even in the areas where remote-controlled equipment is used and radiation workers’

exposure during the decontamination work is increasing.

¢. Radiation dose reduction technology

Remote-controlled equipment for decontamination inside the R/B (for higher part of 1st floor and upper
floors) was developed as R&D (Dry ice blast, Suction and blast, High pressure water jet) and mockup
test was conducted (Figure 4.3.2-20 Reference).

In Unit 3, verifying the actual unit of dry ice blast decontamination equipment for high places, target
decontamination performance was achieved by combining suction + dry-ice blast but the issues such as
the application for the unevenness of the wall were found.

Information regarding the radiation dose reduction technologies has been collected through the
tendering and published as a technical catalogue. However, since technical findings have been obtained
from a result of the actual unit inspection for the remote decontamination equipment for the high places
manufactured by the subsequent R&D, it is important to collect those findings and make them

utilizable.

(4) Future actions

a. Contamination condition investigation

The required inspections will be performed after the work environment for the PCV internal survey and
PCV repair are identified.

For the R/B of Unit 1, cleaning of the internal surface of AC pipe and removal of water contained in
DHC pipe will be studied.

Sampling method for high radiation is to be studied considering the reduction of the workers’ exposure.
With regard to the inspection of contamination distribution, the introduction of the method such as
spectral measurement with collimator, which can detect the locations of nuclide and radiation source to
the inside of the R/B is to be studied.

b. Radiation dose reduction plan
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The target work areas such as of the PCV repair is planned for the representative points considering the
construction volume, commencement period, access by people (inspection for plant
maintenance/management facilities). After that, a radiation dose reduction plan for the target areas is to
be studied through the horizontal development.

Although it is difficult to understand the contamination form appropriately to the extent possible, the
optimum decontamination method is to be selected. Also, it is necessary to study multiple radiation
dose reduction plans corresponding to the possible contamination form while securing the required
workforce. Even if the situation is found to be different from the assumption, the delay in the process is
to be minimized by establishing the system that corresponds to the site situation flexibly.

Since the spread of contamination by dust and decontamination residue due to the decontamination
work are concerned, measure is to be taken on the area management, prevention of radioactive dust
scattering and prevention of recontamination.

In the decontamination for the areas with high radiation level, exposure dose during the
decontamination work should fall below the upper limit by using remote-controlled equipment instead
of manual work.

Feedback on the decontamination efficiency, exposure dose and process obtained from the actual unit is

to be provided to be reflected to the future radiation dose reduction plan.

¢. Radiation dose reduction technology

The application of the remote-controlled decontamination equipment developed as R&D to the project
related to the PCV repair is to be studied. Also, since manual works may be required when collecting
the equipment in case of emergency, the measures will be required for the reduction of the radiation
workers’ exposure according to the site conditions.

The data on the current decontamination technology and remote technology and information on the
results of the practical application is to be added and updated as appropriate. The data base for the
technical findings obtained through the actual application at the Fukushima Daiichi NPS is to be
established to contribute to the solutions of the issues to be caused during the dose reduction work and

R&D s0 as to be utilized for the decommissioning work over a long period of time.

Although decontamination for the work environment to perform the PCV internal survey and PCV repair has

been carried out, it is not exactly that the radiation dose reduction for the target has been carried out as

planned. The appropriate decontamination is to be carried out while confirming its method and effectiveness.

Assuming that there is a limit for the radiation dose reduction in the target work area, it is important to review

the method considering the exposure dose involved in the repair work and effectiveness of the range and
method of the PCV repair.
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(as of Jan. 2016)

Decontamination performance

(1) Removal of rubbles

(2) Cable arrangement, removing equipment

(3) Decontamination for floor surface and
mid and high places

Figure 4.3.2-18 Airborne radiation on the 1st floor of the R/B 1500mm from the floor
(Provided by TEPCO)
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Before decontamination After decontamination

X-6 penetration
flange

Figure 4.3.2-19 Decontamination states in the periphery of Unit 2 X-6 penetration (Provided by TEPCO)

Decontamination device for high places

High pressure

Z Dry ice blast Blast(suction)
water jet

Decontamination device for upper flower

| Working platform
| (Mitsubishi)

Junctiontrolley
(Toshiba)

Supporting trolley
(Hitachi)

Figure 4.3.2-20 Decontamination equipment for higher places and upper stairs (Provided by IRID)
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4.3.2.5.2 Exposure reduction by shielding when retrieving fuel debris
(1) Purpose
Exposure dose in the work areas during the fuel debris retrieval work and the site boundaries is to be reduced

as low as reasonably achievable and radiation safety environment is to be maintained.

(2) Major requirements

a. Considering the water shielding effect for the water filling of the PCV based on the investigation and study
results of the distribution of the radioactive source such as fuel debris, FP and activation metals, the work
area and radiation dose rate at the site boundaries corresponding to the work conditions during the fuel debris
retrieval is to be evaluated and appropriate measures such as shielding should be taken.

The system equipment containing radioactive materials, which are radioactive material collection and
processing /treatment system, should also be considered in the radiation sources.

b. Appropriate measures should be taken for the scattering prevention and control based on the evaluation of
the exposure dose in the work areas and site boundaries which are attributable to scattering of radioactive
dust attached to the structures due to the removal and transferring the upper part reactor internals and

radioactive dust caused by the fuel debris cutting.

(3) Action status and evaluations and issues

a. Asimple evaluation of the water shielding effect on the operating floor and required shielding thickness of
the cells was performed (Refer to Figure 4.3.2-21) for the radiation dose, attributable to the radiation dose
attributable to the reactor internals and fuel debris, reactor internals and fuel debris. The feasibility of the
shielding which can achieve the radiation dose rate on the operating floor of 1mSv/h was obtained even if
assuming all fuel debris are located in the core region.

b. With regard to evaluation of radioactive dust generated during the fuel debris cutting, aiming at the laser
cutting as a representative of the thermal cutting methods which is relatively likely to generate radioactive
dust in the candidate fuel debris cutting method, measurement test is being planned for the properties and
amount of dust generated by the cutting using the specimen simulating the mechanical and thermal
properties of fuel debris.

To evaluate the radiation dose of the generated radioactive dust, collection of information on the chemical
composition of the fuel debris, which will be a radiation source, other than the mechanical properties will be
the issue.

Although the composition of fuel debris obtained from the severe accident progression analysis will be the
reference at this point, the improvement of the accuracy of information by collecting the actual unit

information such as by sampling of the fuel debris will be the issue.

(4) Future actions

a. The accuracy of information on the fuel debris for each Unit, radioactive source, such as FP distribution is
to be improved based on the results of the investigation of conditions inside the actual reactor such as the
result of the severe accident progression analysis and PCV internal survey. Also, the detailed dose evaluation

is to be conducted based on the requirements on the PCV water level which depending on the methods and
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reasonable shielding is planned to be designed while studying the required shielding specifications of each
Unit for each method to confirm the feasibility.

Dose evaluation on the operating floor is to be studied considering the impacts of radiation dose attributable
to the FPs remained in the R/B after the implementation of the predetermined decontamination in accordance
with the situation.

b. Improving the accuracy of the evaluation for the amount of absorption of radioactive dust in the upper part
reactor internals through the studies on the mechanism of Cs that absorbs the equipment, the understanding
of the amount of absorbing by investigation of conditions inside the actual reactor, measures to the
decontamination performed in advance of the these transferring and removal.

A measurement test for the fuel debris cutting methods, other than laser cutting is to be planned for the
properties and generated amount of the dust caused by the cutting after studying its necessity based on the
findings from the past.

The evaluation results of the dust properties and amount generated by each cutting method are to be reflected

to plans of the air conditioning system to control negative pressure for the R/B and PCV and filter designs.
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DS pool: Steam dryer/steam separator temporary
storage pool

PCV: Primary containment vessel
RPV: Reactor pressure vessel

Maximum dose when equipmentis removed considering the work steps

(Debris source*' and Cs sources are considered)
Water level Max. Effect of Cs adhering to the wall
dose surface of the well Ref 3
Operating Fully filled 0.28
floor dose | Partial submersion 6.6 } Fuel debris submerged ey 459
rate (Sv/h) | No water 76
1 g)*B‘ } Fuel debris exposed Ref4
Site Fully filled 0.2 Can be reduced to less than 1mSv/h
boundary Partial submersion 33 with approx. 25cm steel shielding.
dose rate No water 36 44— Can be reduced to less than 1mSwiyr
(Sw/h) with approx. 8cm steel shielding.

consideration of decay

Maximum dose when components are removed with due

10yrs later 20 yrs later 30yrs later
Fuel debris 0.9 0.5 0.3
Cs 6.6 5.3 4.2
Operating floor Co 14.3 3.8 1.0 Ref 5
dose rate (Sv/h) Total
(Thicknessof shielding 21.9% 9.6 5.5
required to reduce ta (zpprox.30cm)|  (approx. 27 cm) (approx.24 cm)
1msvih)

® The evaluation results contain following conservative points;

The radiation source intensity of fuel debris is calculated assuming that all nuclides remain except Cs and noble gases.

If semi-volatile nuclides is dissolved, the intensity will be about 80%. Increased effect of shielding in the event the fuel
debris flowed out of the pedestal is not considered.

The point source is used for the calculation and the self-shielding effect of the structure in the PCV which is the

radiation source is not considered. The fuel debris shape is assumed to be cylindrical although it is unknown.
The source intensity of the fuel debris is supposedto be 0.055times considering the self-shielding effect.

[Results of dose evaluation]

Figure 4.3.2-21 (Reference) Example of dose rate evaluation during the fuel debris retrieval (Provided by

TEPCO)
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4.3.2.6 Ensuring work safety

(1) Purpose

Most of the operations planned in advance of and during the fuel debris retrieval work will be carried out
inside the R/B. The work environment of the R/B is in extremely severe, such as, in limited space, with
insufficient lighting, with rubble scattered, under high radiation, with dusts. These operations are carried out

for the first time in Japan. Workplace accidents must be prevented even under such a severe condition.

(2) Major requirements
Proactive measures such as the sufficient preparation, planning and training using mockup facility for the
first task performed under the extremely poor work environment in the R/B, and study on the contingency

measures which are more sufficient than the work safety measures applied to date.

(3) Action status and evaluations and issues
Understanding the current site conditions, work accident prevention is being performed.
® Through the promotion of sharing and horizontal transfer of information regarding OE (operating
experience) and enhancement of the systems and structures of safety management, the number of
accidents in FY2015 was decreased from FY2014 and the number of accident victims was
decreased by 40% (64> 38 persons).
® Heatstroke prevention was conducted by prohibiting the work basically during the period of
intense heat (14:00-17:00 during July-September) in the heat wave period and applying the
standard rules for the heatstroke prevention (the work is prohibited at 30 deg. C or more of WBGT
index (index based on three factors of humidity, solar radiation and temperature which have large
impact on the heat balance of the human body). As a result, the number of heatstroke incident due
to the work in FY 2015 decreased significantly from FY2014.
® In response to the guidelines on the improvement of industrial health and safety standards released
by Health, Labour and Welfare Ministry in October 2015, risk assessment, efficient measures for
radiation dose reduction has been performed appropriately from the stage of placing an order for
the construction in order to achieve further improvement of the management for safety and
sanitation.
® The progress has been made in the decontamination outside the buildings. The buildings can be
categorized by three areas depending on the contamination level (Anorak area, Cover all area,
Regular work clothing area). The safety and workability are being improved by the reduction of
work load using different radiological protections for each area.
In order to establish the technical basis for remote-controlled device, mockup test facility was established in
Naraha Remote Technology Development Center in FY2015 and 3D virtual reality (VR) system that
simulates the conditions inside the R/B at the Fukushima Daiichi NPS (Fig.4.3.2-2-22) was established for
the purpose of planning the process plan and pre-operation training.
As a preparation for the retrieval of the rubble and spent fuels from the SFP of Unit 3 which is planned from
FY2017, operation training and planning are being carried out using the fuel handling equipment to be

installed on site.
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The outline of the fuel debris retrieval work has been studied. Labor safety will need to be examined in line

with the fuel retrieval work planning, since its details are deeply related to the retrieval policy.

With regard to radiation safety, the internal radiation exposure is required to be monitored immediately after

the intake of the radioactive materials. The agreement was therefore closed with Japan Nuclear Fuel Limited,

and the organizational structures have been established so as to assess the internal radiation exposure

promptly through the internal exposure assessment (bioassay) by the analysis of excrement (urine and feces)

(4) Future actions

a.

Reviewing the operations for reducing the radiation dose inside the R/B and investigating the internal
PCV condition which has been performed to date to utilize the results of preparation, planning and
training of other operations.

Improve work environment of the place where people have to access since remote operation cannot
be performed, by restoring the lighting (power restoration), improvement of communication
environment and removal of rubble, to the extent possible.

Conduct trainings on the mock-up sufficiently for the operations to be carried out for the first time. It
is essential to plan, implement and verify effective work procedures and test method. Also, operation
time and dose are required to be reduced by making a process plan utilizing VR system and
pre-operation training.

The on-site work such as the preparation for the retrieval of the fuel debris is expected to include the
decontamination inside the R/B, investigation of the leak locations of the PCV, repairing of the PCV
bottom/upper part, establishment of system structure equipment, preparation and construction for
installation of the fuel debris retrieval equipment and devices, fuel debris retrieval work and
collection, transport and storage of fuel debris work. The fuel exposure due to the failure of the
cooling function when removing the spent fuels, diffusion/leakage of gaseous radioactive materials
and leakage of highly contaminated water might occur during the preparation for fuel debris retrieval
work. In the fuel debris retrieval work, hydrogen explosion might occur due to the re-criticality and
suspension of nitrogen injection. In the collection, transport and storage work for the retrieved fuel
debris, unit tube and storage canister might fall down due to failure of crane. Since these are the
works for the first time which no one experienced before, it is very difficult to estimate the accident
and trouble in advance. Therefore, possible accident and trouble that may be caused in each work
should be identified to the extent possible. Preventive measures are required to be taken against the
accident and trouble by performing the risk assessment. Also, a contingency plan such as for securing
the maintenance work is required to be studied so as to respond promptly to the accidents and
troubles.

As for the work inside the R/B as well as fuel debris retrieval work, air sample from the work
environment is to be taken continuously using the sampling head installed in the work area to monitor
the dust in the work environment. Also, air contamination is required to be monitored continuously
by the consecutive measurement using a-ray and B-ray detectors mounted on the sampling head.

Internal exposure through the injection of radioactive materials is to be prevented by combining the
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Experience and feedback

containment of radioactive materials, decontamination and use of protection equipment. In particular,
contamination prevention such as for the protective clothing, protective equipment is important from
the perspective of prevention of internal exposure via indirect oral intake of attached radioactive
materials or external exposure of the skin. Also, the prevention of oral and nasal intake of radioactive
materials into the body using respiratory protective devices is required to be controlled depending on
the physical and chemical properties of the nuclide which is subject to the protection. It is also
important to perform the protection based on a sufficient understanding of particle diameter that
significantly contributes to the collection efficiency of the filters.

When the radioactive materials are taken into the body, internal radiation exposure is be monitored
by any one of the means, such as whole-body measurements by the whole body counter, bioassay and
calculations based on the concentration of airborne radioactive materials. Also, if the worker is (or
may have been) exposed to the radiation dose over the limit, temporary medical checkup is required
to be provided for the worker and limitation and prohibition to the work area are required to be

enforced.

Application
Sample Implement
operation

obtained on site. reliably

Safe and reliable
Effective operation

Effective operation
- procedures
OPlanning/pre-check of ' Test method, safe

operation plan operation
OPre-training

OVerification of
operation plan
OOperational training

-

i \
Full view of the system Training -

(Provided by JAEA)
Figure 4.3.2-22 Work training flow using virtual reality (VR) system
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4.3.2.7 Establishment of the access route to the fuel debris
(1) Purpose
The access route inside the building required for fuel debris retrieval work and the route to access the fuel

debris inside the PCV from the operating floor or the side of the building are to be established.

(2) Major requirements
a. Common requirements for all methods

i) Radiation dose at the working areas inside the building is reduced, the obstacles are removed, and the
access route inside the building is established so as to carry-in/out and install the equipment/devices
as well as transporting the retrieval equipment and fuel debris to be used for the fuel debris retrieval.

ii) Release of radioactive materials from the PCV/RPV is prevented on the access route.

b. Requirements on Submersion-Top access / Partial submersion-Top access methods

i) Since it is a method to retrieve fuel debris from Operating floor, the existing equipment located along
the access route to the fuel debris must be removed before establishing the access route from the
upper part of the PCV to the fuel debris.

ii) If there is fuel debris outside the core shroud, it will be necessary to remove the core shroud and
access the fuel debris; therefore a plan is established according to the conditions.

iii) A plan is established according to the conditions since large opening needs to be created at the
bottom of the RPV to access the fuel debris located at the bottom of the PCV. This plan should be
established assuming that the fuel debris may be located in and outside the pedestal at the bottom of
the PCV.

c. Requirements on Partial submersion-Side access method
i) A plan is established including the creation of an opening in the wall and enlargement of the opening
of the PCV required depending on the retrieval method to access the fuel debris at the bottom of the
D/W from the first floor of the building.

(3) Action status and evaluations and issues

a. Common action status and evaluations and issues for all methods

Details of the establishment of access route inside the building are not currently studied, and they are
required to be made according to timely plan. On the other hand, in the studies of the route inside the PCV to
access the fuel debris, the element test has been started for the important technical development to prevent
the release of radioactive materials from the inside. Approaches for the method are described in b. and c.

b. Action status and evaluations and issues for the Submersion-Top access / Partial submersion-Top

access methods

The access routes inside the building required to carry out the fuel debris retrieval work on the operating
floor includes the one which leads from the entrance of the R/B to the operating floor and the other one from
the operating floor to the periphery of the RPV. Under present circumstances, radiation dose inside the
building is high and its environment is not appropriate as working environment. In response to the timing of
the fuel debris retrieval, details and timing of implementation of field works including radiation dose

reduction and removal of obstacles located on the route are required to be planned. Although the study on the
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access route inside the building is not yet to be studied in detail, it will need to be implemented according to
the timely plan.

To determine the feasibility of important step in the establishment of the access route from the operating
floor to the fuel debris, the studies on the development including the element test are being performed as a
part of technical development of the fuel debris retrieval method.

With regard to Submersion-Top access method and Partial submersion-Top access method, the access route
leading from the top of the PCV to the core is structurally secured for the fuel replacement work during the
periodic inspection. The access to the inside of the reactor can be secured by removing the well shield plug,
PCV upper head, insulator of the RPV upper head and the RPV upper head. The upper grid plate immediately
above the core may be reached by removing the steam dryer and steam separator, allowing access to the fuel
debris inside the RPV. In the fuel debris retrieval work, the access route for the periodical inspection
mentioned above will be used. However, according to the analysis, there is a possibility that the equipment to
be removed may have caused creep deformation as the results of exposure to high heat during the accident.
Although the damage states of the equipment has yet to be confirmed, the fuel debris may be difficult to be
removed by using a normal method depending on the condition of deformation. Figure 4.3.2-23 shows major
reactor internals to be removed by Top access method. In Top access method, an access route to fuel debris is

to be established by removing contaminated internal structures located over the fuel debris distributed.

RPV upper head

Reactor internals
_ - at upper part of

Sleam dry—ei LTS the fuel assemblies

Feedwater sparger

Upper grid plate

-

- ~
{ Core shroud Y
~ 7’

e

Control rods

——— — -

Jet pump
Differential pressure detector/

Boric acid injection system pipe Conlrol Tod dig

mechanism housing

' RPV pedestal

Figure 4.3.2-23 Reactor internals considered when using Top access method (Reference: IRID website)

It is an important and highly difficult issue to be solved that the access route that prevents the release of
radioactive materials from the PCV while retrieving fuel debris is to be established.

e  Submersion-Top access method
Figure 4.3.1-6 in Section 4.3.1 show schematic drawing of Submersion-Top access method. Fuel debris is to

be handled in the primary boundary consists of the PCV and cells installed on the operating floor, and
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secondary boundary of R/B and containers installed outside the R/B. Technical development to prevent the
release of radioactive materials are being carried out. Figure 4.3.2-24 shows the items identified from the
concept of Submersion-Top access method which are considered particularly important to establish the

access route and prevent the release of radioactive materials on the access route.

| Feasibility of platform /cell and cell
shield port (floor door)

|| Feasibility of access device
(uppertable/lowertable)

Figure 4.3.2-24 Important item to confirm the establishment of the access route for Submersion-Top
access method
The element tests to confirm the feasibility of the important items above are underway.
The FS of platforms and cells, and element test for the shield port to be installed on them, are being planned
to confirm the feasibility of shielding of the cells installed on the operating floor and prevention function
against scatter of radioactive materials. (For the overview of the element test, refer to (3) of Figure 4.3.2-30
in Sec. 4.3.2.8 and (4) of Appx.4.20.)

Also, element test for Submersion-Top access method is being planned and carried out to confirm the
feasibility of device to access the inside of the RPV to retrieve the fuel debris. (For the overview of the
element test, refer to (2) of Fig.4.3.2-30 in Sec. 4.3.2.8 and (3) of Appx.4.20.)
These are common development for all methods.

e  Partial submersion-Top access method
The section 4.3.1 and Figure 4.3.1-6 show the concept of containment for Partial submersion-Top access
method. Fuel debris is to be handled in the primary boundary that consists of the PCV and cells installed on
the operating floor and secondary boundary of R/B and containers installed outside the R/B. Since it is the
Partial submersion method, technical development has been planned and it is being carried out to prevent the

release of radioactive materials assuming stricter conditions. Figure 4.3.2-25 shows the items identified from
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the concept of Partial submersion-Top access method which are considered particularly important to

establish the access route and prevent the release of radioactive materials on the access route.

V4 ~
I l Feasibility of area division and
I contamination controlmeasures on
| y the operating floor
|
A Z
Feasibility of deviceto accessto

the inside of the RPV and seal
mechanism of peripheral
equipment(rotating part of access
equipmentbottom and opening-
closing port, between the outer
periphery ofaccess equipmentand
inner surface of RPV)

Figure 4.3.2-25 Important item to confirm the establishment of the access route for Partial

submersion-Top access method

The element tests to confirm the feasibility of the important items above are underway.
Element test using 1/4 scale model is being planned to confirm the feasibility of the area division of
operating floor and of contamination control measures. In Partial submersion-Top access method, the sheets
for area division/prevention of spread of contamination is planned to be applied when exporting the reactor
internals in establishing the access route from the upper part of the PCV to the fuel debris in the reactor
vessel. In the element test using scale models, the feasibility of contamination control method is planned to
be confirmed for each work step. (For the overview of the element test, refer to Sec. 4.3.2.8 and (6) of Figure
4.3.2-30 and (7) of Figure A4.20 of Appx.4.20)
Also, the range of high radiation/high contamination area is to be settled for retrieving the fuel debris by
using shielding and taking measures against radioactive material containment near the fuel debris. Element
test is being carried out for the development of sealing technology for device to access to the inside of the
RPV. (For the overview of the element test, refer to (7) of Fig.4.3.2-30 in Sec. 4.3.2.8 and (8) in Appx.4.20)
c. Action status and evaluations and issues for Partial submersion-Side access method
On the lateral side of the PCV, there are equipment hatch, CRD hatch and some other hatches which lead
inside the PCV. Although the sizes of the openings of those hatches may be limited, the access route into the
PCV is structurally secured. At the bottom of the D/W inside the PCV, there are the PLR pumps, valves,
pipes and supports which are located outside the RPV pedestal and there are CRD handling machine,

operating floor (grating) inside the RPV pedestal. They will be obstacles to fuel debris retrieval work;
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however access to the fuel debris at the bottom of the D/W can be made by cutting off and removed them. In
this regard, export route for equipment to be removed should be secured. Figure 4.3.2-26 shows the

conditions of obstacles inside the PCV for the Partial submersion-Side access method.

Inside PCV:
PLR pump (3157), HVH, etc. are padked.
Passages are namow(less than 1m in widti
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econtamination equipment
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|
Hatches 1| o) T~
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scale equipment

Figure 4.3.-26 Conditions of obstacles for Partial submersion-Side access method

Section 4.3.1 and Figure 4.3.1-6 shows the concept of containment of the Partial submersion-Side access
method. Handling is to be performed in the primary boundary consists of the PCV and cells to be installed in
the building next to the PCV and secondary boundary of R/B and containers installed outside the R/B. Since
it is the Partial submersion method, the plan should be made in consideration of prevention against release of
radioactive materials under more severe conditions.

Also, an example of step sequence to access to the fuel debris inside the RPV pedestal by Side access method

is shown in Figure 4.3.2-27.

Operation Install rail /small . - Assemble the rails and Cany inrobot
step manipulator remaove grating in the pedestal ~arry INfobot arms

Operation Transfer robotarm to the Excavating debrisinsidethe | Collectdebrisintothe debris Transfer debris storage
step inside of the pedestal pedestal storage container container into the cell

Figure 4.3.2-27 Access steps for fuel debris by Partial submersion-Side access method

Figure 4.3.2-28 shows the items whose feasibility is important to prevent the release of radioactive materials
from the PCV in the establishment of the access route for Partial submersion-Side access method.

To determine the feasibility of important step in the establishment of the access route from the side of the R/B
to the fuel debris by Partial submersion-Side access method, the studies of development including the
element test are being performed as a part of technical development of the fuel debris retrieval method.
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- Feasibility of remote seal welding
technology that connects cells and
PCV

- Feasibility of robot arm and rail
installation to access fromthe PCV
wall to the inside of the pedestal

Figure 4.3.2-28 Important item to confirm the establishment of the access route for Partial

submersion-Side access method

The element tests to confirm the feasibility of the important items above are underway.

The Partial submersion-Side access method requires controlling the radioactive material released by sealing
the PCV and cells, which were additionally installed when establishing the access route.

The element tests for remote welding for the PCV and cell adopters are planned and being carried out to
confirm the feasibility. (For the overview of the element test, refer to (3) of Figure 4.3.2-30 in Sec. 4.3.2.8
and (4) of Appx.4.20)

Also, the element test is also planned to confirm the feasibility of the robot arms and rails to access the fuel
debris inside the pedestal in the PCV. (For the overview of the element test, refer to (8) of Fig.4.3.2-30 in Sec.
4.3.2.8 and (9) of Appx.4.20)

The Partial submersion-Side access method requires the plans including the expansion of openings of the
PCV and making opening in the building wall to access from the first floor of the building to the fuel debris
at the bottom of the D/W. The layout for each Unit is being studied based on the access route. Figure 4.3.2-29

shows Layout plan for each Unit.
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(Reference: IRID Interim report on “Operating grants for Government-led R&D Program on
Decommissioning and Contaminated Water Management (Upgrading Approach and System for Retrieval of
Fuel Debris and Internal Structures)” in April 2016)

Figure 4.3.2-29 Layout plan for Partial submersion-Side access method

(4) Future actions

The following are the actions to be taken.
a. Common actions for all methods
Actions for three methods focused on are described in b. and ¢ individually.
As shown in Sections 4.2 and 4.3.2.5, radiation dose reduction is estimated to be very difficult issue
according to the findings obtained on site to date. The FS on the access route inside the building should be
performed commonly for all methods based on the degree of difficulties in radiation dose reduction work
required before the commencement of the construction and in removal work of obstacles on site. Also, if
necessary, the adjustment should be made for the accessing point to the inside of the R/B which is currently
planned with due consideration to the difficulties in the site conditions outside the building.
b.  Actions for Submersion-Top access /Partial submersion-Top access methods
Studies on the access route inside the building are required. In specific, the work process should be planned
to establish the access route based on the possibilities of radiation dose reduction which can be applied on
site. Also, the radiation dose reduction plan for the operating floor should be confirmed from the perspective
of the impact on the preparation for the fuel debris retrieval construction. If there is an item in the plan that
may cause an impact, some arrangement should be made.
The element test which started to confirm feasibility of the access route established from the operating floor
to the fuel debris is required being evaluated as planned. If the issues are found, countermeasure should be

planned as soon as possible. Also, when the investigations became necessary to be conducted by additional
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element tests as the studies on the fuel debris retrieval method progress, the development plan should be
revised promptly and measures should be taken so as not to affect the plan for the following fuel debris
retrieval work.

Although a large opening is assumed to be created at the bottom of the RPV to access to the fuel debris at the
bottom of the PCV, degrees of difficulty in construction would be high. A decision on the policy is required
to be made based on the results of the studies on the method to be promoted.

c. Actions for Partial submersion-Side access method

An access route inside the building is required to be made from the horizontal side to the inside of the
building under high radiation. Different from Submersion method or Partial submersion-Top access method,
to access to the inside of the PCV, installations and piping already installed are required to be removed. A
high radiation area may require being an access area and preparation works including the removal of existing
obstacles may contains high difficulties. Therefore, the process plan and the measures for decontamination
and shielding are required to be developed from the early stage. Also, feasibility of the access route inside the
building is to be studied considering the possibility of radiation dose reduction which can be achieved on
site.

The element test that started to confirm feasibility of the access routes from the lateral side of the PCV to the
fuel debris inside the PCV is require being evaluated according to the plan. If an issue is found,
countermeasure should be planned as soon as possible. The studies on the procedures to remove the obstacles
for fuel debris retrieval work, such as equipment installed outside the RPV pedestal in the PCV and fallen
objects inside the RPV pedestal and expected construction period should contribute to the study on the
approaches to the fuel debris retrieval.

When the investigations became necessary to be conducted by additional element tests as the studies on the
fuel debris retrieval method progress, the development plan should be revised promptly and measures should

be taken so as not to affect the plan for the following fuel debris retrieval work.
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4.3.2.8 Development of the fuel debris retrieval equipment and devices

(1) Purpose

To develop equipment and devices corresponding to the site conditions to retrieve fuel debris in safe,

proven and effective manner.

The development of equipment and devices relating to the three major methods to be focused on

(Submersion-Top Access Method, Partial submersion-Top Access Method, and Partial

submersion-Side Access Method) is being carried out.

(2) Major requirements

Fuel debris is envisaged to be inside the RPV and “in and outside” of the pedestal. Following

requirements shall be satisfied on the occasion of developing the functions (e.g. access device, visual

and measurement, cutting/dust collection, prevention of radioactive dust scattering, shielding and

storage) required for the said three methods.

Major requirements on the designs of equipment and devices are as follows:

Since fuel debris retrieval work will be performed under high radiation environment,
remote-controlled retrieval equipment shall be adopted. Although retrieval work is basically
being performed by manual but remotely from a safe area, equipment shall have protection
mechanism such as automatic stop in case of abnormal conditions (e.g. collision avoidance,
overload).

Equipment and devices for the fuel debris retrieval shall be designed to have high
reliability/redundancy and also functions corresponding to the environment of each unit other
than high radiation field.

And, fail safe concept shall be introduced in the design to the extent possible.

Also, existing proven technologies shall be adapted to the extent possible.

Although inspection/maintenance works for equipment are basically performed by remote
control, manual maintenance works after decontamination and shielding shall be also considered
as necessary.

All necessary repair/recovery work shall be performed without any block caused by malfunction
even if equipment/device malfunction happens during the fuel debris retrieval work.

Specified radiation resistance shall be fulfilled.

(The required radiation resistance on Dry Method is severer than other methods).

Equipment and devices shall be designed to stand against dusty environment.

(The specified dust level on Partial Submersion Method is severer than other method.).
Waterproof performance corresponding to each PCV water level shall be ensured.

A view under the muddy water (e.g. suspended matter, cut piece,) shall be secured during the

retrieval work.

(3) Action status and evaluations and issues

In the selection of the element test item, priorities are given to "safety" and "site conditions of the
Fukushima Daiichi NPS"
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Safety: Remote-control, Automation, Shielding and Prevention of spreading contamination for
reducing radiation exposure against workers.
Site conditions of the Fukushima Daiichi NPS: The differences among the Units, e.g. contamination
level, dose rate and damage level of equipment.
Out of these items, priorities are given to the long-term development items and the items being required
to early realization. Also, element test for the establishment of the access route is described in the
previous section 4.3.2.7.

a. Current status
Following technical developments are being carried out as the element test. (For details, refer to
Appendix 4.20)

Common technical development for all methods

®  Test with a hydraulic manipulator
Element tests such as controllability, repeatability, and operating accuracy are being conducted by
using commercially available hydraulic manipulator to obtain basic data of the manipulator being
used for fuel debris retrieval.

® Technical developments for cutting/dust collection, visualization and measurement (Fig.4.3.2-30(1))
Equipment for cutting / machining the fuel debris, dust collection, visualization and measurement
being used in high radiation environment are under development.

Technical development of Submersion-Top Access Method
® Development of the devices to access to the inside of the RPV (Fig.4.3.2-30 (2))

The upper part hanging device installed on the operating floor and the lower work stage used in the
RPV (being hanged by the said upper hanging device) are under development.
® Development of platform/cell (Fig.4.3.2-30 (3))
Platforms/cells to be installed on the operating floor are under development.
® Development of handling equipment for fuel debris canister (Fig.4.3.2-30 (4))
A device which places collected fuel debris in a storage canister closes a lid of canister and transfer it
to the outside is under development. This development can be applicable to other methods.
® Development of light-weight and shape-following shielding (Fig.4.3.2-30 (5))
Shielding being filled with water only when it is used is under development.
This development can be applicable to Partial submersion-Top Access Method.

Technical development on Partial submersion-Access Method

® Development of utilizing films and sheets for contamination spread prevention method. (Fig.4.3.2-33
(6))
Films and sheets for partitioning off working areas are under development to prevent radioactive dust
spread.

® Development of sealing technology for devices accessing to the inside of the RPV (Fig.4.3.2-33 (7))
Sealing system of the access device (which moves up and down inside RPV) is under development to

partition RPV into two areas (upper than the device and lower than the device).
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Technical development of Partial Submersion-Side Access Method

® Development of device to access inside the pedestal (Fig.4.3.2-33 (8))
A device to access to the inside of the pedestal though the opening for CRD replacement machine
located in the lower part of the PCV is under development.
® Development of flexible structure arm for remote-controlled work ((9) of Figure 4.3.2-33)
A device to disassemble/remove obstacles in PCV is under development.
® Development of the PCV remote seal welding equipment for cells(Figure 4.3.2-33(10))
A remote sealing device to connect cells and PCV is under development.
On the assumption of utilizing the device at X-6 penetration, the welding test in use of the device has
been carried out in narrow space.
b. Evaluation and problems to be solved
The first year of the two years element test plan has been finished, and we are now in the stage of the
basic study and test device preparation. Since feasibility of devices shall be confirmed through mockup
tests from now, final results necessary for making decision of adopting the said three methods have not
yet been obtained. It should be noted that the final requirements for actual debris retrieval equipment
and device have not entirely satisfied yet in the present development stage, as for element tests. Also,
there is a possibility of changing the concepts of actual debris retrieval equipment and device in future.
In the development of a radiation-resistant camera for visual (as one of common technical
developments for all methods), the results are approaching to the final requirements.
On the other hand, various types of inspection are also carried out in the Fukushima Daiichi NPS. As
situation inside PCV, temperature and dose rate are becoming clear. Also, a large amount deposit in
sludge form and muddy water have been found in stagnant water in the reactor, and countermeasures for

keeping clear view have to be realized consequently.

(4) Future actions
a. Consistency with overall plan for the fuel debris retrieval method
® Coordinating with overall plan, the followings shall be considered.
i Assuming the scenario consistent with overall plan that can perform a series of process
consecutively
ii. Picking up the required element technology
iii. In case that there is any technology which is not addressed currently and/or new issues from
the present development of element technology, the plan shall be revised as necessary.
iv. Also, the development of element technology required to study the feasibility of the scenario
shall be carried out.
® In the Fukushima Daiichi NPS, various inspections/analyses are carried out and new information
and knowledge have been obtained. These information and knowledge shall be fed back to the
development of equipment and device.
® Out of the on-going technical developments, element tests should be accelerated for the items

which are significantly delayed as necessary.
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b.

C.

Applications of existing (proven) technologies

High reliability shall be required for equipment and device used for fuel debris retrieval.
Although development of new technology may be required, existing (proven) technology with
high reliability shall be utilized.

Even if some existing technologies lack in performance, it can be compensated such as by the
operation (maintenance). Development of device/equipment shall be decided by the results of
comparison between newly developed technologies and existing technologies, from the view
point of cost and time perspective.

Implementation of mockup test
Mockup tests shall be required to confirm the on-site applicability of additionally developed
equipment and device.
It is also important to develop human resources who operate the developed equipment and
devices. Since the actual site is under high radiation environment, education/training shall be
conducted by using mockup.
Effective use of Naraha Remote Technology Development Center of JAEA as a mockup test
site shall be considered from the view point of reducing time and cost.

d. Future development of remote-controlled equipment

As the result of the PCV internal survey in Unit 1, the information on the radiation dose data and
temperature has been obtained, but the incident of sticking the inspection robot had occurred.
Although such event may be prevented if work procedures are checked one by one, further
improvements of reliability and workability can be achieved by ensuring the overall view.

In the condition investigation on each unit, lack of infrastructure construction, such as reliable
communication system and lighting system had been found.

Along with the development of individual inspection equipment, such infrastructure construction for
supporting the inspection work shall be required.

With regard to the radiation resistance, such data of electronic components mounted on the robot
have been obtained through the PCV internal survey. Such data are expected to be compiled in a
database and to be utilized for the future equipment development.

Based on case study of success and failure on the past inspection works in use of robots, besides with
careful consideration of actual work performance (e.g. decontamination work) under high radiation
environment, actual on-site environment and the robotic technologies in the general industry, the
equipment development shall be executed.

With regard to the technologies developed independently, it is important to create a system of
utilizing them in appropriate manner according to their advantages.

From the perspective of utilizing robotic technology and remote technology, the developments of

equipment, functions and elements that can be commonly used shall be enhanced in future.
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Figure 4.3.2-30 Whole image of element test
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4.3.2.9 Establishment of the system equipment and working areas

(1) Purpose

Equipment in the R/B and PCV has been damaged by the impact caused by the accident, therefore a set of the

systems including the installations, equipment and devices, and their systems to operate the equipment will

be additionally necessary for continuous and safe retrieval and storage of the fuel debris scattered in the PCV.

Those pieces of equipment need to be prepared and installed after securing installation space.

(2) Major requirements

a. ldentifying the installations, equipment, devices and systems that additionally required design should

be developed based the specifications for functional requirements for each item.

b. These installations, equipment, devices and systems are capable of being installed on site from the

following perspectives and appropriate operation can be achieved.

Required structural strength is secured for the additional containers and operating cells to be
installed in the building.

Sufficient installation space is secured for equipment, devices and systems. Necessary
environmental conditions are satisfied based on design requirements on equipment.

Sufficient area is secured for the operation and maintenance of equipment, devices and systems
and necessary environmental conditions are satisfied.

If existing equipment is used for the fuel debris retrieval work, required functions should be
secured even if considering the impact on the equipment caused by the accident and ageing
degradation.

Storage area is secured on site for the cut workpiece and severely contaminated structures to be
exported over the course of the fuel debris retrieval work.

Fuels are removed from the SFP, and other stored objects including the control rod, fuel racks and

rubble are also removed (if Top Access method is used).

(3) Action status and evaluations and issues

Conceptual studies need to be conducted on the devices and equipment that constitute the system,

establishment of a layout and development of a plot plan of the Fukushima Daiichi NPS taking into account

a temporary placement area for retrieval equipment and storage area for fuel debris. These activities will be

carried out from FY2015 starting with those required for FS on the retrieval method.

a. The systems, equipment and their functions important for ensure safety in fuel debris retrieval work are

below. The specifications of their functional requirements are developed through the studies of key

issues shown in the Section 4.3.2.2-4.3.2.5 and are varied depending on the fuel debris retrieval method

and plant condition for each Unit.

R/B container and operation cells

Isolation wall from the outside of the building and its structure that divide the area depending on
the contamination level inside the building

Shielding installations

Circulation cooling systems
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Cooling of the fuel debris and coordination of the PCV water level
® | eakage water collection systems
Collection of cooling water leaked inside the torus room
® Negative pressure control systems
Keeping the difference in pressure between the inside and outside of the area division within a
certain level and prevent spread of contamination
® [ ocal collection systems for cutting particles of fuel debris
Most cutting particles are collected near the fuel debris cutting location
® Purification systems for circulation water
Collect and treat cutting particles of fuel debris flowing into cooling water
® Dust collection/treatment systems
Collect and treat fuel debris cutting particles and radioactive materials dispersed in the air
@ \/entilation and air conditioning systems
Ventilation air-conditioning and dust collection for each area division
® Neutron absorber injection systems
Inject neutron absorber into cooling water and adjust its concentration to a certain level (criticality
prevention)
® Emergency neutron absorber injection systems
Inject neutron absorber into cooling water in a short time for emergency (criticality prevention)
® Emergency cooling systems
Cool duel debris by injecting cooling water for emergency

Conceptual study is being conducted for the system and equipment above.

(4) Future actions

Specifications required for each system and installation are developed based on information regarding plant

conditions for each Unit, such as the distribution locations and properties of the fuel debris, damage state of

equipment, study status of important technical issues relating to ensuring safety and the fuel debris retrieval
method. However, since these pieces of information and study status with high degree of accuracy cannot be
expected be obtained in a short term, conservative specifications is to be studied for the meantime. The
realistic specifications are to be developed according to the information obtained.

Toward the decision making on the policy of fuel debris retrieval method, following items are to be

conducted to confirm the feasibility of fuel debris retrieval method for each Unit.

a. Based on the required specifications developed by the key issue described in 4.3.3.2-5, developing the
conceptual design is to be developed for each system and installation, prospect of feasibility of the
design as a whole system is to be obtained.

b. Based on the conceptual design for each system and installation, prospect for securing the appropriate
installation area is to be obtained.

After the selection of the fuel debris retrieval method, the details of layout plans are examined for the areas

used for the installation and operation of the equipment that constitutes the system. Also, the detailed plot

4-106



plan for the areas of temporary placement and handling of the retrieved equipment, and storing of the

retrieved fuel debris is required to be established.

4.3.2.10 Towards the detailed study based on the work steps of each method
In the section 4.3.2.1-4.3.2.9, the current status and future actions for technical requirements on the retrieval
of the fuel debris are described. Figure 4.3.2-31 shows the action plans for each technical requirement.
In order to evaluate the feasibility of fuel debris retrieval method, the applicability of the study results of
each technical requirement is required to be examined for each work step planned for each method. It is
important to identify and clarify the issues and obstructive factors and determined their action policies.
In the studies based on the work steps, those which may cause a serious delay in the process because of the
failure and accident during the process of retrieval work and possible troubles that affect subsequent fuel
debris retrieval works or make them difficult to continue are the obstructive factors which needs to be
identified carefully. Also, attention needs to be paid for the issues related to the work safety and its
countermeasure should be studied. The obstructive factors that identified should be evaluated so as to
understand the degree of difficulty in handling and level of the impact on ongoing works. To identify the
features for each method through these studies is important to determine the fuel debris retrieval policy for
each unit.
The items requiring a further study for next stage, the preparation for the construction works and
coordination of interface with other field works are also important to be realized.
The points to be considered in the studies based on the work steps are as follows:
(1) The requirements on the environmental radiation dose condition during the work considering the
feasibility of work steps including preparation work.
(2) Feasible control of negative pressure including the pressure conditions to minimize the release of
radioactive materials during the fuel debris retrieval construction.
(3) Identification of works that requires countermeasure against hydrogen explosion and its
countermeasure.
(4) Make a list for equipment required for each retrieval work, and rough volume of the necessary
equipment.
(5) Removal work for the deposits at the bottom of the PCV that required in the initial stage of the fuel
debris retrieval work.
(6) Estimated period to complete development as a period required to start fuel debris retrieval
construction
(7) Estimated period required for fuel debris retrieval work
Works subject to the study are as follows:
® Case of Submersion-Top access method and Partial submersion-Top access method
Dismantling of shield plug
Dismantling of the PCV head dismantling work
Dismantling of base frame for RPV head mirror insulation
Dismantling of RPV head
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Dismantling of dryer/separator
Dismantling of reactor internals
Retrieving fuel debris
(including the estimation of the amount which can be retrieved per day)
® Case of Partial submersion-Side access
PCV drilling work
Dismantling of obstacles inside the PCV
Fuel debris retrieval work from inside the RPV pedestal
(including the estimation of the amount which can be retrieved per day)
Fuel debris retrieval work from outside the pedestal
(including the estimation of the amount which can be retrieved per day)
(8) Studies on the potential obstructive factors of work step are to be identified and its countermeasure,
degree of difficulty in handling and impact to the ongoing works are to be studied
(9) Concept of device maintenance, work areas and collection of the fuel debris to the storage canister
(10) Studies on the relative evaluation for the items including man-hour and amount of materials required
for the preparation/main work for each method to make an estimation as a whole for each method
(including the comparison among some cases in one retrieval method when the difference is caused by
setting conditions. i.e. water level for the Submersion method)
* Item (1) requires to be examined through the coordination between development of retrieval equipment
and feasibility of on-site environmental condition. Items (2) and (3) require coordination between
development of the retrieval equipment and feasibility of system facility.
For the item (5), the Unil B1 inspection in FY2015 indicated the possibility of significant amount of deposits
at the bottom of the PCV (Refer to (1) Section c. of Appendix 4.3). Measures against those deposits will be
necessary in the initial stage of the fuel debris retrieval so as not to affect the subsequent fuel debris retrieval
works and system operations. Also, since the deposits to be removed may contain granulated fuel debris,
concept of the category after the collection is required to be determined as well as the procedures for
collection, transport and storage(Refer to 4.4.1 (4) a.i.).
Items (8), (9) and (10) require coordination between the development of the retrieval equipment and
feasibility of on-site application.
Table 4.3.2-2 shows important items to realize work steps based on the results of the studies for each

technical requirement.
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Table 4.3.2-2 Issues on the technical requirements and action policies

Technical - . - Details for each work steps of the method
- Major issues identified to date - . .
requirements Action policy of the studies
Ensuring (1) Establish the concepts of the R/B Study the issues involved in the technical
structural evaluation considering the damage, requirements before the selection of the

integrity of the
PCV and building

establishment of the evaluation concept for
the resistance and stiffness of the RPV
pedestal with high temperature history and
implement the aseismic performances
evaluation for each method based on the
concepts.

(2) Develop the corrosion control measures
such as for RPV, PCV and piping and confirm
applicability to actual unit

method and their results are necessary to be
obtained before the studies on the work steps
of retrieval method.

Criticality control

(1) Clarify the management method as
feasible method to realize the
systems/facilities based on the studies on the
criticality evaluation and criticality control
method.

(2) Clarify the criticality control technology
which can be feasible for fuel debris retrieval
method based on the studies on the
sub-criticality monitoring methods and
Recriticality detection technologies.

(3) Contents are to be established as a feasible
method plan based on the studies on the
Criticality prevention technologies.

Clarify the contents to be realized
corresponding to the method and reflect
them to the system and facilities. Also,
clarify the countermeasure against possible
criticality during the work step and examine
the impact on the subsequent process.

Maintaining the
cooling function

The following items need to be performed
later.

Phase 1: Circulation loops during stagnant
water treatment. establishment,

Phase 2: Circulation loops during the PCV
repair work. establishment

Phase 3: Circulation loops during fuel debris
retrieval work establishment

Study the issues involved in the technical
requirements before the selection of the
method and their results are necessary to be
obtained before the studies on the work steps
of retrieval method.

Securing (1) With regard to the concept of the Study and clarify the containment concept

containment containment functions, rational and feasible and feasibility of the system study,

function concept for the Fukushima Daiichi NPS is to possibility of the PCV repair in the stage of
be established while checking the status of the | the selection of the method. Clarify the task
studies on the systems. that may be caused during the studies on the
(2) Establish the concept of containment work steps and examine the possible troubles
system for the liquid phase during the work and impact on the
(3) Establish the concept of containment subsequent process.
system for the gas phase
(4) Clarify the possibility of the PCV repair

Reducing (1) Elaboration of the plan for the reduction of | Study the issues involved in the technical

workers’ exposure
during operation

workers’ exposure during operation assuming
the on-site difficult situation and improvement
of the accuracy of the prospect of the
feasibility of the dose reduction plan.

(2) With regard to the shielding during the fuel
debris retrieval, improvement of the accuracy
of understanding of the FP distribution,
development of the shielding plan for each
method, estimation for the dust scattering
caused by fuel debris cutting, development of
measures as a system.

requirements before the selection of the
method and their results are necessary to be
obtained before the studies on the work steps
of retrieval method. In the studies on the
work steps, estimating exposure dose
expected for each step, estimation of overall
exposure dose as a whole method is to be
summarized.

Ensuring work
safety

Preparation is required for ensuring safety for
the field work.

This should be included in the plan as a
prerequisite for the commencement of the
work.
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Establishing
access routes to
the fuel debris

(1) Shielding for the access route and
prevention of the radioactive material release
(2) Development of the construction plan for
the access route to the PCV inside the R/B
-FS on the radiation dose reduction

-Studies on the procedures to remove existing
structures that may impede.

(3) Development of the construction plan for
the access route to the fuel debris inside the
PCV

(1) Planning of the element test for the
important items on the left.

Correspond to the future progress.

Also, when additional test is needed,
development should be added as necessary.
(2)Evaluation is required to be performed by
the detailed study for the dose reduction plan
and examination of the impact on the
commencement of the construction.

Starting the procedures for the removal of
existing structures, it is necessary to study
together with (1).

(3) Studying the procedures for the removal
of existing structures is required to be studied
as a current development plan.

(4) Others

- Acceleration of the equipment development
relating to the access to the fuel debris.

- Study on the application of the existing
technologies with high reliability.

» Study on the development and securing of
the human resource for equipment/device
operation.

Developing fuel
debris retrieval
equipment and
device,

(1) Technical development for the shielding,
prevention of radioactive material release and
remote-controlling and automation.

(2) Compliance with the requirements
demanded for final debris retrieval
equipment/device within the range where they
are not examined by the element test.

(3) Survey on the Fukushima-Daiichi site
showed the temperature, dose, and generation
of the mist steam the as environmental
information inside the PCV, and indicated that
a large amount of deposit in sludge form were
accumulated in the stagnant water inside the
reactor.

(1) With regard to the important items on the
left, technical feasibility is required to be
confirmed according to the plan of the
element test which has been started.

(2) Coordinating with the overall plan for the
fuel debris retrieval, compliance with the
requirements on the actual unit condition is
required to be confirmed.

(3) Accelerate the development by feeding
back the issues to be solved which is clarified
by the new findings, to the equipment
development. Same as for the findings
obtained by the planned internal survey.

(4) Others

- Acceleration of the equipment development
relating to the access to the fuel debris.

- Study on the application of the existing
technologies with high reliability.

- Study on the development and securing of
the human resource for equipment/device
operation.

Developing
system equipment
and working areas

-Performing the conceptual study on the
important system and facility important to the
fuel debris retrieval method to be focused, it
is required to confirm the feasibility of the
method.

- Accelerate the verification of the feasibility
through the conceptual studies on the
systems, study the facilities in detail and its
details are examined.

- Confirm the prospect for the storage areas
to store the severely contaminated structures
and fuel debris that retrieved.

- Study on the plot plan for the temporary
storage, treatment and storing of the
installation and operation of the facilities
and retrieved fuel debris and confirm its
prospect.
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Phase 2 (period up to fuel debris retrieval)

Submersion method

Phase/FY
2014 | 2015 | 2016 | 2017 | After 2018
Key events 'V Determine on the policy 'V Determine on the policy

*Comprehensive evaluation based on the following information i o .
Information on the conditions inside the reactor and fuel debris (Fig.4.2-3)

Ensuring the structural integrity
of PCV building

Study of seismic resistance of
PCVIRPV

Corrosion control of PCV/RPV

Criticality control
“Maintenance  of  cooling
function

Ensuring containment function

Development of PCV repair
and leak blockage

Validation of repairs on the
lower part of the PCV by
full-scale test

V Evaluation of actual unit conditions

V Presentation of safety scenario and measures
Establishment of safety scenario at the time of large-scale earthquake

'V Establishment of seismic resistance and

'V Evaluation of seismic resistance :
" impact assessment method

of seismic
(Pedestal parts and S/C supports)

and impact method for safety scenario

Development of simplified

'V Sophistication of safety scenario
Sophistication of safety scenario

'V Collection of data for long-term corrosion V Development of corrosion control measures

Establishment of corrosion control measures

W Presentation of criticality ‘V Elaboration based on the latest

of criticality evaluation methods

'V Presentation of data to evaluate applicability
to actual unit

'V Presentation of application method to
the actual unit

V Assessment of applicability to the actual unit

Circulation loop for PCV bottom water leak blockage
'V Assessment of applicability to the actual unit

D of technique for ing lower part of PCV

V Assessment of applicability to the actual unit
Development of technique for repairing upper part of PCV

V Assessment of applicability to the actual unit

Conceptual study on feasibility of repair method for practical application

- Field works

Technical studies for
on-site construction

Manufacturing of testunit ~ Full-scale test on repairing technique (SC

Full-scale test on repairing technique (water

Full-scale test on repairing technique
Verification of integrity after the

Dose  reduction  during

operation

Ensuring work safety

Establishment of access route
to the fuel debris

Development of the fuel debris

refrieval  equipment  and
devices
“Establishment  of  system

equipment and working areas

Conceptual study of the method to create access routes to the fuel debris from

Fuel debris retrieval method ~ Study of the detailed work steps
V Test plan V Test results
Element test required to assess applicability of the method ~ Element test required to determine the method
'V Analysis results

Analysis requirements for the Assessment of applicability to actual unit and mockup test requirements

Setand update the requirements on the policy of the retrieval method
V Establ ishment of development plan
Establishment of development plan for fuel debris retrieval system/ equipment  Characterization

Study of system safety and outline design of system equipment  Characterization

Validation of feasibility of layout plan for system equipment installation area and temporary

Fig. 4.3.2-31  Future actions for the feasibility study for fuel debris retrieval method
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4.4 Study of the treatment for the retrieved fuel debris toward stable storage

This section describes the action status, evaluation/issue and future actions of the technology requirements
for the stable collection, transport and storage of the retrieved fuel debris. Key issues in these technologies
are as follows:

(1) Establishment of the system for collection, transport and storage of fuel debris

Studying the specifications of storage canister to collect fuel debris with various forms and properties, the
system needs to be designed to collect the retrieved fuel debris while ensuring safety during the
transportation and stable storage.

(2) Study on the safeguards for the fuel debris
Safeguard measures are required to be formulated so as to ensure reasonable progress of fuel debris

retrieval work with transparency.

4.4.1 Establishment of the system for fuel debris collection, transport and storage
(1) Purpose
To establish a system from the designing and manufacturing of canisters to collect retrieved fuel debris to

transporting and storing them on site and to secure safety and stable storage within the site.

(2) Major requirements
a. A system by which fuel debris is safely collected, transported and stored is developed.
Although the studies on the system is carried out by referencing the collection, transport and storage of
the fuel debris in TMI-2 (Fig.4.4-3), the requirements on the collection works and canisters used for the
Fukushima Daiichi NPS are more severe since the retrieval and collection works by remote control
under a heavily contaminated environment and fuel debris and MCCI products inside the PCV (in and
outside of the pedestal) are expected.
For this reason, the storage canisters and handling technology should be developed based on the
requirements set up in accordance with the actual conditions of the Fukushima Daiichi NPS.
In addition, toward the decision on approaches to the retrieval method, the system plans of collecting,
transporting and storing the fuel debris are to be developed based on the comprehensive understanding
and considerations for the constraints on a fuel debris retrieval method and an actual working place.
Furthermore, the requirements for the handling of the fuel debris are to be established on the basis of
"Submersion and Partial submersion™ for collection, "Wet transfer or semi-dry transfer" for transport and
"Wet storage and dry storage" for storage.
b. Prototype of storage canister and handling equipment and verification by mockup test
Verification should be conducted by using the prototype of the storage canister and handling equipment

and mockup test using selected fuel debris retrieval method.

(3) Action status and evaluations and issues
a. A system by which fuel debris is safely collected, transported and stored is developed.

i) Development of overall plan and collection of related information.
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The studies have been conducted for the overall technical development plan and its issues by collating
the reference information on system development, input from the related projects, and output from
other projects. Also, in FY2015, information including the storage canister design, safety assessment
technology, fuel debris dry technology is collected from overseas organizations.

ii) Implementation of design of storage canister and study on transport/storage system as R&D
e Study of collection, transport and storage system of fuel debris
The studies on the collection, transport, and storage system are carried out based on requirements
assuming various types of fuel debris in light of the conditions of the Fukushima Daiichi NPS. (For
the flow plan of export from R/B, refer to Fig.4.3.1-9, and of the storage side, refer to Fig.4-4-2 and
4.4-3 respectively)

*  Development of canister technology for storing the fuel debris /safety assessment technology
method

v' The design conditions for storage canisters, basic functions and general shape were
determined. (Fig.4.4-1 Reference)

v Issues related to the safety assessment required for fuel debris canister design are collated and
detailed study items were determined. (i.e. criticality evaluation, structural evaluation and
countermeasure against hydrogen generation)

iii) Installation plan for facility storage of the fuel debris and its measures are required to be studied
since much of the land within the Fukushima Daiichi NPS is now being used for the contaminated
water tanks or temporary waste storage, and the space is limited for the system development.

b. Prototype of storage canister and handling equipment and verification by mockup test
Design is to be developed based on the basic specifications.

As mentioned above, now it is in the stage where development of the system up to storage process and
studies on the basic specifications of storage canister are performed. The technical issues identified as the
system develops should be handled appropriately. The issues clarified to date are described in the

following section.

(4) Future actions
a. A system by which fuel debris is safely collected, transported and stored is developed.
i) Establishment of specifications of storage canister and handling equipment

»  Detailed study regarding the safety assessment is to be conducted and the specifications storage
canister for mockup test is to be fixed.

* Handling flow for the canister handling equipment is to be studied and its specifications for
mockup are to be fixed.

In specific, since the pieces of fuel debris are expected to be collected when collection of the sludge

accumulated in the PCV and purification of stagnant water, standards of handling the structures

including fuel debris and molten fuel are to be clarified. Also, the specifications of storage canister

should be applicable for the system equipment that has been studied separately.

ii) Development of transport and storage facility plan in line with the realization of the system
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Preparation must be made for transport and storage before the commencement of the fuel debris
retrieval. Although wet-type storage in the pool, vault-type or dry—type storage by metal cask may be
considered as a storage method, basic design is to be developed according to the development of the
transport and storage.
In specific, measures against drying method for fuel debris and hydrogen and oxygen generated by the
water remained in the fuel debris will be required.
iii) Transport and storage plan based on the conditions of the Fukushima Daiichi NPS
Although the space within the site is used for the contaminated water tanks and temporary storage for
the spent fuels and waste, the space required for transport and storage of fuel debris needs to be
secured in coordination with the related operations.
iv) Safeguards and sampling for analysis are required to be studied according to the flow line from
collecting fuel debris to storing within the site (requiring coordination with related projects).
v) Clarification of safety requirements for storage canisters, and transport and storage facilities
(including casks) considering the regulatory requirements.
The functional requirements such as the prevention of criticality, shielding and heat removal and the
requirements for the structural strength evaluation are to be clarified considering the regulatory
requirements.
b. Prototype of storage canister and handling equipment and verification by mockup test
Storage canister and handling equipment for mockup test are designed and manufactured as R&D and
mockup test that combined with fuel debris retrieval equipment is to be performed.
Although the fuel debris is supposed to be stored in the storage canister temporality, processing and
disposal of fuel debris will be determined in the Third phase in the Roadmap. In the processing and
disposal process, transporting to the different container and dispose them is considered to be one of the

options.

Assuming diameter of 220mm based on the
» | Sub-criticality maintenance of sub-criticality and storing
‘g’ efficiency
Hanale gripping mech: g Heat removal Assuming fuel debris temperature of 300°C
;,‘gh'f.i:z,‘;;zied, r_" 5 ‘JP ?T Containment Use transfer container with lid
e 1 1 / Drain pipe <. | Shielding Use transfer container for weight saving
£ ‘ ‘ '% Hydrogen generation Install filters
S ‘ [ e ® Handling under nitrogen atmosphere with
=4 | l.— component : :
-?- [ I I Realistic material Fire prevention being submerged
I d
| | J' e c | -Capable for both wet/dry types
- <]
| | ®220mm *g -Install drain pipe on the port of water injection and discharge etc.
Review of storage canister concept I -Install remote control and gripping mechanism
(with length up to 4000mm)

Figure 4.4-1 Basic specification plan for storage canister (Provide by IRID)
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Trailer

Ventilationalg @ ] Replacement device of water in storage canister
equipment Replacement device of gas in storage canister
secondary lid fdr Hydrogen concentration measuring device
ransfer containfer !
4]
[ \, { ‘
2) / Sturage(z} I s rfacewashingdewice‘I
anisti . N ‘
Transferring —3 6}
contajner 4 3 I
—_— =¥ {4y Ventpipe
0 0| > —
. e OO0 —

Tl\'ansfertrolley A

Unload transfer containers

Replace gas inside the transfer container, open secondary lid of transfer container

Open primary lid of transfer container, remove storage canister from transfer container and replace
the lid of storage canister

Wash surface of storage canister

Process before storing in the canister

Load storage canister on the rack in the storage pool

Install vent pipes and connecting them to the wastes system

Storage pool Storage rack

X,

Figure 4.4-2 Flow plan for wet-type storing of fuel debris (Provide by IRID)
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Figure 4-4 Overview of collection, transport and storage of fuel debris at TMI-2 (Reference

IRID)
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4.4.2 Study on safeguards approach for fuel debris

(1) Purpose

Technical study must be conducted with the relevant parties so that the transparent safeguards approach

suitable to the fuel debris handling is formulated before the commencement of fuel debris retrieval.

The operator is required to set the material control and accountancy (MC&A) procedures and report the

inventory of nuclear materials and inventory change to the Government. The Government is required to

report the physical inventory of nuclear materials to IAEA based on the Japan-1AEA safeguards

agreement and to show that undeclared nuclear materials will not be carried out. Also, the operator needs

to accept the inspections conducted by the Government and IAEA and to show that they perform

appropriate MC&A.

The fuel assemblies in the reactors of Units 1-3 at the Fukushima Daiichi NPS were melted due to the

accident. Since those assemblies are estimated to be in a form of fuel debris, it is considered very difficult

for nuclear materials to be diverted to nuclear weapons.

Considering such situations, a realistic safeguards approach is required to be formulated so as to

correspond to the anticipated fuel debris retrieval method.

(2) Major requirements

a. Study on safeguards approach for fuel debris

Study should be conducted so as to formulate the realistic safeguards approach which is agreed with
the Government and IAEA and applicable for all the process from the retrieval to transport and

storage of the fuel debris.

b. Schedule management for the formulation of safeguards approach

Identifying items necessary for safeguards approach for fuel debris, a plan needs to be formulated to

establish the realistic safeguards approach and control its implementation process.

(3) Action status and evaluations and issues

a.
[ ]

Study on the safeguards approach for fuel debris

Current status

« Installation of remote-control monitoring cameras and radiation monitors in the periphery of the
R/B of Units 1-3 at the Fukushima Daiichi NPS and on-site verification activity with short notice
operational supports (SNOS) by the Government and IAEA are allowed.

Evaluation and issues

+ The fuel debris in Units 1-3 at the Fukushima Daiichi NPS is considered to be difficult to be
determined the quantity of nuclear materials by the standard method highly accurately since the
heterogeneous mixture of structural materials such as of metal and concrete including the control rod
is estimated to have been created.

« Therefore, safeguards approach must be drafted considering the fuel debris retrieval method in
order for the Government and IAEA to verify that undeclared nuclear materials will not be carried out.
+ As described above, considering that the quantitative analysis of nuclear materials with a great
accuracy is difficult to be performed for the fuel debris in Units 1-3 at the Fukushima Daiichi NPS,
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the method of MC&A is to be studied so that the Government and IAEA can agree.

+ Collaborating with the Government and IAEA in a positive and timely manner, identified
technological challenges are to be addressed to avoid leaving major issues in the fuel debris retrieval
work.

b. Schedule management for the formulation of safeguards approach
® Safeguards approach needs to be studied and implemented according to the mid- and long- term

Roadmap and actual progress status.

(4) Future actions
® Safeguards approach is to be studied and implemented according to the mid- and long- term Roadmap

and actual progress status.

4.5 Studies to determine the approaches to the retrieval method for each Unit

The studies on the approaches to the retrieval method for each Unit are to be carried out in order to determine
the fuel debris retrieval method for the initial Unit in the first half of FY2018, which is the hold point in the
Roadmap.

A feasible fuel debris retrieval method is to be picked up from three methods to be focused on, through the
comprehensive analysis and evaluation of internal PCV conditions, from the perspective of the status of the
FS for the key issues in the fuel debris retrieval and the applicability of the method to access to the fuel debris.
For each Unit, the fuel debris in the area where it is estimated to be located is to be selected as those which
are preferentially removed, from the perspective of risk reduction effectiveness. The fuel debris retrieval
method which subsequent study is preferentially performed for is to be selected from the feasible fuel debris
retrieval methods according to the estimative index based on the Five Guiding Principles. Current study

status and detailed approach are described below.
4.5.1 Study status of the internal PCV conditions analysis

The overview of the results of comprehensive analysis and evaluation for the fuel debris locations and

amount and the plant survey information described in Section 4.2 is shown in Table 4.5-1.
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Table 4.5-1 Fuel debris locations/amount currently estimated and overview for the results of plant

information survey

Representative value of fuel debris weight (Unit:ton)*
Location
Unit 1 Unit 2 Unit 3
5 Core region 0 0% 0 (0%) 0 (0%)
wE
5% RPV lower head 15 (5%) 42 (18%) 21 (6%)
= C
o ©°
5’*3 Inside the RPV pedestal 157 (56%) 145 (61%) 213 (58%)
O
4
© |Outside the RPV pedestal 107 (39%) 49 (21%) 130 (36%)
Total 279 (100%) 237 (100%) 364 (100%)
D/W water level Approx. 3m from the bottom Approx. 30cm from the bottom | Approx. 6.3m from the bottom
] Near the center of S/C
% S/C water level Almost full Almost the same as the water Almost full
c level oftorus room
o
E Radiation d te insid
e adiation dose rate inside . .
g the PCV Approx. 108v/h Maximum approx. 738v/h Maximum approx. 15v/h
£
% L i for leak Check . Ieakatge Tromf Mo ftrace of leakage was | Check leakage from
ocations for leakage expansmn_ join _cm{er _O found in the upper part of the | expansion joint of main
check etc. sand cushion drain pipe in .
! torus room steam pipe D
S/C vacuum break line

* The most probable value at this point

At this point, little fuel debris is located in the core region in either unit and small amount of them are
accumulated at the bottom of the reactor. It is, however, estimated that most of them had fallen at the bottom
of the D/W and reached to the outside of the RPV pedestal.

The uncertainties in the current status are to be reduced through the sensitivity analysis using analysis code.
Also, through the PCV internal survey (B2 inspection for Unit 1, A2 inspection for Unit 2, e.g. inspection by
swimming robot for Unit 3) and muon detection (Unit 2), accuracy of the comprehensive analysis and

evaluation will be improved.

4.5.2 Overview of the approaches to the study on the fuel debris retrieval method

(1) Key issues of the Submersion and Partial submersion methods

The action statuses of the key issues are described for the Submersion method and Partial submersion
method respectively.

a. Key issues in Submersion method

i) PCV repair and establishment of water level control system

Conducting the development and study of the method to repair the leakage of the PCV, PCV circulation
cooling loops, and leakage water collection/ water level control systems, a system to control the PCV water
level in a safe manner is required to be established. It is also required to ensure the construction quality, such
as of the PCV repair construction and a long-term reliability and study the prevention of the leakage of
contaminated water to the outside.

To prevent the leakage of contaminated water inside the building, keeping the water inside the torus room

under the groundwater level will be a possible option and the FS is to be conducted based on the option.
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The development has been performed to date focusing on the feasibility of the water sealing technology and
method for the vent pipe and downcomer at the PCV bottom (under the torus room ceiling). The solutions of
the issues which became apparent to date and tests regarding the construction quality and long term
reliability is required to be focused on.

* Since complete water sealing for vent pipes and downcomers by pouring grout materials with remote
devices may face great difficulties, some degree of leakage to the torus rooms needs to be taken into account.
Not only the control of the differences in the water levels between the inside and outside that maintains torus
room water level lower than groundwater level but also the studies will be required such as for the prevention
of the leakage from the R/B in the case of a large amount of leakage during the fuel debris retrieval.

The development for the repair technology is to be carried out for the upper part of the PCV based on the
on-site radiation dose situation.

ii) Ensuring structural integrity of the PCV and R/B according to its load and aged deterioration when
submerged

The evaluation method for the structural integrity in the event of earthquake is to be established considering
the deterioration caused such as by corrosion and the load applied to the PCV due to the submersion. Its
measures are also studied based on the area requiring the reinforcement.

The evaluation of design basis seismic ground motion Ss is currently being conducted for seismic safety of
the RPV/PCV and the peripheral equipment and facilities. The SC supports which are considered to have
comparatively small margin will be evaluated through the detailed elastoplastic FEM analysis. Also melted
fuels are estimated to have fallen at the bottom of the D/W. Through the analysis of the spread of fuel debris
distribution and the internal survey inside the PCV and RPV pedestal, the impact caused by erosion to the
RPV pedestal is to be evaluated, as needed.

iii) Establishment of criticality control during fuel debris retrieval work in case of increase in the PCV water
level.

Subcritical state shall be maintained even when the water levels were varied and shapes of the fuel debris are
changed during the fuel debris retrieval operation. Also workers’ exposure and adverse influences on
environment shall be suppressed through shifting the state to subcritical state, in case of re-criticality
accident.

Sub-criticality state is desired to be maintained by diluting neutron absorber such as boron with coolant.
Studies are carried out for the feasibility of water quality management system including nuclide removal and
environmental impact caused by the sodium pentaborate leakage. Current study indicated that water level up
to RPV lower plenum may not cause re-critical state because of understanding on the chemical composition
of fuel debris and that water level up to RPV core region also may not cause re-criticality if remaining fuel
assemblies of Unit 2 is smaller than 5x5 (fuel assemblies). In parallel, mitigation measure of impact by
re-criticality has been investigated just in case of criticality accident because conditions of fuel debris inside
of the PCV/RPV are still unknown.

The method to maintain sub-criticality state of fuel debris has been studied for each fuel debris retrieval
operation step and for the water level rising. Detail specification of sub-critical control method will be

studied from the view point of actual applicability based on the results of evaluation of critical accident.
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b. Key issues related to the Partial submersion method

i) Shielding for high radiation from fuel debris

It was confirmed that the prospect that the shielding can achieve 1mSv/h of dose rate on the operating floor
even if all fuel debris are located in the core region. The accuracy of the information on radioactive source,
e.g. fuel debris and FP distribution of each Unit is to be improved based on the result of the severe accident
progression analysis and PCV internal survey. Also, studying the detailed dose evaluation based on the
conditions depending on the method such as PCV water level, the reasonable shielding specifications are to
be studied for the method applied for each Unit.

The same studies are to be conducted for the specifications of the shielding for the cells used for the Side
access.

ii) Control of impact on workers and environment caused by dust scattering outside the building

The fuel debris retrieval methods and the dust scattering prevention method have to be established so as to
prevent radioactive dust scattering to the outside of the building.

Containment of radiation dust is aimed by installing isolation walls (negative pressure control system) that
maintains the negative pressure inside of the isolation walls after establishing a double isolation wall by the
isolation wall that consists of the cells for fuel debris retrieval work and PCV and of R/B walls and container
to be installed in the upper part. The conceptual studies on the operating cells and negative pressure control
system are being performed.

iii) Verification of radiation resistance of fuel debris retrieval equipment

The retrieval equipment and devices will be exposed to the fuel debris with high radiation, and they are
required to have radiation resistance that will encourage the smooth progress of retrieval work. The
verification of radiation resistance for the manipulator, cutting equipment and camera that will be used close
to the fuel debris are being performed in accordance with the conceptual design.

(1) Study on the PCV water level

The PCV water level will vary depending on whether the fuel debris is submerged or not, instead of whether
Submersion method or Partial submersion method. If the fuel debris is submerged, shielding of radiation
from the fuel debris and measures to the dust during the fuel debris cutting will be easier. According to the
definition, Submersion method is used in the condition assuming all fuel debris are submerged (water level is
higher than the upper part of the reactor core) and Partial submersion method is used where fuel debris are
not submerged. For this reason, setting of the water level is relatively flexible for Partial submersion method.
Although the PCV water level can be set consecutively, there are some water levels that will be changed as a
function depending on the states. Those water levels as options are described in six stages in Figure 4.5-1.
Since the degree of difficulty and advantages in the realization will be varied according to the options for

each water level, the evaluation for the trade-off will need to be carried out.
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(1) Full water ofthe reactor well (Full submersion method)

(2) Capable of reducing the radiation dose rate in the upper
part of the operating floor since the core region of the reactor
core shroud and activation metals of the upper grid plates will
be submerged. (Submersion method)

(3) The fuel debris located in the area lower than the core
region is possible. Criticality control for the fuel debris in the
core region and the RPV lower plenum can be cut in
submersion.

(4) The fuel debris located in the area lower than RPV lower
plenum can be cut in submersion, but the criticality control of
fuel debris in the RPV lower plenum will be necessary when
the water level is raised.

(5) Water level where water level of the torus room will not
—_— exceed the groundwater level even assuming a large amount
— of leakage fromthe PCV.

(8) The fuel debris at the bottom of the DW can be cut in
submersion.

Underground
water leve

Figure 4.5-1 Options for PCV water level and its features

4.5.3 Study on access direction to the fuel debris

There are the options for the access directions which are Top access and Side access. Based on the concept

of option, degree of difficulty in establishing the route to the fuel debris and applicability of access to the

fuel debris locations and order of access direction are required to be evaluated. The matters to be considered
to establish access routes are described in 4.3.2.7 and points to notice are arranged as below. Also, the

matters to be considered in the applicability to fuel debris locations are described in Section 4.5.4.

» In the Top access method, the structures in the upper part, e.g. PCV upper head, RPV upper head, steam
dryer and steam separator will be removed from the operating floor and access route to the fuel debris can be
secured. However, the temperature of these components reached approx. 1000 deg. C at the time of accident
and they may have been deformed. In this case, it will be difficult to retrieve them and could take a long time
depending on the situation of each Unit. To access to the RPV lower plenum, cutting and removal of the
lower reactor internals such as core support plate will additionally be required. To access to the bottom of the
D/W (inside the RPV pedestal), boring on the RPV lower plenum and removal of CRD housings are required
and it will takes a long time. Also, measures to the radiation dose reduction and shielding should be taken so
as to conduct the works including the preparation on the operating floor.

+ For the Side access method, new access route is to be established in the R/B to access to the side of the D/W.
The existing equipment and piping are required to be removed under a high-dose radiation environment. The
existing structures and fallen objects, e.g. PLR pump, valve and piping inside the PCV are required to be
removed since they will be the obstacles for the retrieval of the fuel debris in and outside the RPV pedestal in
the PCV. Comparing to the Top access method, dimension of access port is expected to be smaller and long
period of time could be required. Also, in the Side access method, regarding the retrieval of the fuel debris
located in RPV would be difficult to remove the structures, by creating an opening from the bottom of the

D/W and then retrieve the fuel debris by way of the PCV side access route, and it may take a long time.
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For both Top access method and Side access method, the environmental conditions including the on-site
radiation dose rate is important for the access route establishment inside the R/B in each Unit. The feasibility
and degree of difficulty for the methods are to be evaluated according to the possibility of the radiation dose
reduction.

4.5.4 Feasibility study of retrieval for each fuel debris location

As described in Section 4.5.1, at current stage, fuel debris is estimated to be located both in the RPV (core
region and the RPV lower plenum) and the bottom of the D/W. As described below, feasible fuel debris
retrieval method is to be studied from the perspective of the feasibility of key issues to ensure safety during

fuel debris retrieval work of fuel debris and applicability of the access to fuel debris of each location.

(1) Fuel debris inside the RPV (core region and the RPV lower plenum)

a.  APerspective of feasibility of key issues in ensuring safety during the fuel debris retrieval

The key issues to ensure safety are varied depending on either fuel debris are submerged or not.

For the cases where fuel debris are submerged key issues correspond to ones described in 2(1) a of Section
4.5, for the Submersion method, while for the cases where fuel debris are not submerged, key issues
correspond to ones described in 2(1) b. of Section 4.5 for Partial submersion method.. The keys to the
feasibility are considered as follows.

Since the impact by the PCV water level is significant for the feasibility, appropriate water level is required
to be studied. (Refer to Figure 4.5-1)

® Case: Submerging the fuel debris

» Feasibility of the repair of the PCV leak locations up to the height level of the core region (Whether it
can be performed within realistic construction period and exposure dose).

- Feasibility of the system to collect leakage water from the imperfect PCV repaired areas.

- Feasibility of the system for criticality control during the process of cutting fuel debris underwater or
water filling process for the PCV.

- Feasibility of the negative pressure control system to prevent leakages from the imperfect PCV repair
areas, operating cells and R/B containers in order to contain the radioactive dust not to migrate into the
air when the submerged water level of the fuel debris is low.

® Case: Without submerging the fuel debris

+ Impact on the aseismic performance such as of R/B caused by the shielding facilities installed on the
operating floor or else.

- Feasibility of the negative pressure control system to prevent leakages from the operating cells, R/B
containers and PCV repair areas to contain the radioactive dust not to migrate into the air when cutting
the fuel debris in the air

b.  Applicability of each retrieval method to fuel debris location

Basically the applicability of Submersion -Top access or Partial submersion-Top access method to the fuel
debris inside the RPV (core region and the RPV lower plenum) is high as described in Table 4.3.1-1 of
Section 4.3.1 and Appendix 4.18.
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However, Partial submersion-Side access method might be used according to the evaluation by the detailed

locations and amount of existing fuel debris or reasonability for a whole retrieval work.

(2) Fuel debris at the bottom of the D/W (inside and outside the RPV pedestal)
a. Perspective of feasibility of key issues in ensuring safety during the fuel debris retrieval
The fuel debris at the bottom of the D/W is estimated to be basically submerged with current water level and
fuel debris retrieval is possible to be performed under submerged condition. The key to the detailed
feasibility is considered as follows.

» Feasibility of the system to collect leakage water from the PCV repair areas.

The degree of feasibility is supposed to be higher by setting the PCV water level to the current level or +

a than the case in which the fuel debris inside the RPV is submerged.

+ Feasibility of the system for criticality control when cutting the fuel debris underwater

- Feasibility of the negative pressure control system to prevent leakage from the imperfect PCV repair

areas and of the operating cells to contain the radioactive dust not to migrate into the air when the water

level is not enough for submerged cutting process of the fuel debris.
b.  Applicability of each retrieval method to fuel debris location
As described in Table 4.3.1-1 of Section 4.3.1 and Appendix 4.18, applicability to the fuel debris located
inside the RPV pedestal is considered to be high for both Submersion-Top access and Partial
submersion-Side access methods. The works for the removal of obstacles including the structures in upper
part are, however, needed to be considered long when accessing the bottom of the D/W by Top access
method as described in 4.5.3. The applicability of the Partial submersion-Side access method to the fuel
debris outside the RPV pedestal is considered to be high basically. The Top access method might, however,
be used according to the evaluation by the detailed locations and amount of existing fuel debris or

reasonability for a whole retrieval construction.

4.5.5 Studies on decision on approaches to retrieval method

As described above, inspection and evaluation for internal PCV condition analysis of each Unit and
feasibility for three methods of fuel debris retrieval to be focused on are being studied. The results are aimed
to be summarized in FY2016 to contribute to the "Determination of fuel debris retrieval policies for each
unit" in summer of 2017.

According to the current estimation of the internal PCV conditions, fuel debris of all Units are scattered in
the RPV lower plenum and at the bottom of the D/W (in and outside of the RPV pedestal). All the fuel debris
scattered in each Unit are not always retrieved by one method and the policy may be made by combining
multiple methods according to the fuel debris locations. In such case, in parallel with the retrieval work for
initial location of retrieval, inspections and studies are considered to be performed for the fuel debris in
different locations. The work in the next stage may be continued with revising the plan for the fuel debris

retrieval method.
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In the "Determination of fuel debris retrieval policies for each unit,” the results of the studies and findings
obtained to date, fuel debris location to be addressed first and the likely method is to be selected for each Unit
from the perspective of ensuring safety.

In particular, the following studies will be conducted to evaluate, such as the risks that affect the fuel debris

retrieval work.

(1) Evaluate the effect of risk reduction through the resolution of the instability of the inside of the
PCV/RPV for each unit and fuel debris location based on the estimation results of fuel debris properties

and amount,

(2) Evaluate access route and retrieval method for each Unit and fuel debris location, including PCV water
level are nominated and risk regarding ensuring safety, such as criticality that might be caused by the
retrieval work and the leakage of radioactive materials based on the features of three methods to be

focused on and the results the studies.

(3) Including the evaluation of (1) and (2), select the first fuel debris to be retrieved and its method in a
comprehensive consideration of evaluation for the estimative index based on the Five Guiding
Principles described in the 4.5.6. In specific, the degree of difficulties of technical development, site
constrain including the exposure dose imposed by the work and required areas, and period of time for
preparation are important.

Also, regarding the Unit where first retrieval work is expected, without any experience of construction

before, the smaller degree of difficulties of fuel debris retrieval work should be made.

(4) With regard to the fuel debris other than those retrieved at first, the access route and retrieval method
depending on the PCV water level are to be studied to make sure that initial retrieval work will not
affect the following work.

If construction periods of multiple units are overlapped depending on the order and timing of the

commencement of fuel debris retrieval for three units, construction risks will be and required human

resources will be increasing. On the other hand, if constructions are conducted in series, there is an advantage
to reflect the results of the preceding construction to the next construction but overall construction period
will be prolonged. Based on the above, the study on the comprehensive optimization will proceed based on
the examinations of a whole image of fuel debris retrieval in three Units.

After making a decision on approaches to the retrieval method, the preparation should be made, focused on

the fuel debris to be retrieved first for each unit, for the basic designs of system equipment and retrieval

equipment for the fuel debris and specific installation area plan while performing the inspections for internal

PCV condition analysis. Detailed studies and technical developments need to be accelerated to determine the

method to retrieve the fuel debris from the initial unit.

Since the uncertainties in the internal PCV conditions is high, it is important to carry out the studies in stages

in parallel with the investigation inside the reactor.

The flow of the on-site works including the preparation regarding the fuel debris retrieval is shown in Figure

4.5-2.
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Itis required to establish a series of work flow in order to realize the fuel debris retrieval. The preparation for

the engineering and permission and authorization will be required for each work items. A series of these

project managements will be important.

(1) Decontamination inside
the R/B

. 2

(2) PCV leak inspection

-

(3) Repairs on the lower part
of the PCV

«

(4) Repairs on the upper part
of the PCV

-

(5) Establishment of system structures
lentire facilities, cellsand container

«

(6) Establishment of the facilities
on the fuel debris flow line

“«

(7) Installation of fuel debris
retrieval equipment/device

L 2

(8) Fuel debris retrieval

(9) Fuel debris collection,
transfer and storage

~_

Fuel debris
sampling

RaAIns [euldUl ADd
fanins [eusall Ady

éeos 14 < Buipeseld

*|t actually does not simply proceed in a series but works to be performed in parallel are considered to be occurred.
Figure 4.5-2 Flow of the on-site work for fuel debris retrieval

4.5.6 Estimative index and perspective of evaluation based on the Five Guiding Principles
The estimative index based on the Five Guiding Principles is shown in Table 4.5-2. Based on this, the

examples of the studies from the detailed perspective are described below.

Table 4.5-2 Estimative index based on the Five Guiding Principles

Five Guiding Principles Estimative index
Reduction of risks posed by Containment of radioactive materials (environmental impact)
Safe radioactive materials and ensuring Radiation workers’ exposure (operation time, environment)
work safety Ensuring work safety
Effect of risk reduction
Highly reliable and flexible Level of difficulty of technical development and TRL
Proven technology Conformity to requirements
Flexibility of uncertainties and robustness*
Alternative plans
Effective utilization of resources Securing human resources (researchers, engineers and
(e.g. human, physical, financial, workers)
Efficient space) Reduction o_f generated waste : _
Cost (technical development, design and field work)
Securing working and storage areas
Impact on the subsequent processes of decommissioning
. Awareness of time axis Early commencement of fuel debris retrieval
Timely - - - -
Time required for fuel debris retrieval
Emphasize the Three Actuals Workability (environment, accessibility, and operability)
Field-oriented | (actual field, actual things and actual Conservativeness (maintenance and actions against troubles)
situation) Applicability to each unit

*The capability to maintain the robust function even when the condition is changed to a certain extent from what is expected
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(1) Safe

a.  Containment of radioactive materials (environmental impact)
This is an essential evaluation item to minimize the risks that involved in the fuel debris retrieval.
Environmental impacts are required to be assessed by the containment performance of cooling water and
radioactive dust. Also, scattering of the radioactive dust should also be considered for the preparatory work
stage for the installations of the system equipment and retrieval equipment in advance of the retrieval work.

b. Radiation workers’ exposure
Since fuel debris retrieval construction is basically performed by remote control, from the perspective of
workers exposure, the radiation exposure caused by the PCV water sealing construction and preparatory
work for the installations of the system equipment and retrieval equipment which are considered to include
the manual work will be dominant. However, the possible workers’ exposure at the time of anomalies during
the fuel debris retrieval construction is also required to be considered.

c.  Effect of risk reduction
In the state where retrieval of the fuel debris is completed for each Unit, the amount of risk reduction is
basically the same. The earlier it reaches this state, the higher the amount of risk reduction is.
The risks of the fuel debris located inside the RPV and at the bottom of the D/W vary depending on its
properties and amount in each state of the fuel debris. Therefore, the effect of reduction of the risk over time
will be improved by retrieving the fuel debris with a large risk and fuel debris whose stability of current
condition is uncertain in advance.
(2) Proven

a. Conformity to requirements
The applicability of the important technical requirements in ensuring safety is to be evaluated based on the
number of issues and degree of importance of required approach to the solution of the issues identified from
the "feasibility study on the method."

b. Flexibility for uncertainties
It should be confirmed that the concept of the method enables measures to be taken flexibly according to the
actual situation or enables fuel debris cutting tools to be changed easily according to the actual fuel debris
properties, even if it is out of the scope of the assumption under the condition where information regarding
the damaged condition of the equipment that impedes the fuel debris retrieval cannot be obtained
sufficiently.
(3) Efficient

a. Reduction of generated waste
The amount and form of radioactive waste expected to be caused by the construction are to be evaluated. The
physical weight of the upper reactor internals to be removed by the Top access method is not considered
small from the perspective of the comparison between the methods.

b. Cost
Although it is considered difficult to conduct an evaluation in the stage of the decision on approaches to the
retrieval method, where the conditions of the fuel debris and circumference environment are uncertain, the

conditions of estimation for the fuel debris distribution and rough comparison such as by the features of the
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concept for the methods. The impact caused by the repair cost to block water leak from the PCV will be large
depending on its range.

c.  Securing working and storage areas
The fuel debris retrieval construction, outlines of the installation areas for the facilities required for the
preparatory work and work areas, and the prospect for securing those are evaluated. The scope includes the
system equipment, retrieval equipment and storage facility for storage canisters for the fuel debris and
storage facilities for severely contaminated structures.
(4) Timely

a. Early commencement of fuel debris retrieval
The preparation period required before the commencement of the fuel debris retrieval (preparation for the
permission and authorization, inspection and construction of the PCV water sealing, preparation for the
installation of the system equipment, installation and commissioning of the system equipment and fuel
debris retrieval equipment, manufacturing of storage canister and installation of the storage facility for
storage canisters) is to be evaluated.

b.  Time required for fuel debris retrieval
Although it is considered difficult to conduct an evaluation in the stage of the decision on approaches to the
retrieval method, the conditions of estimation for the fuel debris distribution and rough comparison for the
period of fuel debris work such as by the features of the concept for the methods.
(5) Field-oriented

a.  Workability (environment, accessibility, and operability)
With regard to fuel debris retrieval construction, a concept of the method (retrieval equipment layout, flow
line and work procedures) should be planned based on the site conditions of the target Unit. Also the issues,
e.g. the interference with the on-site construction such as SFP fuel retrieval construction and contaminated
water control is to be confirmed while evaluating the workability including the preparatory work.

b. Conservativeness (maintenance and actions against troubles)
The area division plan such as by the retrieval equipment layout and operating cells are to be evaluated
whether it can secure required maintenance area. Also conceptual designs of equipment are to be evaluated,

whether the conceptual designs are planed so as to replace the retrieval equipment and maintenance range.
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3 Phase

Phases 1st Phase | 2nd phase (period up to fuel debris retrieval)
| (Beginning) (Middle) (End)
Key events
'V Decision on approaches 'V Determination on the V Start of fuel
to the retrieval method fuel debris retrieval method debris retrieval

Key process

(1) Maintaining/continue
stable nuclear reactor

condition

(2) Fuel debris retrieval *
(Install common
container  for  pool

fuels/fuel debris)
*Assuming the earliest case
of fuel debris retrieval by
_ access from top

Presentation of fuel debris reirieval (Operating floor)

Removal of pool fuels el debris retrieval

Apply implementation plan/
make a preparation fof construction

Establish design requirements
for containers

Set design require$n$

Feasibility study on the to fuel debris retrieval through the top access

Related procedures

(Common works)

(1) Treatment of
contaminated water

(2) Decontamination
(for Unit 2)

(3) Others

VLandside impermeable walls become effective

Install Unit 2 upper containers

Start fuel

Decontamination for operating floor tiuel
debris retrieval

Stable plant conditions

Al A

Criticality control development

Analysis of internal
PCV condition and fuel
debris

11
T Reflect information obtained on the conditions inside the reactor and the fuel debris to the actions to
maintain and manage the stable condition until the fuel debris retrieval.

M

(Grasp of situation in the PCV using accident progression ehalysis cod: Llfindings through

PCV/RPV,internal investigations

Fuel debris detection |

V' Consolldate the datd of simulated debris properties [ Field works
Characterization using simulated debris . .
Technical studies for
on-site construction
" n R&D
Fuel debris retrieval v
\V4 / Select method
method X

'V Start fuel debris retrieval

Development of fuel debris retrieval equipment

Prepare for fuel
debris retrieval

Development of
common technologies

Development of canisters (including the handling equipment)

Fig. 4.5-3 Fuel debris retrieval Whole process
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5. Strategic plan for waste management

5.1 Study policy on the strategic plan for waste management

The knowledge and experiences on the nuclear facilities that caused accidents are summarized in a number
of documents released internationally. The document, NW-T-2.7 “Experiences and Lessons Learned
Worldwide in the Cleanup and Decommissioning of Nuclear Facilities in the Aftermath of Accidents™
released by IAEA describes the responses should be taken after the accident in chronological order in
concrete terms from emergency response, stabilization of the response, the post-accident cleanup, safe
enclosure, to the final decommissioning and site remediation. It also describes that the strategic plans had to
be established in the initial phase after the accident. The Fukushima Daiichi NPS is in the phase of
post-accident cleaning and the Roadmap released by the Japanese Government was recognized as one of the
examples. It is important to carry out the radioactive solid wastes management described in the Roadmap*’
in accordance with the Five Guiding Principles (Safe, Proven, Efficient, Timely and Field-oriented)
described in Chapter 3.

In the radioactive solid wastes management, it is foremost important to reduce the amount generated, and
take realistic measures such as minimization of carry-in materials, reuse, and recycling in accordance with
the site conditions.

The radioactive solid wastes generated nevertheless are to be segregated and stored safely depending on the
properties to reduce risks for the time being.

In parallel with the storage, characterization of various types of radioactive solid wastes is to be conducted
and the wastes are to be categorized by their properties, so that safe and optimal processing and disposal
concept and management can be studied based on the proven technologies.

The safety regulations on storage, processing and disposal management of the wastes will be reviewed as
necessary, and operations such as decommissioning will be carried out while ensuring the safety.

The waste management is characterized as long-term activities such as developing the necessary programs
and systems, and determining the prospect of implementing waste disposal. As part of this, the basic concept
of processing and disposal for radioactive solid wastes will be compiled in FY2017 and the prospects of a
processing /disposal method and a technology related its safety is made clear by around FY2021.
Radioactive solid wastes from events such as the accident at the Fukushima Daiichi NPS are different from
wastes that have been generated by nuclear power plants in that they include radioactive materials released
from failed fuel, contain salt, and are generated in large quantities. Therefore, the future plan for processing
and disposal is now under study while the waste characterization is continued. The waste storage is also

being carried out placing safety as the first priority.

| AEA, Experiences and Lessons Learned Worldwide in the Cleanup and Decommissioning of Nuclear
Facilities in the Aftermath of Accidents, IAEA Nuclear Energy Series No. NW-T-2.7, Vienna (2014).

Y"The “radioactive solid wastes” in the Roadmap refers to “some rubble waste generated after the accident may not
be wastes or radioactive wastes due to on-site reuse or other measures. However, these wastes and the radioactive
solid wastes that were generated before the accident and have been stored at the Fukushima Daiichi Nuclear Power
Station are included in the ‘radioactive solid wastes.”
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Although sufficient information on the properties of radioactive solid wastes has not been gathered yet in the
present circumstances, it is important to compile the basic concept for ensuring safety in radioactive waste
management in general, and to formulate an action policy for the items that may greatly affect the radioactive
solid wastes management in future.

As the strategic plan for waste management, studies have been done in the following steps.

(1) Review the general principles compiled internationally for ensuring the safety of radioactive waste
disposal and develop an appropriate approach for waste management that emerges from these

principles, giving shape to the measures for the disposal of radioactive solid wastes.

(2) Evaluate the status of the solid waste management activities described in the current roadmap, and

identify issues that may affect future waste management activities or the plan of waste management.

(3) Describe issues should be addressed or noted from the present on the mid- and long-term solid waste
management strategy by taking into account the principles in (1) and the issues identified in (2)

above.

(4) Describe future actions on the radioactive solid wastes management based on the (2) and (3) above
including the R&D.

This strategic plan is to be reviewed and elaborated in accordance with the future development.

5.2 International safety principles on radioactive waste management

Summarized below are the principles for ensuring safety in implementing general radioactive waste
management developed by international organizations such as the IAEA and the International Commission

on Radiological Protection (ICPR).

5.2.1. Principles for ensuring the safety of radioactive waste disposal

ICRP describes the concept of the radiological protection in relation to the radioactive waste disposal in
Publ.46 (1986)*, Publ.77 (1998)'° and Publ.81 (1998)% in systematic manner. Publ.81 supplemented and
revised the recommendation provided in Publ.46 in light of the international progress and was released to
clarify the concept further. Although ICRP released Publ.103 (The 2007 Recommendations)®* and then
Publ.122 (2013)** in which Publ.103 is applied for geological disposal, Publ.81 above is said to be still valid
in each document. The introduction of ICRP Publ.81 states that waste disposal strategies can be divided into
two conceptual approaches; ‘dilute and disperse’ or ‘concentrate and retain’, and both strategies are in

common use and are not mutually exclusive. The main part of Publ.81 deals with the radiological protection

®|CRP, 1985. Principles for the Disposal of Solid Radioactive Waste. ICRP Publication 46. Ann. ICRP 15 (4).
9ICRP, 1997. Radiological Protection Policy for the Disposal of Radioactive Waste. ICRP Publication 77. Ann.
ICRP 27 (S).

“|CRP, 1998. Radiation protection recommendations as applied to the disposal of long-lived radioactive solid
wastes. ICRP Publication 81. Ann. ICRP 28 (4).

21|CRP, 2007. The 2007 Recommendations of the International Commission on Radiological Protection. ICRP
Publication 103. Ann. ICRP 37 (2-4).

22|CRP, 2013. Radiological protection in geological disposal of long-lived radioactive solid wastes. ICRP
Publication 122. Ann. ICRP 42(3).
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of members of the public following the disposal of long-lived radioactive solid wastes using the ‘concentrate

and retain’ strategy.

On the other hand, IAEA’s “Disposal of Radioactive Waste”? (Specific Safety Requirements No. SSR-5,
paragraph 1.10) states the aims of disposal of radioactive solid wastes, and Safety Guide WS-G-2.3%
describes “Regulatory control of radioactive discharges to the environment” on radioactive gaseous and

liquid materials as waste management instead of waste disposal, which corresponds to ‘dilution and

dispersion’ of ICRP.

Based on a comprehensive understanding of the above, the safety principles on disposal of waste including

gaseous and liquid wastes are as follows:

Waste management is to be addressed based on one or combinations of these safety principles in order to
prevent significant effects on health.

i) To contain the waste;

ii) To isolate wastes from the accessible biosphere and reduce substantially the likelihood of, and all possible
consequences of, inadvertent human access to the waste;

iii) To inhibit, reduce and delay the migration of radionuclides from the waste to the accessible biosphere at
any time;

iv) To ensure that the amounts of radionuclides reaching the accessible biosphere due to any migration from
the disposal facility are such that possible radiological consequences are acceptably low at all times;

V) To control the release of radioactive materials to ensure that their concentrations are at the level that will

not cause significant effects on health.

The institutional systems for processing and disposal of radioactive waste in Japan have been formulated,
and the safety regulations requires safety of the facility by means of the above i) to v) and specifies the
radiation dose rate and concentration that will not cause significant effects on health. There are some
radioactive wastes generated by the operation of normal nuclear facilities whose policies and regulations on
disposal have not yet been established. The current status of safety regulations in Japan regarding processing

and disposal of radioactive waste is shown in Table 5.2-1.

2| AEA, Disposal of Radioactive Waste, IAEA Safety Standards, No. SSR-5, IAEA, Vienna (2011).
| AEA, Regulatory Control of Radioactive Discharges to the Environment, IAEA Safety Standards, No.
WS-G-2.3, IAEA, Vienna (2000).

5-3



Table 5.2-1 Summary of status on studies regarding radioactive waste disposal
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5.2.2. Examples of application on safety principles for radioactive waste disposal

For the specific radioactive waste disposal, measures are taken based on one or combinations of these safety

principles in order to prevent significant health effects.

M)

)

®)

(4)

(®)

For the near surface disposal of low-level radioactive solid wastes, safety is ensured by isolating the
waste from biosphere by, for example, enclosing or solidifying them in a container which meets the
requirements of transport, safe handling and dispersion prevention, as well as combining conditioned
waste form with engineered barrier and surrounding natural barrier.

In this case, leakage of radioactive materials is prevented or reduced by the containers and the
engineered barrier, and as a result, the migration of radioactive material to the natural barrier is reduced,
and furthermore, the function of the natural barrier delays the migration of radioactive materials to the
biosphere. Thus the concentration of radioactive material is reduced, so that there will be no effect on
health even if the radioactive materials reach the biosphere. In addition, when the concentration of
radioactive materials is extremely low, it is possible to dispose the waste in a disposal facility without an

engineered barrier (i.e. trench disposal) so as to prevent any effects on health.

For the near surface disposal, safety regulation is in place to impose institutional control, such as
restriction of specified acts until the concentration of radioactive materials would become lower than

safe and acceptable level so as not people to access inadvertently or excavate the site.

For radioactive solid wastes with high concentration of radioactive materials, the measure is taken to
reduce concentration of radioactive material by disposing the waste deep under the ground to secure a
longer migration pathway of radioactive material to delay migration of radioactive material to the
biosphere. In addition, the safety is ensured by a greater disposal depth so that it is not necessary for

depending on the institutional control, such as restriction of specified acts.

For gaseous radioactive waste, concentration and amount of radioactive materials are reduced as much
as reasonably achievable by using a treatment system, and then, the gaseous waste is released to the
environment from a stack with a diffusion function. For example, a gaseous waste disposal facility in a
nuclear power station is equipped with activated carbon type noble gas hold-up system. When off-gas
goes through the activated carbon filled adsorption column, the noble gas repeats adsorption and
desorption in the activated carbon while it moves through the system, and the radioactivity is attenuated
over the course of time before reaching the stack. The exposure is controlled by reducing the

concentration of radioactive materials to below the standard value defined in the regulations.

For liquid radioactive material, concentration and amount of radioactive materials are reduced to the
lowest level reasonably achievable using a treatment system so as to be released to the environment
where dilution effect can be expected. For example, as for the liquid waste at nuclear power station, the
concentration and amount of radioactive materials released are reduced as much as reasonably
achievable by means such as of accumulation, filtering, evaporation treatment and ion exchange.
Treated liquid waste is released from the outlet of the condenser cooling water after being confirmed

that the concentration of radioactive materials is below the level specified in the regulations.
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5.2.3.

In IAEA’s Safety Requirements GSR-Part 5%, predisposal is positioned as a management of radioactive
waste covers all the stages from generation to disposal including processing, storage and transport. The
processing of radioactive waste is divided into pretreatment, treatment and conditioning. The terms related to
radioactive wastes management released by the IAEA are shown in Figure 5.2-1. Processing is performed so
that the radioactive waste is in a form that is suitable for the selected or likely disposal option. In waste

management, the waste may be stored and needs to be in a form that is suitable for transport and storage.

Processing: Any operation that changes the
characteristics of waste, including
pretreatment, treatment and conditioning.

Pretreatment: Any or all of the operations prior

to waste treatment, such as collection,
segregation, chemical adjustment and

Treatment. Operations intended to benefit

safety and/or economy by changing the

characteristics of waste.

Conditioning: Those operations that produce a
waste package suitable for handling, transpont,

1

1

1

1

1

1

1

1

1

1 . .
 decontamination.
1

1

1

1

1

1

1

1

1

L storage and/or disposal.

Appropriate radioactive waste management

Radioactive waste

Collection

Figure 5.2-1 Terms regarding radioactive waste management (IAEA)*

The IAEA’s draft safety guide DS448%" provide specific measures to meet the safety requirements set out in

GSR-Part 5 for the pretreatment management of radioactive waste from nuclear power plants and research

1
|
: management
1
! |
1
I
: | _
1
1 Predisposal Disposal
1
! |
1
| [ I |
1
' Processing Storage Transport
1
I
I I I
Pretreatment Treatment Conditioning
[ I [ |
Segregation Decontamination Activity Immobilization Overpack
removal
Chemical Volume Change of Packaain
adjustment reduction composition ging

reactors.

The following are the provisions based on the IAEA’s safety requirements GSR-Part 5 and draft safety guide

DS448 for appropriate radioactive waste management regarding the principles for ensuring the safety of

radioactive waste disposal described in Section 5.2.1.

Z|AEA, Predisposal Management of Radioactive Waste, IAEA Safety Standards, No. GSR Part5, IAEA, Vienna

(2009)

% | AEA Safety Glossary, Terminology Used in Nuclear Safety and Radiation Protection 2007 Edition, p216
2T | AEA, Predisposal Management of Radioactive Waste from Nuclear Power Plants and Research Reactors,
Draft Safety Guide, DS448, IAEA, Vienna (2015). (The IAEA’s draft safety guide DS448 is in the process of
being published as an updated version of the current safety guide WS-G-2.5 “Predisposal Management of Low
and Intermediate Level Radioactive Waste (2003)”)
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i) The radioactive waste needs to be characterized and separated into categories in all stages of
radioactive waste management, from waste generation, processing (pretreatment, treatment and
conditioning), storage and transport to disposal.

ii) The main purpose of processing radioactive waste is to produce waste in a form that meets the
criteria for the safe processing, transport, storage and disposal of waste and thus to increase the
safety of radioactive waste management and ensure the safe disposal of waste.

iii) The processing shall be based on appropriate consideration of the characteristics of the waste and of
the demands imposed by the different stages in its management (pretreatment, treatment,
conditioning, transport, storage, and disposal). The anticipated needs for any future stages in
radioactive waste management have to be taken in to account as far as possible in making decisions
on the processing of the waste. Various factors are to be considered not only effects on health of
radiation, but also other factors such as environmental impact that may result from the content of
non-radioactive materials, and social and economic impacts.

iv) Quantities, activity and physical and chemical nature of the radioactive waste to be treated, the
technologies available, the storage capacity and the availability of a disposal facilities are taken into
account in determining the level of waste processing.

v) If waste processing is performed before the waste disposal requirements are set, it must be remaining
possible to process the waste in a way which meets those requirements once they have been set.

vi) Storage is an option that should be considered in the waste management strategy. Proper storage
should be provided at all stages in waste processing prior to disposal to ensure waste isolation and
environmental protection. Storage is used to facilitate the subsequent stages in radioactive waste
management; to act as a buffer between and within waste management stages; to allow time for the
decay of radionuclides prior to clearance” and other activities or is used to store waste in cases
where the management has yet to be determined.

vii) Waste shall be stored in such a manner that it can be inspected, monitored, retrieved and preserved
in a condition suitable for its subsequent management and under passive condition to the extent
possible. Due account shall be taken of the expected period of storage, and, to the extent possible,
passive safety features shall be applied. For long term storage in particular, measures shall be taken

to prevent the degradation of the waste containment.

The ultimate goal of radioactive waste management is the safe disposal of radioactive waste. As described
above, to reduce the risk of leakage and scattering of radioactive materials from the perspective of improving
safety, the need for the processing of radioactive waste should studied in a way that allows for flexibility in
making it consistent with the disposal measures. Following guidance described in the Draft Safety Guide

DS448 may be applicable to the waste from events such as the accident at the Fukushima Daiichi NPS.

%8 In Japan, clearance is defined as the removal of materials used in a nuclear facility from regulatory control by
the Act on the Regulation of Nuclear Source Material, Nuclear Fuel Material and Reactors (subject to the
regulations on the laws concerning waste and recycling) if the Government determines that the concentration of
the radioactive materials contained is below a level at which the effects on health of radiation are negligible.
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* Liquid waste is often converted into a solid form by solidifying it in a suitable matrix in accordance with
the waste acceptance criteria, and should be contained in a waste container as a solid waste form.
Solidification may also be achieved without a matrix material, for example by drying.

* It should be noted that transporting slurry and sludge generated as secondary waste from water treatment
can produce radiation hot spots due to pipe clogging. Radiolysis or chemical reactions in the slurry and
sludge may occur, generating combustible gases, causing physical degradation or exothermic reaction.
Special care should also be taken to long-term storage, including the function and performance of the
collection and storage containers.

+ Organic waste requires management stages that taken account not only of its radioactivity, but also of its
chemical organic content, since this can also have detrimental effect on the environment.

* It should be taken into account that certain metals could react with water to produce hydrogen. The
behavior of chelating agents or oil and salt content in liquid waste may also be of concern in the

conditioning process.

Volume reduction should be studied from the perspective of limitation in storage capacity and economic

rationality while ensuring consistency with the disposal measures. The draft safety guide DS448 states that

the following points should be taken into account for volume reduction.

* Processes such as volume reduction to be employed should be selected on the basis of the characteristics

of the waste concerned.
Processes that achieve high volume reduction factors and that use proven techniques, such as
compaction or incineration, should be employed if possible, taking account the concentration of the
contained radioactive materials and the subsequent handling of the waste.
Incineration of combustible solid waste normally achieves the highest reduction in volume as well as
yielding a safe and stable waste form.

+ Compaction is a suitable method for reducing volume of certain types of waste.

5.3 Assessments and issues on the action status based on the Roadmap

In order to reduce risks caused by radioactive solid wastes, it is important to study the processing and
disposal management from the mid- and long-term perspective while carrying out an appropriate storage for
the radioactive solid wastes involved in the progress of decommissioning. (Refer to 3.3.1)

As for the storage, approaches to the reduction of generated amount of radioactive solid wastes and ensure
safety will be absolutely necessary. TEPCO is formulating the storage plan for the time being coordinating
such as with NRA and local governments. R&D is being carried out focusing on the characterization, since
processing and disposal management requires characterization of radioactive solid wastes, disposal
management based on features of radioactive solid wastes and approaches related to the processing that
consistent with disposal management is necessary. The issues which may have impact on the action status,
their evaluations and future approaches to the waste management are described below.

5.3.1. Storage

(1) Reduction of waste generation
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a. Action status

The structure of the waste management department of TEPCO has been improved, and waste management
has been driven forward by the involvement of the department from the stage of developing construction
project for decommissioning work. Measures have been taken and driven forward to reduce amount of
radioactive solid wastes generation by control of bringing packing, materials and equipment into the site,
reuse and recycling.

b. Assessment and issues on action status

Measures on minimizing amount of radioactive solid wastes generation such as control of bringing things
into the site and on-site recycling have been taken by involvement of waste management department from
the stage of developing construction project for decommissioning work, and achieving certain results.

It is important for TEPCO to study and take the measures continuously to reduce further amount of waste
generation.

(2) Storage

a. Action status

Solid radioactive wastes are classified roughly into rubble waste and secondary waste generated from the
water treatment. Rubble waste is separated into rubble, cut-down trees, used protective clothing and others,
and stored accordingly. Rubble is classified according to surface dose rate and stored separately in the
storage area and the form respectively from the perspective of shielding and preventing scattering. Cut-down
trees are separated into two categories: ‘trunks and roots’ and ‘branches and leaves’, and stored accordingly
from the perspective of fire risk and dose rate. The amount of stored rubble waste has been increased as a
result of the removal of rubble waste through decommissioning activities. The amount of stored rubble and
cut-down trees increased to about 185,000 m* and 84,000 m® respectively. The rubble accounts for 67% of
the storage capacity and the cut-down trees for 79%. (As of April 30, 2016) %

For the volume reduction of rubble waste, a solid waste incinerator was installed. Incineration of
combustible rubble waste, such as used protective clothing started from March 2016*. On the other hand,
secondary waste from water treatment is separated into adsorption columns, waste sludge and concentrated
liquid waste, and stored accordingly. The adsorption columns are stored in a form (rack, box culvert) suitable
for the type of column. With the progress in the treatment of contaminated water, the number of adsorption
columns stored as secondary waste from water treatment reached 3,165 and accounts for 51% of the storage
capacity. (As of May 19, 2016) *

Management status of rubble and secondary waste generated from the water treatment is shown in A.5-1-1 of
Appendix 5.1.

Slurry from the pretreatment system for the multi-radionuclide removal system, out of waste adsorption

columns is stored in high-integrity containers (HICs) in a box culvert. Stagnant water was found in the

¥ TEPCO Document 3-4: Processing and Disposal of Radioactive Waste “Status of the Management of Rubble
and Cut-down Trees (as of April 30, 2016), Meeting of the Secretariat of the Team for Countermeasures for
Decommissioning and Contaminated Water Treatment (30th Meeting), May 26, 2016.

%0 TEPCO, Document 3-4 “Starting the Installation of Incinerators for Solid Waste in the Fukushima Daiichi
Nuclear Power Plant on a Full Scale,” page 6, Meeting of the Secretariat of the Team for Countermeasures for
Decommissioning and Contaminated Water Treatment (28th Meeting), March 31, 2016.
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periphery of upper lid of HIC. As a countermeasure, the surface water in the HICs was removed using
simplified water removal system while lowering water level of the slurry in the HIC. Installing a water
removal system, water removal of the surface water in the HICs will be carried out on a full scale to
accelerate the process.

At the meeting of the Secretariat of the Team for Countermeasures for Decommissioning and Contaminated
Water Treatment, TEPCO presented a schematic of rubble storage for up to 2027 (Refer to Figure A5.1-2 of
Appendix 5.1).

In the development of a storage management plan, TEPCO projected the amount of solid waste from the
construction and other activities described in the - and long-term roadmap. The prediction showed that solid
waste generated in the next 10 years or so would increase and exceed the current storage capacity for solid
waste. TEPCO plans to build a storage facility with the function of shielding and preventing scattering and
store the waste properly with continuous monitoring.

In the facility to be built was determined based on the projected processing amount that correspond to the
solid waste to be generated, which will be reduced to the extent possible. TEPCO plans to implement this
storage management plan to reduce the volume of solid waste stored temporarily outside the solid waste
storage facilities and the solid waste to be generated to the extent possible; to store the waste from the rubble
with high radiation dose indoors, and eliminate the temporary storage area outside the solid waste storage
facilities, and thus to further reduce the risks associated with waste management.

A 9th solid waste storage facility with a capacity of about 30,000m? is being built. Additional ten (FY2020-)
to 13 storage facilities will be built in phases to increase the total storage capacity by about 140,000 m®. With
the incineration/compaction system TEPCO started to burn used protective clothing in two incinerators, each
with a capacity of 7.2 tons per day. In 2020, TEPCO plans to start to burn combustible materials comprising
cut-down trees and rubble in one additional solid waste incinerator with a capacity of 95 tons per day. A
system to reduce the volume of metal and concrete in the rubble will be constructed (to be completed in
FY2020) to increase the volume reduction capacity. This system can reduce the waste temporarily stored
outside the solid waste storage facilities, which is projected to increase to about 750,000 m* by around FY
2027 under the current storage conditions, to about 200,000 m* (mainly waste with a dose rate of less than
0.005 mSv/h).

The secondary waste from water treatment will be stored in buildings, and the temporary storage area will be
eliminated to reduce risks. Measures of volume reduction will be developed when the waste is stored inside.
b. Assessment and issues on action status

It is important to implement storage of the generated radioactive solid wastes appropriately until
management of the processing and disposal are specified.

Temporary measures to prevent fire are in place for the cut-down trees (trunks and roots) that are piled up
outside. Additional solid waste incinerators will be installed as a permanent measure. It is important to
implement the measures in accordance with the plan.

Considering the integrity of storage container, the need for countermeasures for further risk reduction has to

be studied continuously for the secondary waste generated from the water treatment system.
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5.3.2.  Processing and disposal

(1) Waste characterization

a. Action status
On the solid waste, radiological analysis on rubble, cut-down trees, soil and others, characterization on
secondary waste from water treatment and development of radiological analysis technique for
difficult-to-measure nuclides have been implemented®:*. Table 5.3-1 shows the status of the radiological
analysis of solid waste. Through the radiological analyses conducted so far, correlation between activity
concentrations of nuclide such as Sr-90 and Cs-137 was observed in the specimen inside the R/B, and
contamination state was found different depending on the locations in Units and buildings.
The number of current analysis specimens has reached about 70* through cooperation with institutions
joined.
In addition, a method of sampling for the wastes under a high radiation environment (e.g. rubble of high
radiation area inside the building and secondary waste generated from the water treatment) was studied and
some of the wastes were actually sampled.
The radiological analysis plan has been developed focusing on the period until around FY 2021, when the
prospects of a processing and disposal method and a technology related its safety be made clear.
While compiling the results of the analyses for water and rubble conducted so far, data is being updated by
adding the data on the rubble inside the building and on-site soil.
Also, waste information catalog are being prepared based on the evaluation of characterization.
Nuclides contaminate waste are derived from such as fuel and activation, and their migration pathways are
through circulating water and atmosphere. Based on that, the results of the inventory evaluation have been

updated while studying transport ratio and the evaluation methods for inventories.

Uncertainties in the rate of migration of nuclide to stagnant water were reduced by introducing observed

value of radionuclide analysis to the studies on the analytical model for inventory evaluation.

The results of estimation for waste inventories have been reflected to the studies on the safety assessment of

the disposal.

31 IRID supplementary budget for 2014 “Management Water Contaminated and Decommissioning of
Project(R&D for treatment and disposal of solid waste) Interim report April 2016
http://irid.or.jp/_pdf/201509t010_12.pdf?v=4

%2 IRID/JAEA, P.2 of Attachment 3-4 "Rubble sampled within the Fukushima Daiichi NPS,” Decommissioning
and contaminated water management team meeting/ secretariat meeting (the 29th) April 28, 2016

% Nuclear Regulation Authority, 2nd Meeting of the Study Committee on the Regulation of Radioactive Waste
from Specified Nuclear Facilities, Document 4, TEPCO “Capability to Analyze Waste from the Fukushima
Daiichi Accident,” February 12, 2016.
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Table 5.3-1 Status of radiological analysis of radioactive solid waste®*

FY Specimen Num_ber of
specimens
* Stagnant water in Unit 1 to 4 T/B
* High level contaminated water on the basement floor of the central
\Water treatment radloa}ctlv_e waste processing facility
system * Desalination system concentrated water 25
ystem  Stagnant water on the basement floor of the High Temperature
outlet/inlet water : -
Incinerator Building
» Treated water (cesium absorption system, 2nd cesium absorption
2011- system)
2014 - * Rubble from 1st floor of Units 1 and 3 R/B
Rubble in the - .
building; * Boring core from 5th floor (floor surface) of Unit 2 R/B 13
Borin c’ore * Boring core from 1st floor (floor surface and walls) of Unit 1 R/B
9 * Boring core from 1st floor (floor surface) of Unit 2 R/B
Rubble and * Rubble around Units 1, 3 and 4 24
cut-down trees » Cut-down trees (branches, leaves), live trees around Unit 3 (branches)
Live trees, fallen * Live trees (branches, leaves) at various locations on the plant site, fallen 121
leaves, soil leaves, soil
* High level contaminated water on the basement floor of the central
Water treatment radioactive waste processing facility, stagnant water on the basement
system floor of the High Temperature Incinerator Building 26
outlet/inlet water » Treated water (cesium absorption system, 2nd cesium absorption
system, decontamination system, multi radionuclide removal system)
2015 — - — —
Slurry * Multi radionuclide removal system slurry and/or (existing and additional 4
system)
¢ Rubble in Unit 1, 2 and 3 R/B
Rubble * Rubble collected from the temporary soil covered storage facilities 33
* Sand in Unit 1 T/B

Source: IRID/JAEA, P.2 of Attachment 3-4”Rubble sampled within the Fukushima Daiichi NPS,” Decommissioning
And contaminated water management team meeting/ secretariat meeting (the 29th) April 28, 2016.

b. Assessment and issues on action status

Characterization of solid waste is extremely important in developing processing and disposal measures.
Since FY 2015, the number of samples that can be radiologically analyzed per year has increased from about
50 samples to 70. Radiological analysis was performed on samples that were collected from only a limited
number of locations due to the high dose rates, studies on the method for collecting highly radioactive
samples have started. Knowledge on the properties of waste has been accumulating from the result of
radiological analysis conducted so far, but analytical capability (facility, technology and human resource) is
still not sufficient to conduct studies on the process and disposal management for radioactive solid wastes
and collection of the data on the radiological analysis of waste required for developing regulatory system.

For this reason, it is essential to establish radioactive-material analysis and research facilities as planned.

(2) Study on processing and disposal management

a. Action status

Measures for the processing and disposal of solid waste have been developed taking into account its
characteristics, with a focus on the applicability of the existing processing techniques and disposal

concepts.*

** IRID/JAEA, an edited version of Document 3-4 “Analysis of Rubble collected on the Site of the Fukushima
Daiichi Nuclear Power Plant,” page 2, Secretariat of the Team for Countermeasures for Decommissioning and
Contaminated Water Treatment (29th Meeting), April 28, 2016.
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On the processing technology, compilation of existing technology including conditioning focusing on the
secondary waste generated from the water treatment with few experiences for processing and basic test on
conditioning technology have been done, and evaluation of conditioning techniques including kneading
processes such as cementation and heating processes such as the melting and solidification process have
been studied. Through the survey and the test, the data needed to evaluate processing technologies, such as
the mechanical strength and chemical properties and waste contents of candidate cemented and

melt-solidified waste forms, has been obtained and developed.

In developing disposal measures, the existing disposal concepts and safety assessment methods have been
reviewed and discussed. Current disposal concept, site model and safety assessment method (e.g. scenario
and nuclide migration model) applied for radioactive solid wastes have been examined and the disposal

classification and important nuclide based on the classification have been provisionally studied.

In addition, conducting the study of sensitivity of the disposal system for nuclide migration parameter, the
impact on the nuclide migration parameter has been collated in consideration of the differences in the
properties of waste form depending on the process technologies as a study on the properties of radioactive

solid wastes affecting disposal process study.

Furthermore, including overseas disposal facilities in the scope, the issues in establishing new disposal
concept have been studied from the perspective of reasonable disposal based on the features of radioactive

solid wastes. Appendix 5.2 shows the sample of disposal facilities in Japan and abroad.

A series of these waste stream handling processes has been studied to ensure the safety and rationality of the
entire radioactive solid waste management process, from waste generation, storage and processing to
disposal, and to take an overall view of the entire process from a broader perspective and conduct R&D

b. Assessment and issues on action status

The applicability of processing techniques to radioactive solid waste has been evaluated. Solidification
techniques and information and test data necessary for characterizing waste form have been steadily
accumulated. From the perspective of safe and rational processing, it is desirable to perform sufficient survey
for technical information including the knowledge from overseas, obtain test data and collate the

requirements on the evaluation.

Important nuclides in the classification of waste into disposal categories have been studied as part of a study
on the applicability of the existing disposal methods. It is important to conduct studies toward the
establishment of new disposal concepts from the perspective of establishment of safe and rational disposal

method considering the overseas disposal method and technologies.

Based on progress of studies on the characterization, processing and disposal, it is important to conduct
necessary studies on the concept and method to narrow down the wastes stream as well as coordinating items
and priority of waste stream to be detailed. It is also important to put technical information together for
establishing basic policy of waste processing and disposal of radioactive solid waste by conducting

above-mentioned activities.
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5.4 Mid- to long-term action policies for waste management of the Fukushima Daiichi
NPS

Taking into account the international principles in Section 5.2 for ensuring the safety of radioactive waste
management and the issues identified in evaluating the current status of the activities in Section 5.3, the
following sections describe the policy for addressing issues that may significantly affect waste management
in the future, such as those require a particular focus or those being addressed but still require particular
attention, due to the necessity of implementing the entire waste management process as planned in the mid-
and long-term radioactive solid waste management strategy for the Fukushima Daiichi Nuclear Power Plant.

5.4.1. Storage
(1) Reduction of waste generation
a. Waste hierarchy

In the UK, the priority given to the measures be implemented (in order of 1. waste prevention, 2. waste
minimization, 3. reuse, 4. recycling, and 5. disposal) is shared to minimize waste generation and disposal
to reduce the environment load, and the amount of waste disposal has been successfully reduced by
implementing waste management in line with this policy. In the UK and the US, it is indicated that it is
important for the waste management department to be involved in the process of developing a plan for
decommissioning work in order to actually deploy waste hierarchy. As shown in Figure 5.4-1, approaches
for waste hierarchy have already taken. It is important to enhance the awareness for the minimization of
the radioactive waste by disseminating the concept throughout the Fukushima Daiichi in future.

Summary of the Waste Hierarchy Examples of countermeasures for
the Fukushima Daiichi NPS

Installation of vehicle maintenance area; prevention
of carrying in the packing materials; use of
construction equipment for various purposes

Waste Prevention

—— -I Waste classification, segregation etc.

Waste Minimization

Preferred
Approach e | Study on the recycle and fmetal and
_ I y ycle and reuse of metal an
Re-use Of Materials 1 concrete with extremely low surface dose rate and
If"' === disassembled pieces of flange tank.
Recycling |
Application of the volume reduction facilities
---------- (incineration system, crusher and metal cutting
Disposal machine)

(@) Concept of the waste hierarchy in UK NDA®* (b) Measures in the Fukushima Daiichi Nuclear Power Plant

Figure 5.4.1 Summary of the waste hierarchy

% Nuclear Decommissioning Authority (NDA), an edited version of the figure on page 34 of “Strategy Effective
from April 2011.”
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b. Considerations for secondary waste

To reduce the volume of waste to be stored, a volume reduction system has been installed in accordance
with the plan. If a radioactive solid waste incinerator is installed, exhaust system filters and other
consumable parts are generated from equipment as secondary waste during a certain period of operation.
Also after the end of its operating life, incinerator itself will become wastes. Therefore, if a volume
reduction system is installed, it is necessary to consider its effectiveness in reducing the volume of all

waste generated, including secondary waste, and the processing of the secondary waste.

The need for decontamination in preparing for a reduction in radiation exposure and the retrieval of debris
is expected to grow in the future. If a wet decontamination process is used for concrete surfaces,
contamination from water penetration may occur and result in an increase in the waste generated. Due to
the use of a decontamination agent, organic materials and hazardous materials that affect the barrier

performance of the disposal facility may enter the waste.

While the priority is to achieve the target decontamination factor, it is important to discuss the
decontamination techniques to be applied and the secondary waste that may be generated from
decontamination with the waste management department and to select appropriate decontamination

techniques in consideration of their effect on the disposal of radioactive solid waste.
(2) Storage
a. Storage planning

The amount of radioactive solid waste from the construction and other activities described in the mid- and
long-term roadmap was projected, and a storage management plan was developed based on the projection.
The plan is to significantly reduce the increase in radioactive solid waste by installing a volume reduction
system as the decommissioning process proceeds, and to eliminate the temporary storage area by
transporting radioactive solid waste to store in the storage facilities, thereby it is appropriate for reducing
the risk of leaking and scattering of the radioactive solid waste. Although it is important to implement the
storage plan and reduce the risk attributable to the radioactive solid wastes, the plan should be revised

flexibly according to the changes such as the progress status of the project.
b. Stabilization of stored waste

The prospect of R&D for a dehydration method to stabilize the slurry from the pretreatment system for the
multi-radionuclide removal system is in sight at the basic stage. To achieve more stable storage as soon as
possible, it is necessary to move from the R&D stage to the practical application stage. Storage
management of concentrated liquid waste, flammable gas and sludge with exothermic reaction should be
implemented with due consideration given to the physical degradation from the perspective of risk
reduction of secondary waste generated from the water treatment, and the study of a more stable form of

storage in the future should be accelerated.

c. Solid waste generated from the retrieval of fuel debris
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Once the retrieval of fuel debris starts, radioactive solid waste such as removed objects surrounding fuel
debris, materials and equipment is expected to be generated in large quantities. The radioactive solid waste
includes heavy objects with a high dose of radiation and radioactivity concentration. To retrieve fuel debris
safely, smoothly and efficiently, it is important to study the location and method of storing the fuel debris
and the removed objects surrounding it, materials and equipment, as well as the method of putting them in
storage containers including the storage containers themselves and the cutting process and transporting
them to the storage area prior to the removal. It is important to store and manage the waste generated in a

safe and stable way.

5.4.2. Processing and disposal
(1) Waste characterization
a. Radiological analysis plan

To develop specific measures for the processing and disposal of radioactive solid waste, it is extremely
important to characterize the waste by performing radiological analysis based on the characterization

analysis plan.

Radiological analysis has been carried out to characterize the waste and a lot of data has been obtained. It
is important to improve the efficiency of radiological analysis by selecting nuclides to be measured based
on an evaluation of the radiological analysis and analytic results, and by developing evaluation and

analysis methods that can be applied to a limited number of radiological analysis samples.

As the decommissioning process proceeds, the number of samples collected from locations where sample
collection was difficult and those of high radiation dose has increased, resulting in an increase in the
number of radiological analysis samples and the possibility of obtaining new knowledge. To obtain data
under these circumstances efficiently, top priority should be given to obtaining data that can contribute to
promoting the decommissioning process and developing measures for the processing and disposal of

radioactive solid waste.

In developing a plan to collect analysis samples under the radiological analysis plan, it is important to
consider the capacity of the existing radiological analysis facility and the new radioactive-material analysis
and research facilities to be built, to examine the appropriateness of the sampling locations, the sampling
method, the number of samples, the time of sampling, and other sampling conditions, and reflect the results

of the examination back into the plan, where appropriate.

A study of the method of collecting samples in areas that are difficult to access due to high dose of

radiation has started, and important to be continued.

It is important to characterize wastes generated as the decommissioning process proceeds, such as the
incinerator ash from the radioactive solid waste incinerator which went into operation in 2015, radioactive
solid waste generated during the fuel debris retrieval, secondary waste generated from decontamination, in
preparation for processing and disposal in the future. It is important to comprehensively evaluate the mid-

and long-term trends of the variations in the measurements of the radioactivity and dose rate of the waste
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which are implemented for waste storage management, with considering complement of the

characterization under the radiological analysis plan.

In developing the analysis plan, it is important to consider improving the efficiency of analysis and quality
assurance based on the progress in waste characterization. It is important to update the plan in a flexible
way as the decommissioning process proceeds and as the capacity of the radioactive-material analysis and

research facilities changes.

In addition, it is important to standardize the radiological analysis methodology improved and developed,

with disclosing them proactively.
b. Radiological analytical capability for waste characterization

The radiological analysis for characterization of waste will provide important information not only as a
foundation of a radioactive solid wastes disposal measure but also to develop plan for dismantling the
facility, measures for reducing the exposure of workers, and plans for radioactive solid wastes disposal and
storage. Radiological analysis for characterization requires advanced capabilities such as enhancing types

of samples can be analyzed, increasing number of samples, improving accuracy of radiological analysis.

To meet this requirement, it will be required to use the existing radiological analysis laboratory more
effectively, to build a new radioactive-material analysis and research facility and establish and enhance the
management system of the facilities. In establishing and enhancing the management system of them, it is
important to develop a streamlined and continuous management system and to perform radiological
analysis under the system. It is important to develop radiological analysis methodology by improving
analyzing techniques (including pretreatment techniques), developing it for difficult-to-measure nuclides,
developing it suitable for highly radioactive samples, and the standardizing of it; and to appropriately
reflect the results of the development back to the new radioactive-material analysis and research facilities
to be built and thus to improve capability of the radiological analysis. In addition, it is important to
appropriately reflect the status of improvement and development of the radiological analysis methodology
and of study on the radioactivity verification method for the waste form to the specifications and operation

method of radioactive-material analysis and research facilities.

Currently, there is a lack of personnel who may develop analysis methodology and perform the
radiological analysis. It is important to appoint and develop personnel for these tasks in the near term, as
well as to develop personnel on a continuous basis, including those who can evaluate the entire analysis

process from a broader perspective.
(2) Study on processing and disposal management

a. Processing and disposal management in accordance with the characteristics of the waste at the
Fukushima Daiichi NPS

In the current Roadmap, the basic concept of processing and disposal for radioactive solid wastes is to be
compiled in FY 2017 and the prospects of a processing/disposal method and a technology related to its

safety is to be made clear by around FY 2021 as a target.
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As for the measures for processing and disposing of radioactive solid waste, it is necessary to determine
the characteristics of the waste, such as its attributes, chemical properties and concentration of radioactive
materials, and to develop measures for disposal that take these characteristics into account, and then to
develop an appropriate processing technique based on the measures. For processing technique, it is
important to improve the necessary data to evaluate the conditioning technique. Also, utilizing the
technology with high reliability and flexibility, it is important to build information and test data on the
safety of the candidate processing technique with the aim of applying a safe and rational processing
technique and to evaluate the applicability of the processing technique and characterize the waste with the
aim of treating several types of waste with a minimum number of processing processes. In developing and
designing a treatment process, it is desirable to share tasks with R&D institutions in the appropriate way, to

examine the reliability of the processing technique by performing basic tests and engineering-scale tests.

On the disposal management, it is important to study on new disposal concept considering the
particularities such as large quantity of radioactive solid wastes generated by the decommissioning and
contamination by the radionuclide attributable to the failed fuel, and bring the R&D issues to realize the
new disposal concept into shape and deal with it while utilizing the experience and findings of disposal in
Japan and abroad.

For developing feasible waste stream and presenting its basis, it is important to refine waste stream and to
study on narrowing down the processing technique including its consolidation while reflecting the progress
made in the studies. Also it is important to continue linkage for the studies related to the characterization of

waste, and processing and disposal.

It is extremely important for the organizations involved to strengthen collaboration, conduct a

comprehensive study and give shape to the processing and disposal measures.

Based on the results of these activities, the NDF will play the central role in putting measures for

processing and disposal of waste into practice.

In addition, it will be necessary to actively provide the regulatory authorities with information related to
progress of studies so that the regulatory system on processing and disposal would be established in a

smooth manner.
b. Waste segregation and history information management

Since the amount of radioactive solid wastes is increasing due to decontamination of facilities, fuel debris
retrieval, and progress in dismantling the facilities, it is important to implement the appropriate waste
segregation for implementing safe storage and disposal in a smooth manner. Therefore, it is important to
retain and manage information on the attributes of radioactive solid waste, such as the history of waste
generation, the history of contamination, and the concentration of radioactive materials in the waste, and to

separate the waste into categories and manage it accordingly.

The information on the origin of the waste will be important when processing and disposal are actually

carried out; therefore it is useful to develop a database containing information on the properties of the
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waste, technical information on treatment and conditioning, and management information on waste
disposal.

c. Regulatory system

The current mid- and long-term roadmap states that the prospects of a processing/disposal method of
radioactive solid waste and technology related to its safety is to be made clear by around FY 2021 as a

target and the preparation for the necessary regulatory system will be studied.

To develop a regulatory system for radioactive solid waste in a smooth way, it is important to share an
understanding of the measures with the regulator body. Therefore, it is important to provide the regulatory
body with the required information on the radioactive solid waste characterization and the development of

processing and disposal measures.

In addition, it is important to share with the regulatory body the principles of radioactive waste
management described in this strategic plan, because they are related to the principles applied to the

development of a regulatory system and standards.

In the Study meeting for the regulations on the radioactive waste of Specified Nuclear Facility at Nuclear
Regulation Authority, issues related to the stable management of the radioactive solid wastes at the
Fukushima Daiichi NPS has been studied since FY 2015 bearing in mind the decommissioning work over

the long period of time.

5.5 Future actions of waste management for the decommissioning of the Fukushima
Daiichi NPS

Toward the decommissioning of the Fukushima Daiichi NPS, the necessary measures for risk reduction
and optimization of overall facility have to be carried out promptly and effectively. Safe and steady storage
of radioactive solid wastes caused by the accident is required for waste management, and it is important to

study the processing method and disposal concept from the mid- to long-term perspective.

In the basic concept of processing and disposal for radioactive solid wastes, to be compiled in FY 2017, it
is important to describe the specific direction of the resolution of the issues attributable to the features of
the wastes at the Fukushima Daiichi NPS, and its outline is aimed to be indicated in the Strategic Plan
2017.

Figure 5.5-1 shows the future actions to be taken under the Strategic Plan for waste management including
R&D activities that are in line with the principles for ensuring safety in Section 5.2 and the policy for
taking action from the mid- and long-term perspective in Section 5.4.
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2nd phase 3rd phase
Phases/FY 2014 [2015 [2016 [2017 | After 2018
(Beginning) (Middle) (End)
\ Compile \/ Confirm prospects of processing /
Key events basic concept of disposal method/safety of related

processing/disposal

technology

1. Storage of solid radioactive
waste

(1) Reduction of waste
generation

1) Minimization carry-in materials

2) Reuse etc.

3) Consideration on
secondary waste

(2) Storage

1) Storage planning

2) Storage plan for waste
generated from fuel debris
retrieval

Study on long-term storage method of secondary

waste from water treatment

“Estimate of waste volume/property” and its “storage
plan” at the time of fuel debris retrieval are extended to
the end of the Second phase. Storage facility
maintenance is planned to be started from the Third

ig retrieval

is retrieval

_ Field works

_ Technical studies for on-site construction

R&D

Figure5.5-1 Future action in the strategic plan for waste management (1/2)
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2nd phase 3rd phase
Phases/FY 2014 [2015 [2016 [2017 | After 2018
(Beginning) (Middle) (End)
 Compile \/ Confirm prospects of processing /
Key events basic concept of disposal method/safety of related

processing/disposal

technology

2. Processing and disposal of
solid radioactive waste

(1) Characterization

Establishment and revision of radiological analysis plan
1) Radiological analysis plan

Study on the sampling plan

2) Analytical capability for waste Human resources development

charagterizafion Development of radiological analysis techniques

Preparation of radiological analysis equipment

Radiological analysis of radionuclides,
understanding of chemical composition

I physical property

Development of radiological analysis
techniques for difficult-to-measure nuclides

Development of inventory evaluation
method

Development and endorsement of methodology on confirmation of waste is added as R&D.
Development is planned to be started from the 3rd phase based on IRID open information.
Radiological analysis and measurement for confirmation of waste are moved to right since they are

Improvements on accuracy of inventory estimation

Radiological analysis and measurement
for confirmation of waste

Collection of radiological analysis data using developed technologies, improvements in characterization accuracy

Development and endorsement of
methodology on confirmation of waste

supposed to be conducted after waste conditioning has started.

(2) Study
disposal management

on processing and

1) Processing and disposal

Field works
Technical studies for on-site construction

4

R&D

management applicable for the
waste in the Fukushima Daiichi

NPS Study on processing and disposal management

2) Classification and Thorough management on classification
management of information on ‘

history of waste
y Addition / update of waste information and database

Management of historical management information

Provision of information to regulator authorities

3) Regulatory system
Study on processing Technical Fundamental test for waste
investigation conditioning technology applicability
Study on applicability of waste
conditioning technology
Performance assessment / Solving
narrow down based on its results e
Study on disposal Isnasfgteydion of  Understanding of existing -
disposal concept and ne Improvement of safety assessment method
gEsEEnA safety assessment method results o Y
method
Set of |
provisional Study on disposal - :
disposal ooncyept congiden'ng Compile Study on prospective candidate of
classification  waste properties / new. results disposal concept and safety assessment
and important ~ disposal concept
nuclide
Study on waste stream Study on waste stream

Development of waste — - ‘
; ) Data addition / update and tool design  Test operation and refinement of tools
information management tool ‘

on waste conditioning technology

Study on disposal concept and improvement on reliability
of safety assessment method

Figure5.5-1 Future action in the strategic plan for waste management
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6. R&D Initiatives

6.1 Basic Policy for R&D and its overview

6.1.1 Basic policy

The decommissioning of the Fukushima Daiichi NPS involves many highly technical challenges. Through
the governmental subsidies for research projects and facilities, multiple R&D projects aimed at practical
application of technologies are being led by IRID (established August 2013), and JAEA facilitated R&D sites
and equipment. Basic/generic and applied researches are conducted by research institutes, such as JAEA, and
universities as well.

Furthermore, the NDF was reorganized in August 2014 and a statutory mission for research and development
for technologies required for decommissioning was added. To fulfill this mission, the NDF has determined a
policy for execution of the R&D for the technologies required for decommissioning (hereinafter, “R&D
duties execution policy”) to clarify approaches to R&D project planning, coordination and management.
Based on the above, the Strategic Plan 2015 presents a comprehensive R&D plan that reflects R&D agendas
derived from in the areas of fuel debris removal and waste management to strengthen the management of
R&D and boosting its effectiveness. The NDF also has been struggling with strengthening partnerships
between universities and research institutes that are conducting human resources development and
basic/generic researches, IRID (which deals with practical development), and TEPCO (which is engaged in
decommissioning work at the site) through the Decommissioning R&D Partnership Council®.

In the decommissioning of the Fukushima Daiichi NPS, there are some successes appeared in measures to
deal with contaminated water and the focal point is now gradually moving towards mid-and-long-term efforts
such as fuel debris retrieval. In order to deal with the challenges in uncharted territory, it is required to further
promote effectiveness of R&D activities, collaboration between relevant institutions, cooperation with

organizations overseas, utilization of R&D facilities, and human resources development.

6.1.2 Overview

To deal with the decommissioning of the Fukushima Daiichi NPS that involves many technically
challenges, R&D activities on a variety of fronts is being conducted by a number of organizations. Figure
6-1 shows stages of R&D activities and the leading organizations.

The roles of key organizations and details of their R&D are described as follows in Figures 6-1 to 6-5. The
NDF comprehensively reviews such R&D activities in order to promote effective and efficient R&D
approaches, and seeks the overall optimization of these activities through promoting further clarification
and adjustment of roles allocation based on their special characteristics and the expected results of the

R&D they are engaged and also through close cooperation with related organizations.

% The Team for Countermeasures for Decommissioning and Contaminated Water Treatment decided to set up at
its meeting held on May 21, 2015.
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(1) Government

To clarify and present governmental policy concerning the decommissioning of the Fukushima

Daiichi NPS through the Mid-and-Long-Term Roadmap, and as part of this effort, presents R&D

plans for highly-difficult technical challenges and provides funding to organizations engaged in

R&D activities.

- Ministry of Economy, Trade and Industry (METI): Project of Decommissioning and
Contaminated Water Management

- Ministry of Education, Culture, Sports, Science and Technology (MEXT) : Acceleration Plan
of Reactor Decommissioning R&D for the Fukushima Daiichi NPS, TEPCO

METI : Government-led R&D Project of Decommissioning
and Contaminated Water Management

Practical application

- Field needs

- Field requirements

- Regulatory
requirements

- Performance
guarantee

IRID and other research
institutes

Basic research by JAEA’s Management
Expenses Grants

Practical
development A

JAEA - Application of new

technologies

- Development of
equipmentand
devices

- Performance
demonstration

- Acquisition of safety
data

Universities/Research

i Basic research
institutes

Fundamental research
- Specificresearch

facilities/equipment
- Acquisition of basic
technology data

- Fundamental findings
- New ideas

- Human resources development
and education

MEXT : The Center of World Intelligence Project for
Nuclear S&T and Human Resource Development

Figure 6-1 Overview of R&D activities related to the Fukushima Daiichi NPS

(2) NDF
To offer guidance and advice regarding the decommissioning initiatives undertaken by TEPCO and
R&D plans of research institutes, through the presentation and implementation of the Strategic Plan,
which embodies the mid-and-long-term strategies related to the decommissioning of the Fukushima
Daiichi NPS. Also to engage in overall coordination and management through operating the
Decommissioning R&D Partnership Council to strengthen collaboration among the diverse and varied
R&D efforts being undertaken towards the decommissioning of the Fukushima Daiichi NPS.

(3) TEPCO

To engage in on-site work involving the decommissioning of the Fukushima Daiichi NPS, conducts
engineering and R&D required for those activities, and seeks such as regulatory approval.



(4) IRID
To build a cooperative and collaborative framework with research institutes and companies in Japan
and abroad through each individual project, and carries out R&D projects required for the practical
application of technologies and systems such as for the “Project of Decommissioning and
Contaminated Water Management.”

(5) JAEA
To promote basic/generic and applied researches, and promotes the establishment and management of
R&D sites. Also, through the “Collaborative Laboratories for Advanced Decommissioning Science
(CLADS),” draw knowledge together in Japan and abroad and strengthen the efforts to establish the

research center for basic/generic and applied research.

(6) Private sector/research Institutes
In addition to R&D carried out by IRID, there are many companies involved in the practical
development of technologies focusing on the decommissioning of the Fukushima Daiichi NPS (e.g.,
development of robots by various manufacturers). Furthermore, in addition to IRID and JAEA, other
R&D facilities, such as Central Research Institute of Electric Power Industry (CRIEPI), conduct
basic/generic and applied research focusing on contributing to the decommissioning of the Fukushima
Daiichi NPS.

(7) Educational institutions (e.g. universities and technical colleges.)
Educational institutions, such as universities and technical colleges, are engaged in basic and applied
research with a focus on contributing to the decommissioning of the Fukushima Daiichi NPS, and the

development of human resources through provisions of special courses or learning opportunities.

(8) Academic societies
To offer advices and to make proposals on various initiatives that considers a variety of views from an
independent standpoint concerning the decommissioning of the Fukushima Daiichi NPS. Even from
academic societies that are not related to nuclear energy;, initiatives for the decommissioning of the

Fukushima Daiichi NPS are implemented.

6.2 Management of R&D for application to decommissioning

In order to manage the continuous improvement of the effectiveness of R&D initiatives, it is important to
take a broad overview of R&D process from basic and generic studies through to applied and practical
research under the Decommissioning R&D Partnership Council, such as based on the R&D Execution
Policy as shown in Table 6-6.

Considering that the focus in the effort to decommission the Fukushima Daiichi NPS is shifting towards
mid-and-long-term efforts such as the removal of fuel debris, TEPCO, IRID, and NDF should develop
closer cooperative relationships, and review and strengthen R&D efforts being promoted such as by IRID,
that are in line with the current status of decommissioning work and have direct application at the site in

mind to enhance effectiveness. It is important for related organizations including research institutes and



universities to make a shift towards developing closer ties based on decommissioning work requirements as
well.

6.2.1. Application management for decommissioning

In regard to R&D needs that are presented in the strategic plans for fuel debris removal and waste
management, it is important to act swiftly and accurately toward the objectives to be achieved based on the
importance and difficulty of each challenge with considering the division of roles and system of
implementation among related organizations®.

It is also important to set appropriate objectives that are directly related to an achievement of the objectives
of each R&D effort in order to ensure a steady advanced. On this occasion, an R&D management
mechanism that takes an overall view of these efforts including on-site construction work and technical
considerations is needed. In case that potential R&D seeds that meet R&D requirements exist and taking an
application of them in mind, it is important to achieve full mutual coordination between R&D needs and
seeds, and to have such aspects as goals and development periods shared to further promote R&D activities
as well.

In regards to the specific management of R&D, including those which undertaken as parts of the Project of
Decommissioning and Contaminated Water Management, in addition to R&D planning in an appropriate
manner, it is necessary to periodically check the tasks and objectives to be achieved and make adjustments
if required even after the commencement of R&D activities. It is particularly important to review and check
the followings in the course of practical development efforts:

(1) R&D Project Planning Stage
a. To identify tasks from targets indicated in fuel debris retrieval and waste management objectives,
and to establish implementation plans and milestones for the approaches to resolve issues, taking
associated risks into account. Based on this plan, to set individual R&D targets and division of roles,
and have these reviewed by related institutions and those be reflected.
b.  To confirm if needs arising from on-site construction and related technical studies are fully reflected
when setting a division of roles of each R&D project.
i)  Scope of R&D (e.g. equipment/devices, systems, assessment method, and data acquisition.)
ii) Technology Readiness Level (TRL) and developmental stages based on it, criteria for
determining stage transition.
iii) Establishment of a common base of equipment and devices, optimum technical experimental
method, methodology for confirmation and endorsement of safety evaluation technologies, etc by
third parties.

%" Related organizations are expected to undertake the following efforts:

METI: To continue to improve effectiveness of R&D, and to ensure the continued availability of resources.
MEXT: To develop work that addresses the needs derived from decommissioning work, such as the Acceleration
Program of Reactor Decommissioning R&D.

JAEA: To conduct research that addresses the needs derived from decommissioning work and to ensure
resources required for ongoing research.

Universities/Research Institutes: To actively participate in research related to decommissioning of the Fukushima
Daiichi NPS.



c. To study a feasibility of each R&D project and to identify risks and alternative solutions if needed.

d. To create interface control documents (documents on information transmitted) across R&D projects.

(2) Implementation stage after startup of R&D projects
a.  To periodically monitor achievement and challenges of each R&D project, site conditions, needs at
every milestone, and to conduct expert review on transition to the next stage.
b. In case of critical issues are identified above, to determine if each R&D objective is required to be
changed based on “Common objectives” (the relationship between R&D projects needs to be
considered as well). To reconsider based on “Common objectives” if there could be an impact on

the objectives.

(3) Stage where R&D results started to appear

a. To confirm and review the validity of research results considering the latest situation of the
decommissioning site, and identify/specify problems.

b. Through evaluation by relevant institutions and the activities such as of the Decommissioning R&D
Partnership Council to identify R&D needs that need to be given priority and reflect these in the
next strategic plan.

c. Based on the above, to present the direction for each R&D project and reflect this in the research.

6.2.2 Comprehensive approach for R&D

In addition to practical development of which the necessity is clear, it is required to study technical
development that is considered to be required in future. For example, fuel debris retrieval should be promoted
as follows.

For "Determination of fuel debris retrieval policies for each unit " (summer of FY2017) and " Determination
of fuel debris retrieval methods for the first implementing unit" (FY2018), it is important to continuously
monitor progress and achievements of the "Project of Upgrading Approach and System for Retrieval of Fuel
Debris and Internal Structures™ carried out in the "Project of Decommissioning and Contaminated Water
Management." As a part of this, it is important to determine further R&D needs and respond in an agile
manner to critical issues regarding access to fuel debris, containment of radioactive material, and
minimization of exposure, or have requirements reflected in new R&D initiatives.

In addition, through broadening perspectives to include technology development challenges from a strategic
point of view and comprehensively searches for and collects basic and generic technology that is considered
to be required in future, it is important to develop strategies for basic/generic studies through to applied and

practical research based on an overall perspective.”

6.2.3  Utilization of knowledge overseas

The countries, such as United States, the United Kingdom and France have an abundant knowledge and
experiences through their activities of decommissioning and environmental reclamation of nuclear facilities
including Nuclear Power Plants. It is considered that expertise and experience from such countries either

directly or indirectly should be useful for the decommissioning of the Fukushima Daiichi NPS. Therefore,



relevant domestic institutions are proactively promoting cooperation between overseas bodies in such as an
advancement of internal PCV condition analysis using accident codes (OECD/NEA BSAF). It is important
to continue to actively incorporate knowledge gained from overseas according to the needs derived from

the decommissioning work. (Refer to Table 6-7)

6.3 Strengthening research cooperation

The Decommissioning R&D Partnership Council has been set up in the NDF, and that strengthened efforts
to reflect the results and knowledge obtained through basic and generic research on decommissioning
technologies to decommissioning work and development works. (Refer to Figure 6-2)

Team leader: Minister of Economy,
The Team for Countermeasures for Decommissioning and Trade and Industry
Contaminated Water Treatment Chief of Secretariat: State Minister
of Economy, Trade and Industry
Report *
| NDF |

Decommissioning R&D Partnership Council To be held 2-3
times a year

Integrated management from basic research to practical application

A
r \l [
Basic Generic Practical Practical
research research development application Actual
. . ______) | decommissioning
NN — works
Universities/research institutes IRID etc. _
JAEA = TEPCO

Figure 6-2 Functions of the Decommissioning R&D Partnership Council

The main roles of the Decommissioning R&D Partnership Council include as follows:
Sharing information on R&D needs at each institution.
Sharing information on promising R&D seeds.
Coordinating R&D based on needs from decommissioning work.
Promoting cooperation in R&D between each institution.

Promoting cooperation in human resource development of each institution.

The council provides opportunities for discussion to promote communication between all parties, by
integrating the efforts that had been undertaken independently by industries, universities, and academic
society to date, and also by facilitating a share of the information about decommissioning work needs,
situations of research institutes, and outcomes and knowledges gained from researches undertaken by
research institutes and universities according to each specialized field between researchers of research
institutes and universities and stakeholders those who directly engaged in decommissioning efforts.

Through these activities, the diverse results of R&D efforts are expected to be applied to actual



decommissioning work.

The Decommissioning R&D Partnership Council has agreed with the “Basic Policy on Strengthening R&D
Cooperation” and the “Direction of Future Efforts” policy initiatives, as outlined in Table 6-8.

6.3.1. Mutual sharing of information on R&D needs, seeds and infrastructure construction

In order to strengthen cooperation in R&D, through basic, applied research to practical development, it is
important to offer and share information such as regarding R&D seeds held by related parties, R&D needs,
and decommissioning work needs. With regards to the information sharing in basic and generic research
areas, JAEA established the Collaborative Laboratories for Advanced Decommissioning Science (CLADS)
in April 2015. It aims to promote exchanges such as between personnel of domestic and international
universities, research institutes, and industry, and to promote R&D and human resource development in an
integrated manner by industry, academia, and government. In addition to the existing works of the Atomic
Energy Society of Japan (AESJ) to strengthen partnerships with academic societies in various fields, it
launched the Liaison Network of Academic Societies Contributing to Revitalization of Fukushima and
Promotion of Decommissioning (with 33 participating organizations) in December 2015 to foster an even
wider range of partnerships (see Table 6-9). It is important that the relevant institutions make full use of

such opportunity to offer and share information.

6.3.1.1 Development of integrated information platform
Through cooperation with relevant organizations, the NDF has launched a web-based portal site (first version)
that offers an access to R&D-related information on from R&D seeds, decommissioning work requirements,
basic and generic research, through to applied and practical research. Not only being as a platform for offering
and sharing information, following contents must be integrated and uploaded so that the portal can strengthen
two-way cooperation, including the creation of match-ups of needs and seeds, and contribute to the greater
participation of researchers from a wider field, such as from academia which had been less likely to be involved
in the decommissioning of the Fukushima Daiichi NPS.

On-site challenges and R&D efforts

R&D results (e.g. photographs/video of actual field demonstrations at the Fukushima Daiichi NPS)

Relevant R&D efforts (e.g. basic and generic research)

Relevant data/environmental conditions at the site

6.3.2. Strengthening mutual cooperation and increasing participation of researchers from a wider
field

In order to apply a variety of R&D outcomes at the decommissioning site, on-site decommissioning needs

should to be matched with R&D seeds owned by universities and research institutes. However, as TEPCO

that is supposed to know the needs derived from decommissioning work has to put precedence on dealing

with on-site issues, R&D needs that sees beyond the mid-and-long-term tends to be hard to be sufficiently

collated. Meanwhile, research institutes and universities find it difficult to fully comprehend



decommissioning needs by themselves. Even if research institutes and universities have good technology or
potential, R&D projects for visible R&D needs are already underway mostly led by reactor manufacturers
that are familiar to the decommissioning sites, so it is difficult for them to join into these ongoing projects.
Additionally, there are few channels for them to propose technologies or their potential.

To clear such situation, it is critically important to search for R&D seeds that meet R&D needs, and seek out
R&D seeds that are missed in order to meet R&D needs through initiatives undertaken by the
Decommissioning R&D Partnership Council, and visualize efforts that are required to meet
decommissioning work needs in order to effectively utilize R&D resources. It is important to accurately

incorporate these required efforts based on their TRL into the activities of relevant institutions.

6.3.2.1 Mutual ooperation functioning as tangible and effective bridge

As decommissioning work needs are not always the same as R&D needs, they do not simply correspond to
the R&D seeds held by researchers. Furthermore, decommissioning needs are based on the situation of the
site and the status of related R&D at the in time. Therefore, it is important to pick out “appropriate R&D
needs” from decommissioning work needs prior to searching for R&D seeds. In addition, in order to search
for and to pick out basic and generic technologies that would be required in the future from a wide area, it is
needed to have efforts to grasp an overall image of the challenges associated with the decommissioning of the
Fukushima Daiichi NPS.

To promote the search for R&D seeds among the selected R&D needs, it is essential to understand a greater
range of R&D seeds, and it is also important to actively provide easily understandable information to
researchers who are engaged in R&D basic and generic technologies in universities and other institutes in
home and overseas including information that would elicit their interest in the decommissioning of the
Fukushima NPS. In addition to providing opportunities to make actual matching, it is needed to provide
information to researchers who have potential and have interests in the technology for which there is a clear
need through the “Information Portal for the R&D for the Fukushima Daiichi Decommissioning” and the
Platform of Basic Research for Decommissioning set up by JAEA as a consultative body to promote basic
and generic research for decommissioning, and to encourage their participation in R&D related to the
decommissioning of the Fukushima Daiichi NPS as well.

Taking these efforts into account, a task force has been established to identify additional R&D needs for the
decommissioning of the Fukushima Daiichi NPS that should be addressed strategically and in a prioritized
manner, to prioritize issues with matching R&D needs and seeds, and also to accurately deploy R&D at
relevant institutions based on TRLs and so on. The NDF and JAEA will lead efforts that continue to actively
promote activities of the taskforce and the Platform with cooperation with TEPCO and other related
institutions.

6.3.3. Development of R&D centers

It is important to construct a framework that brings together human resources from varied fields with
different roles and levels of expertise referencing the types of functions required of an open innovation hub to

accomplish research efficiently and effectively in the course of developing and operating R&D centers.



Furthermore, basic and generic research, and the development of human resources should also be undertaken
in an integrated manner, working closely such as with universities.

In addition to cooperating with efforts concerning the revitalization of Fukushima and surrounding areas and
R&D center projects (e.g. environmental recovery, health management, regional economic development), it
is important to consider activities being undertaken at existing facilities (e.g. academic research on debris
from Three Mile Island (TMI) at JAEA Tokai and the Oarai Research and Development Center, sharing
workload or providing a backup system related to the decommissioning of the Fukushima Daiichi NPS). The
status of development of R&D centers is shown in Table 6-10. Also, the functions of mockup test facility of
JAEA, Radioactive Material Analysis and Research Facility and Collaborative Laboratories for Advanced

Decommissioning Science are as follows.

Mockup test facilities - Afacility to conduct development/demonstration of remote control
(“Naraha Remote Technology equipment/devices

Development Center”) = Simulating the work environment in the building of the Fukushima
-Research management building Daiichi NPS by using mockup facility, virtual reality and robotics
-Test building simulator.

Demonstration test of equipment required for decommissioning work
by using the mockup and training for workers using virtual reality
system and so on.

Radioactive Material Analysisand | = Analysis facility for radioactive wastes, fuel debris, etc.

Research Facility = Installed analysis devices to obtain data that can contribute to the
(“Okuma Analysis and Research appropriate processing of radioactive waste.

Center”) - Installed equipment that can obtain basic data of fuel debris, which
-Facilities administration building are high level radioactive waste.

-Building No. 1

-Building No. 2

Collaborative Laboratories for = Promotes R&D and human resource development in comprehensive
Advanced Decommissioning manner while establishing a network that facilitates the

Science (CLADS) communication among universities, research institutes, and industry
-International Collaborative of multiple fields in Japan and abroad and the nuclear industry.
Research Building - R&D for characterization, storage, processing and disposal of

radioactive wastes.

R&D for characterization, handling, analysis, etc. of fuel debris
R&D for clarification of chemical and migration behavior of
substances inside the reactor

Inspections of fuel debris and R&D for the visualization of the
radiation

6.3.4. Development and recruitment of human resources

In regard to development and recruitment of human resources required to continue the decommissioning of
the Fukushima Daiichi NPS over the long term, it is important to specify models of human resources required
and priority technical fields in which training should be focused, taking an overall view of the entire
decommissioning process in the date ahead and human resources involved in it into account.

Meanwhile, efforts of the nuclear power industry as a whole are also required in order to recruit necessary

human resources continuously. In addition to industry and educational institutions cooperatively promoting



activities that makes students deepen their understandings on nuclear industry and conveying attractiveness
of nuclear energy industry to students continuously, it is important to show paths of researchers and
technicians to success in the process of decommissioning of the Fukushima Daiichi NPS, such as conveying
the “attractiveness” of the decommissioning of the Fukushima Daiichi NPS that is extremely high-level
technical challenges never seen or presenting diverse clear career paths that researchers and engineers can

play an active part in.

Relevant institutions are currently engaged in the following human resource development efforts based on their
standpoints respectively. It is important to effectively and efficiently continue to make the relevant institutions to

cooperate with each other as well.
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MEXT

In addition to strongly promoting the cooperation in tackling the 7 projects adopted in

FY2014/FY2015 through the Platform of Basic Research for Decommissioning, promotes

initiatives that contributes to human resource development (see Table 6-11 and 6-12 for details).

a. In FY2014, three projects by three institutions, including Tohoku University (Theme: Basic
research and core human development program on maintaining the reliability of plant
facilities including PCV and buildings, and treatment and disposal of nuclear fuel debris for
the accidental nuclear power plant decommissioning) were adopted.

b. In addition to three institutions selected in FY2014, additional four projects by four
institutes were adopted such as the one by the University of Fukui (Theme: Research and
human resource development for analysis of fuel debris and decommissioning technology of
Fukushima Daiichi nuclear power plants).

c. New initiatives are being considered in order to contribute to human resources development,
including holding a Creative robot contest for decommissioning to have young students get
interested in decommissioning work (National Institute of Technology, Fukushima College).

TEPCO

Promotes education and human resources development through deepening understandings of
situation of the Fukushima Daiichi NPS and decommissioning work.

a. Field tours

b. Internships

c. Dispatching lecturers to universities and technical colleges

d. Participation in various conferences

JAEA

In order to strengthen its function on mid-and-long-term human resource development,
establishes collaborative lectures in conjunction with institutions adopted such as in the
MEXT’s “Human Resource Development and Research Program for Decommissioning of the
Fukushima Daiichi NPS,” and integrates different field analysis technology and implements
human resources development initiatives. In addition, using cross-appointment system to bring
a diverse range of human resources together.

Promotes human resource development through practical training during summer vacation,
involvement in research from a few months to one year, and programs to accept students.

IRID

Contributes to the securing of human resources and their development through offering
information related to the R&D projects of the decommissioning of the Fukushima Daiichi NPS
and through joint research initiatives, etc.
a. Collaborations with MEXT’s human resource development programs (cooperation for
workshops)
b. Holding workshops in conjunction with universities (sharing status of R&D efforts of each,
discussions on particular themes)
c. Lectures/exhibitions at events
d. Dispatching lecturers (to universities, technical colleges, etc.)

Hitachi-GE
Nuclear Energy /
Toshiba /
Mitsubishi Heavy
Industries

As a measure to deal with the decline in public acceptance of atomic energy due to the
accident at the Fukushima Daiichi NPS and accompanying drop in students aspiring to enter the
nuclear power industry, develops various activities for maintaining and expanding humbers
across the nuclear power industry as a whole (For details, refer to Table 6-13).

a. Activities through the network for development of human resources in nuclear power field
such as the “Nuclear Dojo” (Nuclear energy education in Japan and abroad in collaboration
with 16 universities in Japan).

b. Activities through the Atomic Energy Society of Japan (AESJ) such as participating in the
Young Researcher's Meeting.

c. External PA/educational support activities such as dispatching lecturers to universities, etc.

CRIEPI

In addition to develop younger researchers through a variety of researches such as the one
focused on the treatment of contaminated/sea water, the Permeable Reactive Barrier, and so on
outlined in Table 6-5, takes charge of MEXT's “Human Resource Development and Research
Program for Decommissioning of the Fukushima Daiichi NPS” entrusted by the Japanese
Geotechnical Society as a society activity.
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Applied research of particle physics and the decommissioning of the Fukushima Daiichi NPS

The muon36 was firstly observed in cosmic radiation37 by Carl D. Anderson and Seth Neddermeyer
in 1936.

The muon is the most common charged particle on the Earth's surface among secondary cosmic
radiation that is generated by a hit of atmosphere by cosmic radiation.

Muons have a 207 times higher mass of an electron, have relatively lower energy loss in matter, and
are much more deeply penetrating than electrons. While muons are constantly passing through every
matter on the Earth due to this fact, they are totally harmless. The vertical muon flux is about 1 muon
penetrates an area of 1 cm2 per minute. That means millions of muon particles are passing through a
human body over one night.

Taking advantage of greater penetrating ability of the cosmic muons, many researchers have
attempted to experiment with radiography38 of massive objects. In the 1960s, Luis W. Alvarez of the
University of California, Berkeley used muons to search for possible hidden chambers in the Pyramid
of Khafre in Egypt. More recently, a joingt research team of the Earthquake Research Institute of the
University of Tokyo and the High Energy Accelerator Research Organization (commonly known as
“KEK”) successfully analyzed changes in density of the volcanic interior before and after eruptions of
Mt. Asama (in Nagano Prefecture, Japan) with muon radiography (“Muography”) in 2009.

This shows that the internal structure of objects, such as pyramids or volcanoes, can be investigated
by printing tracks (of intensity and direction) of muons that passed through the target object onto
photographic plates and reconfiguring the density distribution in the object. Because the horizontal
incident energy of muons (i.e. penetrating power) is larger than the vertical one, they are more suitable
for examining taller structures like pyramids.

Having learned that muon tomography techniques are likely to be applicable to the investigation into
the inside of the damaged reactors at the Fukushima Dai-ichi nuclear power station (NPS), KEK in
April 2011, shortly after the nuclear accident at the site, proposed TEPCO (Tokyo Electric Power Co.,
Inc.) to perform examination, with a simple equipment installed onsite near the reactor buildings to
evaluate the applicability of such techniques. TEPCO agreed to carry out the examinations as long as
the onsite decommissioning work would not be affected, considering the growing demand for
capturing the status inside the reactors.

Based on the findings from TEPCO’s examiniations, KEK made improvements and upgrades for
accuracy to the equipment and conducted a demonstration test between 2013 and early 2014 at the
Tokai Daini Power Station of the Japan Atomic Power Company to provide muon imaging of nuclear
fuels inside a reactor.

Later, the IRID in Japan and KEK, working together as a part of government aided projects, set out to
develop a new muon tomography method intended for a demonstration test at Unit 1 of the
Fukushima Daiichi NPS. Based on the relevant data obtained from the test conducted in January 2015,
the damaged inside of Unit 1 was successfully imaged.

(36) The muon, with an electric charge of —1 e equal to the elementary charge and a spin of 122, has a
static mass of 105.6 MeV/C2 (about 206.7 times of an electron) and a mean lifetime of 2.2x10-6 sec.
(37) High energy cosmic rays, which are mostly generated and emitted by a supernova explosion and
then undergo disturbance due to magnetic fields while they propagate in interstellar space, arrive at
the Earth's surface isotopically in both vertical and horizontal directions.

(38) A type of non-destructive imaging inspection method that allows radiation to pass through a
target object irradiated to be printed onto films for visualization, in order to see what it's like inside
the object.

Reference: http://www.eri.u-tokyo.ac.jp/koho/press/asama2009/
https://ja.wikipedia.org/wiki/%E3%83%9F%E3%83%A%%E3%83%BC%E7%B2%92%E5%AD%9
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Table 6-1. METI

- Measures for decommissioning of the reactor and treatment of the contaminated water (R&D)

Title

Obijectives and contents

R&D for an understanding of the quantity, locations and properties of fuel debris and the distribution of fission products

(FPs)

Upgrading level of
comprehensive condition
analysis (Fig. 6-3)

To contribute to checking of the plant’s stability and the determination of fuel debris
retrieval policies and methods, comprehensive analyses and assessments shall be
carried out to precisely grasp the situation of debris and fission products inside the
reactor.

Development of technology
for analysis of debris
properties (Fig. 6-4)

To contribute to comprehensive analyses and assessments of situation inside the
reactor, determination of methods for retrieval from inside the reactor and development
of technologies for packing, transferring and storing fuel debris, the properties of fuel
debris will be analyzed and assessed. Furthermore, mock debris will be used for
experiments, and technologies necessary to analyze and measure actual debris to be
retrieved will be developed.

Development of technology
for PCV internal survey
(Fig. 6-5)

To contribute to determination of fuel debris retrieval policies, equipment for
investigating and detecting fuel debris locations and its spread and for checking the
situation inside and outside the pedestal shall be developed and tested. Furthermore,
remote devices for more detailed visual inspection will be developed to establish fuel
debris retrieval methods.

Development of technology
for RPV internal survey
(Fig. 6-6)

To contribute to establishment of methods for fuel debris retrieval, investigative
technologies utilizing remote devices for getting a good grasp of the debris situation
inside the RPVs shall be developed.

20

&D for fuel debris retrieval methods

Upgrading approach and
system for retrieval of fuel
debris and Internal structures
(Fig. 6-7)

To contribute to the establishment of fuel debris retrieval policies and methods, the
development of the technologies and system for retrieving fuel debris and structure
inside the reactor will be carried out. Submersion and partial submersion methods as
well as retrieval from top and from side will be studied.

Development of
fundamental technologies
for retrieval of fuel debris
and internal structures (Fig.
6-8)

To contribute to assessment of the feasibility of retrieval technologies for fuel debris
and structures inside the reactor, element tests shall be carried out on the relevant
devices. Submersion and partial submersion technologies as well as retrieval from
above and from the sides will be tested.

Py

&D for ensuring safety during fuel debris retrieval work

Development of corrosion
inhibition technology for
RPV/PCV (Fig. 6-9)

To contribute to determination of fuel debris retrieval policies, the applicability of
structural material corrosion preventing measures for the RPVs and PCVs, into which
seawater was once injected, shall be assessed.

Development and
management of evaluation

To contribute to deciding on fuel debris retrieval policies, safety scenarios in case of a
large-scale earthquake shall be established for important equipment inside RPVs and

method of RPV/PCV PCVs and technologies for assessing measures for preventing and mitigating its impact
seismic performance/impact | will be developed.
(Fig. 6-10)

Development of Criticality
Control Technologies of
Fuel Debris (Fig. 6-11)

To contribute to checking plant stability and determining fuel debris retrieval policies
and methods, criticality assessment technologies shall be established. At the same time,
with multiple technologies for retrieving fuel debris in mind, criticality control
technologies such as a criticality detection technology and a criticality prevention
technology using neutron absorber shall be developed.

Development of repair
technology for PCV leak
locations (Fig. 6-12)

To contribute to determination of fuel debris retrieval policies and methods and in
terms of radioactive material scatter and expansion prevention, a feature for confining
water inside the PCVs for the purpose of radiation shielding and cooling will be
established and a technology for repairing leaking parts to maintain stable confinement
function will be developed. These shall be verified for their applicability to actual
equipment.

Full-scale test of repair
technology for PCV leak
locations (Fig. 6-13)

To contribute to determination of fuel debris retrieval policies and methods, a full-scale
test shall be implemented to check the validity of a developed technology for repairing
bottom part of PCV.
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R&D for stable storage of fuel debris after its packing and transfer

Development of fuel debris
packing/transfer/storage
technology (Fig. 6-14)

To contribute to determination of fuel debris retrieval policies and methods, a system
will be developed that can safely and reliably pack, transfer and store retrieved fuel
debris.

20

&D for studying waste storage,

processing and disposal measures

R&D for solid waste
processing and disposal (Fig.
6-15 and 6-16)

To smoothly promoting decommissioning activities, a set of feasible waste
management and handling methods covering waste generation, storage, processing and
disposal shall be presented with substantial reasons. For this, the properties of
radioactive waste will be analyzed and assessed. As for difficult-to-measure nuclides,
their analytical methods shall be developed. In addition, measures for integrity for
long-term storage of post-water-process secondary waste shall be laid out.
Characteristics of wastes shall be taken into account, and safe disposal concepts and
their preconditions shall be clarified.

20

&D for fuel stored in spent fuel

pools

Assessment of long-term
integrity of fuel assemblies
retrieved from SFP (Fig.
6-17)

Integrity assessments shall be performed for fuel assemblies affected by hydrogen
explosion and seawater injection and retrieved from spent fuel pools in a shared pool
and dry storage facility for the long-term safe storage.
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Figure 6-3 Upgrading level of comprehensive condition analysis
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Figure 6-4 Development of technology for PCV internal survey
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Figure 6-5 Development of technology for PCV internal survey
. . 2nd Phase (up to the commencement of fuel debris retrieval)
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Figure 6-6 Development of technology for RPV internal survey
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Topics / Fiscal year

2nd Phase (up to the commencement of fuel debris retrieval)
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Figure 6-7 Upgrading approach and system for retrieval of fuel debris and internal structures
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Figure 6-8 Development of fundamental technologies for retrieval of fuel debris and internal structures
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Topics { Fiscal year

2nd Phase (up to the commencement of fuel debris retrieval)

2013 | 2014| 2015 | 2016 2017 After 2018
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the Roadmap
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Figure 6-9 Development of corrosion inhibition technology for RPV/PCV
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Figure 6-10 Development and management of evaluation method of RPV/PCV seismic performance/impact
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Topics { Fiscal year

2nd Phase (up to the commencement of fuel debris retrieval)

2013|2014|2015| 2016 2017 After 2018
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Figure 6-11 Development of fuel debris criticality control technologies
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gure 6-12 Development of repair technology for PCV leak locations
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Topics / Fiscal year

2nd Phase (up to the commencement of fuel debris retrieval)

2013 | 2014‘ 2015| 2016 2017 |Aﬂer 2018
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Figure 6-13 Full-scale test of repair technology for PCV leak locations
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Figure 6-14 Development of fuel debris packing/transfer/storage technology
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Figure 6-15 R&D for solid waste processing and disposal
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Figure 6-16 R&D for solid waste processing and disposal
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Topics / Fiscal year

2nd Phase (up to the commencement of fuel debris retrieval)
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Figure 6-17 Assessment of long-term integrity of fuel assemblies retrieved from SFP
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Table 6-2 MEXT

Acceleration Program for Reactor Decommissioning R&D (Domestic research) — Projects adopted for FY 2015

Core institutes Tasks

Theme 1 Research on fuel debris retrieval

Tokyo Institute of Accessibility for removal of fuel debris in BWR plant after severe accident
Technology
Hokkaido University Development of a high efficiency multi-nuclide aerosol filters for radiation

protection during a process of cutting core debris

JAEA Advanced study on remote and in-situ elemental analysis of molten fuel debris

in damaged core by innovative optical spectroscopy

Theme 2 Research on environment countermeasures including those against waste

Shinshu University Decontamination of radiation-tainted water with newly-designed metal oxide

nanomaterials

JAEA Study on evaluation of radionuclides inventory on the 1F site based on the

behavior observed in the environment off the 1F site

Table 6-3. MEXT Acceleration Program for Reactor Decommissioning R&D
(Joint Research between Japan and the UK) — Projects adopted in FY 2015

o Institutes representing
Core institutes Tasks
the U.K.

Theme 1 Research on fuel debris retrieval

Nagaoka University Lancaster University Technology development to evaluate dose rate
of Technology distribution in PCV and to search for fuel debris

submerged in water

Tokyo Institute of University of Bristol An ultrasonic measurement system and its robotic
Technology deployment into vessels for the combined assessment

of debris condition and water leakage

Theme 2 Research on environment countermeasures including those against waste

Kyushu University University of Sheffield Advanced Waste Management Strategies for High
Dose Spent Adsorbents
JAEA University of Sheffield Development of solidification techniques with

minimised water content for safe storage and disposal

of secondary radioactive aqueous wastes in Fukushima
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Table 6-4 Activities by JAEA

Area of research

Research subject

Processing and
disposal of waste

Since there are various types of radioactive wastes generated by the accident and their properties are
unknown, appropriateness of disposal technologies to be applied and safety during disposal contain
uncertainties. For this reason, in addition to developing the technologies related to the current
processing and disposal, more advanced and reasonable technology are being developed for
processing and disposal in order to minimize uncertainty.

- Technical development related to improvement of reliability of safety assessment of disposal

- Technical development for the improvement of artificial barriers

= Technical development for the improvement of waste packages

- Development of a method for analyzing difficult-to-measure radionuclides

- Assessment of integrity of the container of spent absorption tower of cesium absorption system

Development of safe technology for storing post-accident waste

- A study for disposal according to properties

- A study for a new disposal concept

Fuel debris For fuel debris retrieval, it is needed to recognize conditions of distribution and attachment of fuel
handling and debris inside the reactor and radioactive materials, their mechanical, chemical and thermal properties
analysis and radiation exposure during retrieval process. For this reason, R&D related to characterization and

developments of analysis/measurement technology are underway.
-Development of an in-situ analytical probe inside the reactor using radiation-proof optical fiber
-Development of a remote spectral analysis technology using an element-isotope quantitative
analysis laser
- Development of X-ray surface analysis technology
- Assessment of properties of debris inside the reactor
-Development of debris analysis technology
-Development of a technology for assessing dose distribution inside the reactor
-Development of a rational accounting (measuring control) technology applicable to fuel debris
- Development of a technology for heat generation and cooling of fuel debris

Assessment of
accident
progression

Assessment using severe accident analysis code, improvement of accuracy of accident progression
scenario analysis requires detailed analysis and experimental data on various kinds of phenomena
and behavior in the course of accident. For this reason, analyses and experiments required to conduct
evaluation of failure behavior of structural materials and thermal flow behavior.

- Evaluation of failure behavior of structural materials

- Evaluation of thermal flow behavior

-Evaluation of chemical behavior of FP nuclides

- Evaluation of migration behavior of reactor core materials

Remote control
technology

Virtual reality training system to improve standard test method for disaster response robot, control
technology for remotely controlled device and robot simulator utilized for development and
modification of robot are being developed and maintained to improve utilization of Naraha Remote
Technology Development Center. Also, R&D on inspection of fuel debris inside the reactor and
improvement of safety for decommissioning work and visualization of the radiation to improve
efficiency is underway.
-Development of standard test method to disaster recovery robot
= Technical development to improve accuracy of virtual reality system
- Development of a robot simulator
-Development of a gamma ray imaging technology
-Development of a technology to measure gamma-ray and neutron ray under high-dose radiation
environment
-Development of a SLAM technology for recognizing work environment and a highly permeable
underwater laser measurement technology
- Development of a technology for establishing environmental structure models based on
remote-sensing data and development of a system for storing and maintaining spatial-temporal
data
-Development of a technology for utilizing spatial-temporal data by combining virtual reality
interface and robot simulator
-Development of a technology for the 3D visualization of radiation source distribution
-Development of a contamination source analysis and estimation technologies based on inverse
estimation on the basis of monitoring data
- Development of an impact and risk assessment technology by collecting, integrating and
analyzing monitoring data
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Table 6-5 Efforts by CRIEPI

Research subject

Area of research

Contaminated water/ seawater treatment and

permeable reactive barrier

- Nuclear chemistry and water chemistry
- Groundwater flow and diffusion

- Groundwater organisms

- Geological condition

Assessment of diffusion and impact on the

environment

- Atmospheric diffusion
- Marine diffusion
- Bioaccumulation

Assessment of fuel debris properties and
development of accounting and control

technologies

Reactor physics and fuel

Material integrity assessment (pipe corrosion)

Material corrosion and water chemistry

Accident analysis code (BSAF Phase-2)

Thermal hydraulics

Waste management

(processing and inventory assessments)

- Nuclear chemistry
- Waste disposal
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Table 6-6 "R&D duties execution policy" and issues to be focused for the R&D project management

No.1 Basic policy on the operations of the NDF regarding the R&D for the technologies required for appropriate and

steady decommissioning

1 Implementation of the operations aiming at the practical application

(1) Multi-layered approach

In order to deal with the highly uncertain Additional issues to be focused on

situation with a number of - (1) Develop multi-layered approach for the investigations and

unknown factors in the site conditions, take a access into the reactor and the fuel debris.

multi-layered approach taking the risk

assessment results into account as well.

(2) Prioritization of objectives and flexible review considering on-site needs

Determine the order of priority of the Additional issues to be focused on

objectives based on the short-term and mid- [ (1) Before starting the R&D project, establish objectives to be

to long-term needs and issues of the site and achieved and the order of priority considering site needs,

develop an R&D plan. In addition, review and share the objectives among the relevant organizations.

the objectives flexibly based on the Take note of the highly uncertain situation as well.

feedbacks such as the latest findings or the (2) Since the needs for R&D will change according to the

knowledge obtained from the actual latest site conditions, it is important to flexibly and

decommissioning process. promptly review the objectives and the order of priority.
Therefore, it is important to periodically follow the
progress of R&D as well as to arrange venues to confirm
the necessity of reviewing the issues to be addressed or the
objectives to be achieved.

(3) Realization of efficient R&D

By conducting efficient R&D and Additional issues to be focused on

appropriate division of roles, eliminate (1) Considering the target for the fuel debris retrieval from

unnecessary work and achieve results so that Units 1-3, it is important to promote efficient R&D of

the developed technologies can be applied in technologies and systems applied commonly for all plants.

the decommissioning process. In specific, considering the operation and maintenance of
equipment and devices to be required over a long-term,
use of common parts and interface and modularization will
be important as well.

(2) Also, it is necessary to establish the procedures of
performance  evaluation  for  development and
demonstration of equipment and devices, to clarify the
required mock-up test, possible training model for
operators and concept for on-site demonstration and to
carry them out properly.

(4) Approaches contributing to the establishment of the standards
In order to carry out proper and steady Additional issues to be focused on
decommissioning of the damaged reactors, it [ (1) The standards for maintenance and operation of equipment
is important to ensure the safety and and facilities and for ensuring the work safety at the
reliability ~ of the newly developed Fukushima Daiichi NPS, which are the Specified Nuclear
technologies and to establish the standards Facilities, must be established by the site licenser, TEPCO,
necessary for actual application of the and it is necessary to carry out the operation and works in
technologies in a timely manner. To realize accordance with those standards. It is important to develop
this, clarify the concept on the standards equipment and devices and the safety assessment method
which will be necessary in the future that will contribute to the establishment and application of
decommissioning process of the damaged these standards.
reactors, and carry out necessary activities | (2) Methods of confirmation and endorsement by a third party
for technical R&D that will serve the should be considered for development of the safety
establishment of new standards. assessment method.

2 Approaches focusing on ensuring the safety
(1) Prevention of high risk event
In order to prevent risks such as recriticality, Additional issues to be focused on
leakage of highly contaminated water, (1) At the time of establishment of R&D issues and
re-dispersion of radioactive materials in the objectives, it should be arranged so that it will not lead to
actual decommissioning and contaminated an event of high risk and priorities should be given to
water management, assess these risks studies on activities which will contribute to risk
appropriately in the R&D planning to reduction.
minimize them.
(2) Risk reduction of exposure to the workers
Establish a plan for R&D so as to reduce Additional issues to be focused on
exposure risk involved in the operation, | (1) Prioritize the measures to reduce risks of exposures, such
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considering the safety for the workers for
actual decommissioning and contaminated
water management as well as for the workers
to implement R&D.

as decontamination of radioactive materials and dose
reduction and formulate and implement a plan considering
the safety of workers as much as possible when
conducting on-site demonstration for equipment and
devices.

3 Implementation of appropriate management (coordination and control)

Establish a close cooperation among the Japanese
and international organizations, such as the
decommissioning licenser and R&D
implementing organizations, and act as a
coordinator in the field of R&D. Determine
appropriate division of roles among the
decommissioning licenser and R&D
implementing organizations including JAEA, and
a competitive relationship may be established as
necessary.

Additional issues to be focused on

(1) Effective and efficient methods and measures should be
introduced to manage a number of various R&D projects
integrally, and an appropriate system should be established
as well.

(2) For sharing and dissemination of information with the
other R&D projects and technical studies on the site
construction works by TEPCO, it is especially important
to have a documentation system to ensure dissemination of
information.

4 Gathering knowledge and experiences from Japan and overseas experts for smooth facilitation of

decommissioning work

By collecting information necessary for
addressing highly technical issues and
collaborating with Japanese and overseas
research institutes, incorporate the latest findings
and technologies from all over the world
including the field other than nuclear engineering
and gather knowledge and experiences from wide
range of fields.

Additional issues to be focused on

(1) It is important to conduct R&D by incorporating the
technologies, knowledge and experiences which are
already utilized around the world and to establish
collaborative relationships with related companies,
research institutes and experts. Increase the opportunities
to share the information to encourage these activities.
Especially for the development of equipment and devices,
it is important to utilize the technologies with
comparatively high TRL (the best available technology)
and reliability by the technical investigations and the
international RFI/RFP (Request for Information/ Request
for Proposal).
(3) For acquisition, analysis and evaluation of the data on
basic technology, insights from research institutes and
universities should be taken into account.

2

No

.2 Other important items in the R&D for the technologies required for proper and steady decommissioning

1 Approaches to securing human resources

To secure the human resources to achieve long
term decommissioning work, promote human
resource development of researchers and
engineers.

Additional issues to be focused on

(2) It is important to enhance the development and securing of
human resource through the promotion of basic research in
collaboration with the nuclear industry, research institutes
and universities.

2 Creation of an archive and dissemination of information obtained from decommissioning of damaged reactors

and research achievements

From the perspectives of utilizing the information
and research results in decommissioning process
of facilities other than damaged reactors, in
responsive measures to the similar accidents
occurred in and outside of Japan, as contribution
to the investigation of the accident for the
enhancement of the safety at nuclear facilities
and in the human resource development as well,
compile and archive the information and study
results obtained from the decommissioning work
of damaged reactors in collaboration with the
decommissioning licenser and R&D
implementing organizations including JAEA, and
disseminate them within Japan and overseas

appropriately.

Additional issues to be focused on

(1) In multiple R&D, collection of data and information on
the internal condition of reactor vessels, condition of fuel
debris, contamination inside the R/B, radioactive waste
analysis and inventory evaluation has been started.
Continue these measures effectively and establish an
integrated system to compile and disseminate the
information.

(2) Creation of an archive of literature and bibliographic
information is currently carried out mainly by JAEA, and
it is important to collaborate with this activity in the
future.
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Table 6-7 Examples of cooperation with overseas organizations

Activities Contents Related
organizations

OECD/NEA BSAF = 11 countries and 22 organizations have come together to conduct | -Institute of
benchmark experiments using extreme accident analysis codes developed | Applied Energy
by these organizations to find out how the accident in The Fukushima | (IAE)
Daiichi NPS progressed and how the fuel debris and fission products | - NDF
spread inside the reactor. Knowledge and findings relating to the modeling | -NRA
of phenomenological issues, obtained by member countries’ organizations, | -IRID
are being utilized. -TEPCO

- Data measured during the accident and information database regarding the | -JAEA
post-accident radiation levels are shared. -CRIEPI

OECD/NEA SAREF - Based on information obtained from The Fukushima Daiichi NPS and in | NDF
order to contribute to the promotion of its decommissioning through safety | NRA
studies, related knowledge and information on ongoing activities are being | TEPCO
collected and organized.

- Before actual fuel debris retrieval, preparatory research with international
cooperation is under consideration, international cooperation for research
related to technologies and methods for characterization of debris
properties (using mock debris), assessment and analyses of radiation doses
and exposure, etc. are under consideration.

IAEA/DAROD Experiences regarding decommissioning management (regulation, | NDF
technologies, systems and strategies) at the post-accident nuclear facilities | NRA
are being shared between all the countries.

OECD/NEA - Expansion of knowledge for waste management and decommissioning at | NRA

EDFWMD The Fukushima Daiichi NPS JAEA

* Advice to Japan’s R&Ds regarding waste in The Fukushima Daiichi NPS | TEPCO

ANRE (METI)
NDF
IRID

Bilateral - Japan-U.K. joint nuclear research in FY2015 and FY 2016 MEXT

government-based Theme: Research on fuel debris retrieval

programs Research on environment countermeasures including those against waste | MEXT

- Japan-France joint nuclear research in FY 2016

Theme: Research on remote controlling technology under severe
environment conditions MEXT

- Japan-U.S. joint nuclear research in FY 2016

Theme: Research on environment countermeasures including those against
radioactive waste

Cooperation with | - Test on the melt fracture of RPV penetration pipe (Republic of Korea) IRID

overseas organizations IAE

at the stage of IRID’s | - Development of in-reactor fuel debris detection technology IRID

practical  application | Debris measurement using muon (U.S.)

research - Detection of fuel debris properties IRID

MCCI (France) and mock debris (Asia)

- Designing and development of fuel debris canisters (U.S., Hungary, IAEA, | IRID
Russia, and U.K.)

- Development of debris retrieval technology (U.S.) IRID

- Development of criticality control technology (Hungary and Russia) IRID

- Development of a technology for investigating inside RPV (U.K.) IRID

International Special Information exchanges are made to obtain appropriate support and advice | NDF

Advisor from experts from the U.S., U.K, and France for the efficient
decommissioning of the Fukushima Daiichi NPS.

International Advisor Meetings for obtaining advice from experts from the U.S., U.K., and Spain | IRID

Meeting regarding overall IRID management — advice based on knowledge and
experiments in those countries

International Experts To obtain proper supports and advices for effective decommissioning of the | TEPCO

group

Fukushima Daiichi NPS, information exchanges were held with experts
from U.K., U.S., France and Ukraine.
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Table 6-8 Practical activities and action plan for decommissioning-related R&D

Basic policies

Activity orientation

1. To understand and share the contents of ongoing

R&D activities by organizations and institutes
under various systems and recognize differences in
the characteristics of such organizations and
institutes and differences in the characteristics of
R&D (differences in objectives, methodologies,
periods, etc.)

(1) Interactive information dissemination and sharing regarding
R&D needs and seeds and establishment of related
infrastructure

- Sharing of R&D needs

- Sharing of R&D seeds

- Establishment of infrastructure for integrated information sharing

To continuously carry out R&D activities in
various fields by transmitting information such as
site situation, needs and seeds and by ensuring
cooperation and coordination between the
decommissioning site and research sites. To this
end, an integrated coordination function and an
open platform function shall be established.

(1) Enhancement of interactivity and expansion of researchers’
participation
- Expansion of researchers’ participation by utilizing existing
facilities

- Matching for strengthening interactive cooperation and
coordination
- Cooperation with decommissioning infrastructure research

platforms

- Expansion of participation by researchers engaged in various
fields

- Establishment of international forums and a mechanism for
appropriately evaluating researchers

(2) Enhancement of cooperation among research facilities and

research sites

- Cooperation among research facilities established and planned by
JAEA and their shared use

- Sharing of information on facilities owned by
organizations and institutes

related

To promote activities for development of human
resources such as researchers and engineers
(education, training, procurement, mobilization,
etc.) for the purpose of long-term continuous
R&D activities

(1) Reinforcement of efforts for human resource development,
procurement and mobilization
- Enhancement of sharing and cooperation in the efforts for human
resource development

Table 6-9 Organizations participating in the liaison network of academic societies contributing to revitalization

of Fukushima and promotion of decommissioning

Japan Society of and

Resources

Energy

Society of Chemical Engineers, Japan

Remediation  of
Contamination in

Society  of
Radioactive
Environment

Society of Instrument and Control
Engineers

Mining and Materials Processing Institute
of Japan

Japanese Geotechnical Society

Japan Society of Civil Engineers Japan Radioisotope Association Japan Society of Engineering
Geology
Oceanographic Society of Japan Japan Society of Mechanical Engineers Institution of Professional

Engineers, Japan

Japan Weather Association

Atomic Energy Society of Japan

High Pressure Institute of Japan

Japan Concrete Institute

Japanese Society for Multiphase Flow

Seismological Society of Japan

Japan Association for
engineering

Earthquake

Japanese Society of Fisheries Science

Ceramic Society of Japan

Japan Electric Association

Japanese Society of Soil Science and Plant
Nutrition

Japan Society for Bioscience,
Biotechnology and Agrochemistry

Physical Society of Japan

Japan  Society of Nuclear and

Radiochemical Sciences

Japan Radiation Research Society

Japan Society of Maintenology

Robotics Society of Japan

Japan  Society of Corrosion

Engineering

Japan Society of Plasma Science and
Nuclear Fusion Research

Laser Society of Japan

Japan Health Physics Society
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Table 6-10 Development status of research facilities

Facility name

Outline

Start of operation

Location

Naraha Remote
Technology Development
Center

This facility is used to verify the validity of
remote control equipment and has a water leak
blockage test area for full-scale tests on
equipment and devices for repairing and blocking
leakage from PCV bottom, an element test area
for the real and full-scale simulation of the work
environments in The Fukushima Daiichi NPS
buildings (mock stairs and water tanks and
motion capture technology are used), and a
research activity promotion area used for
analyzing and organizing experimental data on
remote  control  equipment  repairs and
modifications.

September 2015

(partially)
April 2016 (fully)

Naraha-machi,
Fukushima
Prefecture

Okuma Analysis and
Research Center

A facility for analyzing radioactive materials the
development of which is ongoing in
Okuma-machi consists of No. 1 building that
mainly handles low radiation-level samples such
as rubble samples, No. 2 building that handles
high radiation-level samples such as fuel debris
samples, and administrative building with offices
rooms.

No. 1 building has equipment such as iron cell,
glove box and fume hood and the installation of
analyzing devices such as radioactivity
measurement device and inductively-coupled
plasma mass spectrometer is scheduled.

No. 2 building has equipment such as concrete
cell, iron cell and glove box and the installation
of analyzing devices such as radiation
measurement  device, mass  spectroscope,
scanning electron microscope, and electron beam
microanalyzer is scheduled.

1st term: within FY
2017

2nd term:in 2021

Okuma-machi,
Fukushima
Prefecture

Collaborative In addition to existing facilities owned by JAEA | In FY 2016 Tomioka-machi,
Laboratories for in Tokai and Oarai regions in Ibaraki prefecture, Fukushima
Advanced JAEA will make use of a mock test facility in Prefecture
Decommissioning Naraha-machi of Hamadori region in Fukushima
Science (CLADS) prefecture and a radioactive material analysis and

research facility and others, and develop CLADS

as a hub (utilizing planned international joint

research buildings) for inviting researchers from

domestic and overseas universities, research

institutes and companies from various fields.
Fukushima Established by Fukushima Prefecture, this center | Environmental Miharu-machi,
Environmental Creation is a comprehensive hub aimed at environment | Creation Center- Fukushima
Center recovery and creation, in which monitoring, | Research building: Prefecture

researches, information gathering and
dissemination, education, trainings and
association are provided under cooperation
between JAEA and NIES.

FY 2016-
Communication
building: FY 2016
Environmental
Radiation Center :
November 2015

Inawashiro Water
Environment
Center : April 2016

Wildlife
Cohabitation
Center : April 2016

Minami Soma City

Inawashiro-machi

Ohtama-mura
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Table 6-11. MEXT

Human Resource Development and Research Program for Decommissioning of the Fukushima Daiichi NPS -

(Projects adopted in FYs 2014 and 2015)

Core institutes

Tasks

Tasks adopted in FY 2014

Tohoku University

Basic research and core human development program on maintaining the reliability of
plant facilities including PCV and buildings, and treatment and disposal of nuclear fuel
debris for the accidental nuclear power plant decommissioning

University of Tokyo

HRD for The Fukushima Daiichi Decommissioning based on Robotics and Nuclide
Analysis

Tokyo Institute of Technology

Advanced Research and Education Program for Nuclear Decommissioning (ARED)

Tasks adopted in FY 2015

University of Fukui

Research and human resource development for analysis of fuel debris and

decommissioning technology of the Fukushima Daiichi NPS

National Institute of Technology,
Fukushima College

Human resources training on the decommissioning of nuclear power plant, based on

study for graduation --- interdisciplinary challenge from Fukushima

Fukushima University

Development of analytical specialist by multi-phases educational system and the rapid
measurement system for hard-to-measure nuclides in the decommissioning support
techniques

Japanese Geotechnical Society

Geotechnical perspectives towards the solution for Fukushima No. 1 Nuclear Power
Plant

Table 6-12 MEXT

Examples of new efforts for human resource development

Core institutes

Efforts

National Institute of Technology,

Fukushima College

Creative robot contest for decommissioning to raise students’ awareness and interest in

decommissioning

University of Fukui

Promoting a human resource development aimed at decommissioning, based on synergy
effects gained from seminars and practical trainings in the Nuclear Safety Engineering
Course and the Decommissioning-Related Research and Human Resource Development

Program, which were newly introduced in FY 2016 April

Fukushima University

Promoting a cooperation with TEPCO through advancement of strontium 90 analysing
device

Seven institutions adopted for
the Human Resource
Development and Research
Program for Decommissioning
of the Fukushima Daiichi NPS

Conference for R&D Initiative on Nuclear Decommissioning Technology by the Next
Generation (NDEC), as an opportunity of research presentations, association and friendly
competitions among graduates, undergraduates, and technical college students studying

decommissioning of the Fukushima Daiichi NPS
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Table 6-13  Various activities for maintaining and expanding human resources in the entire atomic industry

Activities

Contents

Activities through the network for development of
human resources in nuclear power field

- Nuclear education seminars (16 domestic universities are

cooperatively carrying out nuclear education at home and
abroad)

- Observation tours in nuclear facilities for promising people
+ Nuclear industry seminars (to support job hunting and

employment)

Activities through Atomic Energy Society of Japan

- Participation to workshops for young researchers and
- Supporting activities planned by the society such as facility

observation tours and students’ presentations

PA and education support activities outside companies

Sending lecturers and instructors to universities, support for
activities of various institutes (e.g., delivery lectures, robot
exhibitions, overseas education support for students, hands-on
trainings utilizing projects aided by MEXT,and internship)

- Endowed courses
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7. Future Actions

The risk reduction strategy is to be reviewed considering the changes of the situation due to the progress of
the decommissioning work and internal PCV condition analysis. Also, the countermeasures against various
types of risks including the project risk are studied to steadily advance the decommissioning.

The milestones indicated in the Roadmap, such as "Determination of fuel debris retrieval policies for each
unit” and "Establishment of basic concept of processing/disposal for solid radioactive wastes" will be reached
respectively in FY2017.Therefore, the next one year will be an important period for the fuel debris retrieval
and waste management.

Based on the investigation and study results obtained from all the activities performed so far, the results of the
R&D for the important technical issues to be obtained in the future are to be reflected while collaborating
with related institutions. Also, the "spiral-up™ of the strategy is aimed to be achieved by repeating the
evaluations and reviews in order to contribute to the determination of fuel debris retrieval policies to be made
in summer of 2017.

The studies on the strategy are also to be carried out towards the subsequent determination of the
methodology for fuel debris retrieval and the steady progress of the decommissioning work including actual
fuel debris retrieval.

With regard to the radioactive waste management, the overview of the basic concept of the processing and
disposal that specifies the direction of the resolution of the issues attributable to the features of the wastes at
the Fukushima Daiichi NPS is aimed to be incorporated in the Strategic Plan 2017.

In the light of the fact that the decommissioning of the Fukushima Daiichi NPS is a challenge which has
never been experienced before, the approaches to the practical application of the R&D results are to be
carried out through the improvement of the R&D effectiveness, enhancement of cooperation with relevant

organizations, cooperation with the organizations overseas and further utilization of the R&D facilities.
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Appendix 1: Framework of the Japanese Government for decommissioning of Fukushima Daiichi
NPS

In response to the accident at the TEPCO’s Fukushima Daiichi NPS on March 11, 2011, the Japanese
government established a Nuclear Emergency Response Headquarters according to the Act on Special
Measures concerning Nuclear Emergency Preparedness (Act #156 of 1999). The headquarters was aimed to
press ahead with emergency measures to address the nuclear emergency caused by the accident.

The government established a Council for the Decommissioning of Fukushima Daiichi NPS so that under
the leadership of the Nuclear Emergency Response Headquarters, it would focus all its energies on
fundamentally solving the issues of contaminated water and the decommissioning of the Fukushima Daiichi
NPS, without leaving these issues to TEPCO. The council is deliberating and deciding on important matters
associated with the mid- and long-term road map to the decommissioning of the power station.

The framework of the Japanese government to decommission the Fukushima Daiichi NPS is shown below.

Nuclear Emergency Response Headquarters

Promote emergency response measures
pertaining to nuclear emergency situation.

Inter-Ministerial Council for Contaminated Water and Decommissioning Issues

Determine the approach to the fundamental solution for the decommissioning and contaminated water management.
Deliberate and determine the important issues in the Roadmap toward decommissioning

Team for Contaminated Waterand
Decommissioning Issue

Committee on Countermeasures for
Contaminated Water Treatment

Establish measures that fundamentally resolve
the problem and response to the contaminated
water leakage incidents based on the

Secretariat of the Contaminated Water TORa
1 water p

and Decommissioning Issue Team

1 so far.

Study the policy of decommissioning and
contaminated water management
Progress management for the Roadmap

Task Force for

T o e Tritiated Water Task Force

Evaluate and manage progress of the Identify options for fritiated water handling
conceptual design for the land-side Collate the evaluation items of each option
impermeable walls and construction plan. and comprehensive evaluation

Fukushima Advisory Board on Coordination Council for On-site Management Task force for

Decommissioning and
Contaminated Water Management

of Decommissioning and Contaminated Water
Countermeasures

Advanced multi-nuclide removal system

Promote information dissemination
and communication with relevant Reinforce on-site information sharing and

local parties and discuss how the cooperation with relevant ministries
public relations activity should be

Manage progress forthe demonstration
of the maintenance for advanced multi-
nuclide removal system

Figure A1-1: Framework of the Japanese Government for decommissioning of Fukushima Daiichi NPS



Nuclear Regulation Authority

Ensuring safety for the utilization of nuclear energy

Evaluation Committee for the Specified

Study meeting for the regulations on the
Nuclear Power Facilities

radioactive waste of Specified Nuclear Facility

Monitor and evaluate the implementation plan
for the Specified Nuclear Facility in Issues on the stable waste management
ensuring mid- and long-term safety.

Figure A1-2: Regulatory Framework for the Fukushima Daiichi NPS
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Appendix 2: About the Strategic Plan

(1) History of the Roadmap

Table A2-1 shows the history of the Roadmap. The Roadmap is being reviewed based the on-site situation

and R&D results.

Table A2-1 History of the Roadmap

Dec 7, 2011

Results of Deliberation to
Formulate a Mid- and Long
Term Strategy for Cleaning
Up the Fukushima Daiichi
Nuclear Power Plant

Report issued by Advisory Committee for mid- and long-term measures to TEPCO’s
Fukushima Daiichi NPS. The first document to study Fukushima Daiichi and explains its
mid-and long-term plan.

Dec. 21, 2011
The Roadmap
(The 1st edition)

The Government and TEPCO's Mid-to-Long Term Countermeasure Meeting developed
the first edition of the Roadmap on December 21, 2011 in response to achievement of the
Step 2 objective*! of "the Roadmap towards Restoration from the Accident at Fukushima
Daiichi NPS." This Roadmap was developed by TEPCO, Agency for Natural Resources
and Energy, and the Nuclear and Industrial Safety Agency based on the report of the
Advisory Committee.

*1The objective of Step 2 is "release of radioactive material has been controlled and the
radiation dose has been significantly reduced."”

Jul. 30, 2012
The Roadmap
(The 1st revised edition)

The first revised edition of the Roadmap was issued on July 30, 2012. It reflects the
progress of the actions taken and the detailed mid-and long-term plan on the priority
issues for improvement of reliability (hereinafter referred to as “Reliability Improvement
Program”). The Reliability Improvement Program was set out by TEPCO after
completion of Step 2.

Jun. 27, 2013
The Roadmap
(The 2nd revised edition)

The Council for the Decommissioning of TEPCO's Fukushima Daiichi NPS was
established in the Nuclear Emergency Response Headquarters on February 8, 2013. In
order to accelerate the decommissioning project, it was decided that the progress of field
work and R&D will be managed in an integrated manner by the Japanese government
and TEPCO as well as with the participation of relevant organizations. This Council
formulated the second revised edition of the Roadmap on June 27, 2013.

Jun. 12, 2015
The Roadmap
(The 3rd revised edition)

Appropriate measures on risk reduction to protect people and environment from the risks
caused by radioactive materials were decided to be continued by categorizing the risks,
giving priority to them. This Council formulated the second revised edition of the
Roadmap on June 12, 2015 (the third revised edition).

)

About“the Strategic Plan”

As described in Chapter 2, the Strategic Plan developed by the NDF focuses on considerations from

the

technical viewpoint according to the role of NDF, namely technical support. It is a total plan that covers not

only on-site operations but also necessary research and development activities and technical considerations

associated with site work.

The plan provides not only a “strategy” but also concrete policies and requirements necessary to carry

forward the strategy, review on available resources, indicating the plans on the on-site work and R&D

activities required.

The Strategic Plan

Name of document that covers “Strategy/Strategic Priority,” “Strategic Specification,” “Integrated Plan”

“Strategy/Strategic Priority”

« Approaches to the targets, decision-
making, prioritization, etc.

“Strategic Specification” “Integrated Plan”

+ Specific policies and requirements for
approaches and decision-making

« Certain restrictions on availability of
human resources, capital and spaces

+ Overall plan for site works and R&D
(including role sharing among relevant
organizations (NDF, TEPCO,
Japanese government, research
institutions, etc.))

Figure A2-1: Strategy, Policy, and Plan Included in the Strategic Plan
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Appendix 3.1: Overview of SED score

SED score, which is referenced for the risk analysis in the Strategic Plan is explained as follows. The NDA
uses this index as one of the indexes for prioritizing the many facilities located at the 17 sites that the NDA
owns,

SED score is expressed in following formula. The first term and second term represent Hazard Potential of
the risk source and Safety Management, respectively. Factors are explained as follows. CHP is a hazard
potential of chemical materials but no explanation is provided since it is not used in the Strategic Plan.

SED = (RHP +CHP)x(FD xWUD)'

Radiological Hazard Potential (RHP) is an index that represents hazard potential of radioactive material.
The following formula expresses the impact that given to the public when all amount of radioactive
materials is released.
Inventory x Form Factor

Control Factor
Inventory is represented as the product of radioactivity of risk sources and specific toxic potential (STP), as

RHP =

shown in the following formula, and this corresponds to effective dose? STP is the amount of water needed
to dilute the radioactive materials of 1TBq so that the ingestion of such diluted water throughout the year
would not exceed the radiation dose of 1mSv. It corresponds to the dose coefficient. SED score

conservatively uses either ingestion or inhalation as the dose coefficient, which is larger.

Inventory(m?’): Radioactiv ity (TBq )x Specific Toxic Potential (m3 /TBq)

Form Factor (FF) is a factor that represents how much radioactive materials will specifically be released
depending on the properties of gas, liquid and solid and is shown in Table A3.1-1. A hundred percent of gas
and liquid and ten percent of powder will be released when a containment function is completely lost
according to the measured data. There is no clear basis for solids, and the small scores are set to express it
is unlikely to be released.

Control Factor (CF) takes into account pyrogenicity, corrosivity, combustibility, likelihood of hydrogen
generation, reactivity with air and/or water, criticality, and others as the characteristics of risk sources. They
are the factors that indicate the time allowable until recovery in the event of a loss of safety function for
maintaining the current stable condition. CFs are shown in Table A3.1-2.

Facility Descriptor (FD) is a factor that represents whether containment function of facility is enough or not.
It prioritizes the risk source based on the combinations of elements such as integrity of facility, multiplicity
of containment functions, safety measures situation. As shown in Table A3.1-3, dividing the state of facility
into ten categories, scores are set for each category.

Waste Uncertainty Descriptor (WUD) is a factor that represents how an impact is caused when the retrieval

of risk source is delayed. It prioritizes the risk source based on the combinations of elements such as

1 NDA Prioritization - Calculation of Safety and Environmental Detriment score, EPGRO02 Rev.6, April 2011.
2 Instruction for the calculation of the Radiological Hazard Potential, EGPR02-WI01 Rev.3, March 2010.



degradation of risk source, activation level, and state of packaging and monitoring. As shown in Table

A3.1-4, dividing the state of risk sources into ten categories, scores are set for each category.

Table A3.1-1 Form Factor (FF)

Table A3.1-2 Control Factor (CF)

Properties Score Category (In hours) Score

Gas, liquid 1 hour 1lh 1
Sludge, powder 0.1 day 24 h 10
Discrete solid 0.00001 week 168 h 100
Large monolithic solid, activated component 0.000001 month 730 h 1,000
years 8,760h 10,000

10 years 87,600 h 100,000

Table A3.1-3 Facility Descriptor (FD)
Category Definition Score
1 Design life of the building was expired. Single containment with critical defect. Insufficient 100
arrangement in the event of abnormality and the latest design basis is not satisfied.
2 Same as Category 1 but without critical defect. 91
3 Same as Category 2 but with sufficient arrangement in the event of abnormality. 74
4 Same as Category 3 but with double containment. 52
5 Same as Category 4 Design life is not exceeded but will be expired at the time of retrieval. 29
6 Same as Category 5 but design life will not be expired at the time of retrieval. 15
7 Same as Category 6 The latest design basis is satisfied but implementation of safety case is limited. 8
8 Same as Category 7 Safety case is fully implemented but has impact from adjacent buildings. 5
9 Same as Category 8 but affects adjacent buildings. 3
10 Same as Category 9 but not have impact from adjacent buildings and not affect adjacent buildings. 2
Table A3.1-4 Waste Uncertainty Descriptor (WUD)

Category Definition Score
1 Unpackaged radioactive waste that degrades*. Not under monitoring and management. 100
2 Same as Category 1 but packaged. 90
3 Reactive** unpackaged radioactive waste. Unclear presence, quantity and position. Not realistic to 24

be verified.

Same as Category 3 but capable of being confirmed by sampling. 50

Same as Category 1 but under monitoring and management. 30

Same as Category 2 but under monitoring and management. 17
; Not reactive but unpackaged radioactive waste that degrades. Not under monitoring and 9

management.

Same as Category 7 but packaged. 5

Not reactive and nor degraded unpackaged radioactive waste. Under monitoring and management. 3
10 Same as Category 9 but packaged. 2

* Degrade:a nature, which will cause possibilities of change of the retrieval method, increase in radiation exposure dose,
and occurrence of criticality by dissociation and dispersion.

** Reactive:a nature that causes rapid changes, such as generation of heat and explosion.
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Appendix 3.2: Selection of nuclides for evaluation

With consideration given to the quantitative changes during the evaluation periods, nuclides were selected that have
significant effects on people.

Figures A3.2-1 and A3.2-2 show the effective (ingestion) doses of the heavy nuclei and FPs during the 100 years after the
accident occurrence, including a few decades before the nuclear reactor is completely decommissioned, for the reactor core
and the fuels in SFP of Unit 2 (source: JAEA-Data/Code 2012-018 “Estimation of fuel compositions in Fukushima-Daiichi
Nuclear Power Plant” for radioactivity and ICRP Publication 72 for dose coefficients). Each of the nuclide shown in these
charts causes a dose that makes up more than 1% of the total effective dose.

With attention focused on the contribution during the period of a few years to a few decades after the accident occurrence, the
risk analyses are conducted on heavy nuclei such as Pu-238, Pu-239, Pu-240, Pu-241, Am-241 and Cm-244 and FPs such as
Sr-90, Cs-134 and Cs-137.
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Figure A3.2-1: Effective Doses Caused by Heavy Nuclei
(Left: Reactor Core of Unit 2, Right: Fuels in SFP of Unit 2)
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Figure A3.2-2: Effective Doses Caused by FPs
(Left: Reactor Core of Unit 2, Right: Fuels in SFP of Unit 2)

A-6



Appendix 3.3: Details of the risk analysis

3.3.1 Hazard Potential

Figure A3.3-1 shows the inventory.

The amount of radioactivity of each nuclide in the fuel debris that derived from the fuels loaded on the
reactor core at the time of accident has been evaluated as a function of time since the accident (Reference:
"Estimation of fuel compositions in Fukushima-Daiichi Nuclear Power Plant" JAEA-Data/Code 2012-018).
All amounts of heavy nuclei are assumed to be remained inside the PCV in the form of fuel debris.

Existing similar data was used for spent fuels. Estimations for fuels in the common pool and dry casks were
based on the data on the pooled fuels in SFPs.  For highly volatile Cs, an assumption was made that 5% of
Cs had been released into the cladding tube based on the conservative settings for evaluation of
power-reactor accidents (source: NUREG-1465, “Accident Source Terms for Light-Water Nuclear Power
Plants”). On the other hand, no Sr is assumed to be released. Form factors of Cs and Sr are varied by being
considered solid material in the fuel debris or released in gas or powder form.

For the contaminated water, the secondary wastes and radioactive solid wastes estimations were based on
the data found on the websites of the Ministry of Economy, Trade and Industry and TEPCO.

The contamination on the surfaces of internal structures and radiated materials were estimated based on the
data on a boiling water reactor with a power output of 1,100 MW from Handbook of Evaluation on the
Impact of Decommissioning on the Environment (3rd edition), with the power generating capacity taken
into consideration. The surface contamination includes the amount of the Cs released from the fuel at the
time of the accident.

The uncertainty was determined with consideration given to the uncertainty estimated from the information
obtained and the variation between measurements. Since the data obtained for the radioactive solid waste

including various types of concentrations of radioactive material is limited, a large uncertainty is set.
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Figure A3.3-1 Inventory



Form Factor (FF) is shown in Figure A3.3-2.

The fuel debris was regarded as discrete solids although it may include large monolithic solids. The spent
fuel is discrete solids. However, the Cs released from it was regarded as powder. The contaminated water,
secondary wastes from the water treatment, and radioactive solid wastes were regarded as liquid, sludge,
and powder, respectively. In the PCV internal structures, the radiated materials were considered as activated
components and the surface contaminants as powder or stuck material on the surface.

The form factors are categorized into four groups. This categorization, however, does not always
appropriately represent the characteristics of the various risk sources in the Fukushima Daiichi NPS. Each
risk source was categorized as a group that seemed to be most appropriate; depending on the risk source, a
neighboring FF was assigned as uncertainty. In specific, the uncertainties in the properties are considered
for the fuel debris and uncertainties in the degree of fixation of FPs are considered for PCV internal
structures.

Figure A3.3-2 shows Control Factor (CF).

As for fuel debris, time margin is assumed for suspension of nitrogen injection and cooling shutdown
referencing the implementation plan. As for re-criticality, stable sub-criticality state is being maintained
without any specific arrangement.

The time margin for cooling shutdown was estimated for the pooled fuels in SFPs and fuels in the common
pool referencing such as the implementation plan. The fuel in dry cask is not required to be cooled.

No special treatment, such as cooling, is required for contaminated water, radioactive solid wastes, and
PCV internal structures. However, when fuel debris is no longer cooled and hence becomes hot, FPs
adhering to the surface such as of the PCV internal structures may evaporate. For this reason, it was taken
into consideration as a time allowance for the PCV internal structures.

The secondary wastes from the water treatment are so designed to be retained for longer than 10 years by
natural cooling and ventilation. The HICs, however, underwent drip of water overflown by the hydrogen
generated by radiolysis of water, and hence limiting the storage quantity, conducting the drainage, and
monitoring the impact of hydrogen generation that are currently performed were considered. Waste sludge
is stirred to prevent fixation and the time allowance was estimated assuming a halt of this stirring.

The uncertainty was determined as one order of magnitude, which is the difference between neighboring

scores. No uncertainty is set for the risk source that does not require a specific arrangement such as cooling.
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Figure A3.3-2 Form Factor and Control Factor
3.3.2. Safety Management
Table A3.3-1 shows the overview of containment functions, safety equipment, management and monitoring
state for each risk source. Based on this, relative comparison was conducted, and risk source was graded
into 10 categories and the scores are set for modified FD and modified WUD.
The uncertainty is assumed as the score of neighboring category. Since the score is a straight line on the
logarithmic scale, uncertainties will become nearly constant regardless of the category. A various types of
storage form were considered as uncertainties in the tentatively stored solid wastes.

Table A3.3-1 Features of Risk Sources related to Safety Management

Risk sources Features
No significant damages were found on PCVs, and criticality control, cooling and prevention of hydrogen explosion are
Fuel debris implemented in multiple ways. Also, important parameter including Xe concentration, temperature, and hydrogen

concentration are being monitored.

SFP of each Unit is designed to maintain sub-criticality and equipped with redundant cooling system. The fallen
Spent fuel rubbles and heavy objects, damaged ceiling of the building, and seawater injection have been occurred in some Unit.
No damage on the common pool and dry casks as well as the buildings by the earthquake or tsunami.

The contaminated water inside the buildings and trenches is kept confined by balancing the water level with that of
Contaminated ground water. Concentrated liquid waste was made from condensing concentrated salt water by evaporative
water concentration apparatus and its concentrations of radioactive material and salt are high. It is stored in the welded type
tank and the tank is placed in the dike.

A waste adsorption column contains zeolite—a substance that adsorbs Cs housed in a carbon-steel shielding container.
They are placed on the box calvert or storage racks. No management such as decay heat removal is required.
Secondary waste Waste sludge is stored in agglomeration pits in the main process building, and leakage monitoring, decay heat removal

generated from and hydrogen discharging are carried out.

the water An HIC slurry is contained in a polyethylene container, which are housed in a reinforced SUS structure and stored in

treatment box calvert.  Since slurry contains water, hydrogen is released into atmosphere from the vent. Although decay heat
removal is not necessary but monitoring is being carried out continually, since water drip occurred due to the hydrogen
generation.

As for stored radioactive solid waste, the highly radioactive rubbles are collected in the containers and stored in the
Radioactive solid | radioactive solid waste storage building. No special management is required.

waste Tentatively stored solid waste is the waste with various concentration levels of radioactive materials that are stored
outside in various forms. It requires monitoring.
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Appendix 4.1: Radiological environment inside the PCVs

The following charts show temporal changes in the radiation dose rate inside the PCVs since the accident

occurrence. The radiation dose inside the PCV of each unit is still high even though it is lower than that
right after the accident.
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Figure A4.1-1: Radiation Dose Rates inside the PCVs at the Fukushima Daiichi NPS



Appendix 4.2: Periodic measurement of plant data

From plant data on the temperature, hydrogen concentration, pressure, and other items inside the PCVs that
have been continuously obtained since the accident occurrence, it is estimated that Units 1-3 in the plant are
kept in a stable cold shutdown condition.

(1) Measurement of Basic Plant Data inside the PCVs

Here is a summary of the temporal changes in the plant data about the conditions inside the PCVs, which
reveal that the fuel debris is in a stable state.

a. Temperature

At the time of accident, a power outage occurred, disabling decay heat from fuel assemblies to be
immediately removed and thus causing the temperature to rise to higher than 1,000°C. Then, a rapid
oxidation reaction occurred between the fuel cladding tube (zircaloy) and steam (Zr + 2H20 -> ZrO2 +
2H2 + 586 kJ/mol), which generated additional heat. This situation caused the fuel melting.

Figure A4.2-1 shows the temporal changes in the temperature data around the reactors summarized based
on the information published by TEPCO. After the accident, the temperature inside the PCVs started
dropping and decreased to 100°C in six months. After that, the temperature has been gradually dropping
every year while following the seasonal variations in air and water temperatures. The temperature is staying
at a level lower than 50°C at each section inside the PCVs without showing a sharp peak. Since zircaloy
does not react with water at low temperatures, it is estimated that no oxidization reaction occurs and thus no
additional heat is generated.

Figure A4.2-2 shows the (decay) heat from the elements that make up the fuel assemblies loaded at the time
of accident. Immediately after the halt of the nuclear reactors, short-lived nuclides generated much decay
heat; in five years, the amount of the heat generated decreased to lower than one thousandth of the heat at
the time of the accident. Now, only long-lived nuclides are surviving. Since they have long half-lives and
therefore decay slowly, decay heat is also expected to gradually decrease. It is estimated that the
temperature will further drop in the future over time.

b. Hydrogen Concentration and PCV Pressure

Irradiating water with gamma rays causes hydrogen to be generated by radiolysis. The PCVs are filled with
water to cool the fuel debris inside them. In addition, the doses inside them are high as Appendix 4.1 shows.
With these factors, there is a fear that hydrogen may be generated inside them. Based on the fact that
hydrogen has a lower combustible limit of as low as 4%, the PCVs have been filled with nitrogen since the
accident occurrence to dilute hydrogen to prevent a hydrogen explosion. Figures A4.2-3 and A4.2-4 show
changes in hydrogen concentration and pressure inside the PCVs, respectively. The hydrogen
concentrations are low enough, indicating that hydrogen has been effectively diluted by the inclusion of
nitrogen. From the viewpoint of confining FPs, it may be effective to remove hydrogen out of the PCVs.
However, doing so may cause the pressure inside the PCVs to be lower (negative) than the (normal)
atmospheric pressure. This may allow air that includes oxygen to enter the PCVs through, for example,
sealed sections of them, resulting in mixture of hydrogen and oxygen. For this reason, the pressure inside

the PCVs is kept slightly higher (slightly positive) than the atmospheric pressure as Figure A4.2-4 shows.
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With these facts, it is estimated that Units 1-3 are kept in a stable cold shutdown condition.
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Figure A4.2-1: Changes in the Ambient Temperature of the Nuclear Reactors at the Fukushima Daiichi NPS
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Figure A4.2-2: Heat from the Fuel, FPs, and Radiated materials inside the Reactors
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Figure A4.2-3: Changes in the Hydrogen Concentration inside the PCVs
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Figure A4.2-4: Changes in the Pressure inside the PCVs
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Appendix 4.3: Information obtained through past PCV internal survey

Here is a summary of the examinations conducted so far on the PCV internal survey.

(1) Unit 1 PCV internal survey

a. Objective: Inserting inspection device from PCV penetration of Unit 1 (X-100B penetration), conduct
survey for the "information on the first floor grating in the PCV."

b. Method: In October 2012, the inside of the PCV was examined using a CCD camera and accumulated
water was sampled. In April 2015, the outside of the pedestal was examined using a shape deformation
robot (B1 examination).

c. Information obtained: The following information was obtained. Figure A4.3-1 shows part of the
examination results.

(1) No large damage on the existing facility (e.g. PLR pump, PCV inner wall and HVH)

(2) Dose rate was approximately 10 Sv/h.

(3) PRL piping shielding unit confirmed fallen.

(4) The access route to the bottom of the D/W was confirmed but the deposits are scattered over a

wide range.

Since Information (4) above had revealed that measures against deposits would be required when
subsequent examinations are made or fuel debris is taken out, the procedure for examinations on the outside
of the pedestal at the bottom of the PCV (B2 inspection) was reviewed and as a result, the examinations
were postponed to fiscal 2016. No fuel debris was found in the survey this time.

| Taken from C7 |

No significant damages are found on PLR pump (A).

Cable around
PLR pump

PLR pump

Supporter
—— .

conduit

[Source: Results of the field verification testing on the condition above the grating on the first floor of the pedstal from
Development of technology for investigation inside the PCV from TEPCO]

Figure A4.3-1: Results of Examinations on the outside of the Pedestal at the bottom of the PCV
(Unit 1 B1 inspection)
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d. Considerations: It can be estimated that the temperature at the periphery of the grating on the 1st floor
might exceeded 328°C, which is the melting point of lead since PLR piping shielding units (lead wool
mattress) have fallen.

e. Challenge: Back and forth motion should be used while checking the crawler portions. During the
counterclockwise inspections, inspection crawler robot was stuck in the gaps between grating bars in
the area between PLR pump and air-conditioning unit.

(2) Unit 2 PCV internal survey

a. Objective: To verify fallen objects on the platform, damage states, and access route to the periphery of
the bottom of the PCV using the internal survey robot.

b. Method: In March 2012 and August 2013, dose rate measurements were made, the inside of the PCV
was examined using a CCD camera, and accumulated water was sampled through the PCV penetration
(X-53 penetration). An Inspection was scheduled in August 2015 based on an internal survey robot
through the X-6 penetration.

¢. Information obtained: The following information was obtained. Figure A4.3-2 shows some of the
preparation processes of the examination.

(1) The dose rates on March, 2012 and August 2013 were 31 and 73 Sv/h respectively. The does rate
varies depends on the area and.

(2) Although internal survey for the pedestal inside the PCV (A2 inspection) was planned, eluted
materials were confirmed near the CRD hatch (X-6 penetration) and peripheral dose rate exceeded
the assumption significantly. Consequently the scheduled examination was postponed to fiscal 2016
in order to take countermeasures to decrease the dose before conducting the examination.

d. Challenge: Timing of the inspection was postponed to FY2016 since the measures are required to
reduce the radiation dose around the X-6. The future scope of the PCV repair including some
peripheral areas will be required since low temperature history for the X-6 during the progress of the

event is assumed, instead of leaching from X-6.

B Complete cleaning on the floor but radiation dose was not decreased.
B Dents and cracksin the floor and rust on the steel frame of the gutter were observed.
B Penetration of the contaminants into the dents and contamination fixed with

iron mold in the brownish-red part were observed.

(Before operation) 1st steam cleaning 2nd steam cleaning
i a 5 o7 a8 <= 2

Colored part

Coloreg part of
steel frame

Accumulated contaminated water from steam cleaning
was collected by water absorbing sheet after the cleaning.

[Source: Resutls of the Reexamination on the Inside of the PCV of Unit 2 from TEPCO]

Figure A4.3-2: Conditions Revealed during Preparations for the PCV internal survey (Unit 2)
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(3) Unit 3 PCV internal survey
a. Objective: The inspection were aimed to check, in particular, that the inside of the PCV is properly kept
cooled inserting inspection instruments (a camera, thermometer, and dosimeter) from the PCV
penetration of Unit 3 as well as to obtain information that would be useful in reviewing the examination
method to be used in the future.
b. Method: In October 2015, dose rate measurements were made, the PCV internal survey using CCD
camera, and accumulated water was sampled.
c. Information obtained: The following information was obtained. Figure A4.3-3 shows part of the
examination results.
(1) No damage was found on the examined sections of structures or walls.
(2) No damage was found on the examined sections of the X-6 penetration and CRD rail.
(3) Deposits were found on the CRD rail and the grating on the first floor.
(4) Sediments were observed on the CRD rail and gratings on the 1st floor. (transparency under the
water inside the PCV was fine). .
(5) Water level inside the PCV was OP: approx. 11,800mm. Almost consistent with the estimated value.
(6) The maximum radiation dose detected in the gas phase inside the PCV was approximately 1Sv/h.
(7) The quality of the accumulated water inside the PCV indicated that the inside of the PCV is not in a
severely corrosive environment; rather, it is in a less corrosive environment.
At present, an examination of the inside of the pedestal of the PCV is being considered that is based on
such as underwater swimming device put into the PCV through the X-53 penetration.
d. Consideration: The radiation dose inside PCV is the lowest among the Units 1-3. This is considered to
be because of shielding due to high stagnant water level.
e. Lesson Learned: Water level coordination or waterproof equipment will be required for PCV internal

survey since stagnant water level is high.

B No damage was observed in the structures underwater in the PCV (conduit, supporting structures,
X-6 penetration, CRF rail),
B Deposits were observed on the CRD rail and grating of the first floor.

(1) Supporting structures for inspection catwalk

(1) Supporting structures for inspection catwalk

(3) Grating on the 1st floor

[
o T 11 Inspection catwalk

(2) X-6 penetration, CRD

1st Floor grating /V
(2) X-6 penetration |

CRD rail / Pedestal

/
I (3) Grating

w X—6 penetration
[Source: Results of the PCV internal survey of Unit 3 at the Fukushima Daiichi NPS of TEPCO (Quick Report on the
Examinatin Conducted on October 22)]

Figure A4.3-3: Results of (Preliminary) PCV internal survey (Unit 3)
(4) Results of the Sampling of the Accumulated Water
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Figure A4.3-4 shows the analysis results of the concentration of Cs-137 in the accumulated water sampled
during the PCV internal survey. Since the samples were taken from different units at different timings, it is
difficult to determine the trend for a specific unit. However, as a whole, the concentration of Cs-137 is on
the decline because water treated with an adsorption system for Cs and Sr multi-nuclide removal system
has been injected into the PCV as cooling water. Figure A.4.3-5 shows the analysis results of the
concentrations of Cs-137 in the accumulated water sampled in the T/B, building for processes, and
high-temperature incinerator building. Although the T/Bs have penetration and affected by the connections
of drainage from neighboring facilities, the concentrations in the accumulated water in the T/Bs for Units 1,
2, and 4 are gradually decreasing. For all of Units 1, 2, and 3, the concentrations of Cs-137 in the
accumulated water are lower inside the PCVs than in the torus rooms. For each unit, at the time of the
accident, the SR valve was in action and the volatile FPs inside the reactor were introduced to the cooling
water inside the S/C. In addition, for Units 1 and 3, the volatile FPs were introduced to the cooling water
inside the S/C even before ventilation. With these facts, it is assumed that Cs-137 has been released from

the S/Cs although no measurement has been made of the accumulated water inside the S/Cs.

# Torus room inUnit 1 #* Torus room in Unit 2
®ECY of Unit 1
®FCVY of Unit 3
A Triangle comner of Unit 2

A

-
L=}
3

| Established 413/2016

s

137Cs concentration in accumulated water (Eg/icm?3)
"4
]

102 o I i i . i
2011/3111 2012/3M0 2013/3/10 2014/3/10 2015/3M10  2016/3/9

Date

[Based on data published by TEPCO]
Figure A4.3-4: Concentrations of Cs-137 in the Sampled Water
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]

Establizhed 4/6/2016

10 —
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[Based on data published by TEPCO]

Figure A4.3-5: Concentrations of Cs-137 in the Water Sampled in the Turbine Buildings and Water
Injection System Diagram
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Appendix 4.4: Estimation results of fuel debris location by Muon detection

For Unit 1, fuel debris distribution measurements based on penetration muon detection of transmission
method were made in the periods from February to May and from May to September 2015. With the
measurement results, it is reasonable to assume that no fuel fragment larger than 1 m, which is maximum

muon detection capacity by transmission method or no water exists at the original reactor core region.

€ Measured data, though it does not clearly
indicate, shows that equipment, etc. are
detected at locations where they are supposed
to exist based on the design documents

# The boundaries of the PCV and the RPV in the
image acquired from measurement matches
those in the image drawn from design data.

# High density material (fuel) is not detected at

the area where the reactor core was originally
located.

[Source: Quick Report on the Measurement Results for Unit 1 from Development of Technology for Detecting the Fuel
Debris Location inside Nuclear Reactors from TEPCO]

The results obtained by the evaluation by the comparison between analysis value by muon detection and
measured value indicate that the survival rate of the fuel in the core region was (9-36)+51%.

*Joint research by TOSHIBA and Nagoya University
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Appendix 4.5: Overview of the MAAP and SAMPSON codes

Here is a summary of the characteristics of MAAP and SAMPSON codes, which are severe accident

analysis codes.

Code

MAAP code

SAMPSON code

Developed by:

Electric Power Research Institute (EPRI) in
the US

Nuclear Power Engineering Corporation (NUPEC)
in Japan (development activities are continued by
the Institute of Applied Energy (1AE)).

Analysis object In+Ex Vessel In+Ex Vessel

User adjustment | Many None (dependent on mesh division)
factor

Computation time Short 20 to 30 times the actual time

Characteristics

-Capable of obtaining the user-desired results
by combining adjustment factors.
- Analysis results often depend on the user.

-The analysis results do not depend on the user
because the code is based on the theoretical
physical model built around mechanical logics.

Verification of
individual  models
and codes

- The code is continuously improved by the
user group.

-Presented in the OECD/NEA International
Standard Problem (ISP) program and well
received.

-Verified by many other experimental analyses

Source: Information from the Expert Committee on SA Evaluation Studies, Atomic Energy Society of Japan by Takashi

Okamoto
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Appendix 4.6: Major improvements to MAAP and SAMPSON codes and their results

Tables A4.6-1 and A4.6-2 show major improvements made to the MAAP and SAMPSON codes and their

results.

Table A4.6-1: Improvements to the MAAP Code

Improvement of core damage progression
evaluation

Improvement of the evaluation for the
debris distribution/composition inside
the RPV

Improvement of the evaluation of the
debris distribution/composition

Estimation of PCV damage location
(temperature distribution evaluation)

Improvement of fission product distribution
evaluation

of mode

/RPV wall

Improvement of thermal hydraulic model for
primary system

lower plenum

Add heat conduction mode to the CRD
housing outside the RPV and radiative
model between housings.

Model improvement for the debris layer inside the

Improvement of RPV bottom head damage model

Improvements in
FY2014

Improvements in
FY2015

Improvement of radiation model between shroud

-Result showed that the shroud was unlikely to be melted when
bou\g conh:chd by debris due to the shroud heat conduction and

radiation betv in the RPV.

-Improving the evaluation of the reactor water level from the
exposure to M damgo of the reactor core and response to the

for the d amount of
hydrogon after the core damage was improved.

-Cooling effect for debris inside the lower plenum became larger
due to the modeling of the solidified accumulated state of the
debris that falls from the core region over time and additional heat
abstraction model from the CRD housing.

-Large scale damage is unlikely to be caused by changing the
model that housing will not fall considering the limits of CRD
housing support.

(Unit 2 PCV internal survey implies the possibility of no major
damage was caused to the CRD.)

Add melting model of lower
when debris are flown out of the RPV.
Add model of debris flowing into the
sump pit and erosion

Add model of debris flowing into p

for the quantity of the metal that mixed into
modobmm fellinside the PCV was lmprov.d
ble of oTor A quantity
consmmg actual unit shape.
became available for the amount of the debris

sump pump

Improvement ofthe heat transfer model

at the time of water injection during the

core concrete reaction

Improvement of the model of the core ret

transferred to the drywell side through the pedestal sump piping
and y of the of debris inside the
PClempfavud

ible forthe ions that
reflectthe latest ﬁndlngs (OECD/MCCI plan).

b ible f

the solidification of the debris that

mixture properties
Add local flow (stratification) modelinside the
PCV.

ofthe deposil TFP

reflects the latest ﬁndrings.
-Utilized for the locations where PCV damage due to the
overtemperature was estimated for each Unit.

ism\amn o' Ihe amount of FP. mschod to the PCV vent pipe
and tion regarding the

was obtained

Reference: IRID Completion report for “Improvement of recognition regarding the internal PCV condition of the reactor
vessels using severe accident progression analysis and actual plant data"

Table A4.6-2: Improvements to the SAMPSON Code

Improvement of core damage
progression evaluation

Improvement of evaluation of the
debris distribution /composition
inside the RPV

Improvement od the debris
distribution/composition evaluation
inside the PCV

Estimation of PCV damage location
Improvement of fission product
distribution evaluation

Details of model

Improvement of the model of a fall of the
reactor core structure

Add eutectic reaction model with the
released B,C and the structures

Improvement of the damage model of the
penetration pipe into the bottom of the RPV
breakage

Add evaluation model of the melted debris
attached to the lower structures inside the
RPV.

Add thermal interaction model with debris
and lateral side of the PCV.

Add evaluation model of the melted debris

attached to the lower structures outside the
RPV.

Improvement of the core concrete interaction

model

Improvement of PCV damage model

Improvement of fission preduct (FP) migration

model

Improvements in

Improvements in
FY2014

FY2015

Detailed modeling of heat release form RPV

-Improving the heat rereleased from the RPV and PCV sides
so as to be idered in detail, perature of the inside the
RPV and PCV became more accurate.

-Model was improved so as to drop the upper part of the defect

part such as fuel rod without intermediate and bottom part and

control rods. The result indicates that it is unlikely that the most
of the debris in the Unit 1 is not located in the core region.

-Timing of the damage caused fo the reactor core structures
becomes earlier considering the eutectic reaction with
released B,C and the structures. Possibility of remaining
reactor internals, such as shroud was increased.

-Adding model of molten materials entering into penetration
pipe, evaluation of more realistic damage on the RPV
became available.

-Estimation of amount of debris attached to the CRD housing,

which are the lower structures outside the RPV became

available.

~Temperature evaluation for the lateral side of the PCV became
available.

-Estimation of amount of debris attached to the CRD housing,
which are the lower structures outside the RPV became
available.

-Feeding debris into the pipe between sumps in the 3D MCCI
response model, and adding the model of the shaft of the fuel
debris properties during the MCCI response, the infermation on
the three-dimensional expansion of debris and concrete
corrosion erosion were obtained.

-Dividing the D/W and R/B node more finely, estimation of
temperature which canbe utlliaed for the estimaﬂon of the
tions of overtemperatt

-More accurate FP distri luation b by
dividing the node more finely and revising the scribing model of

the suppression pool.

Reference: IRID Completion report for "Improvement of recognition regarding the internal PCV condition of the reactor
vessels using severe accident progression analysis and actual plant data"
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Appendix 4.7: Examples of sensitivity analyses using the MAAP code

In FY 2015, the analysis was performed focusing on the event specific to each unit.

In this analysis, plant behavior mechanism is being clarified using the sensitivity analysis, reducing the

uncertainties in the analysis.

For Unit 2, it is not known how the three spiking pressure behaviors occurred that were recorded after the

RPV decompression and how much water was injected with a fire engine. Since there have a significant

impact on the analysis results for the damage on the RPV and amount of fuel debris that transferred,

clarification was conducted by the analysis using the severe accident analysis code.

The results are as follows.

a. Analysis of reactor pressure behaviors after
the decompression of the RPV of Unit 2

With the analysis results, it is assumed that the
pressure spikes occurred as follows:

-First spike: Water injected from fire engine
partially submerged the damaged reactor core,
generated hydrogen and steam, raising the
pressure. The water powering was suspended
and the SRV was opened to decrease the
pressure.

-Second spike: Debris dropped into the lower
plenum, generated hydrogen and steam. This
raised the pressure and caused air to leak from
the RPV to the PCV, raising the pressure inside
the PCV. After that, the SRV was opened to
decrease the pressure.

-Third spike: The SRV was (assumedly) closed,
which raised the pressure. After that, the SRV
was reopened to decrease the pressure.

It turned out that during these processes, the
amount of the debris that dropped onto the
bottom of the RPV was relatively low and
therefore the amount of water injected with fire
engines probably governed the degree of the
damage to the RPVs.

b. Sensitivity analysis of the amount of water
poured from a fire engine to Unit 2

| Dedine of SRY open  Start of water
a RCIC function e injection from i Reactor pressure
- {aszumption) fife engine {meazured]
g

g ° start of co = Reactor pressure
= [P — meit {calculated) {calculated]
o
LT J | | Drop of fusl debris to the
s ¥ - | bottom RPV calculated)

. - -
Q l SR Cloze {3zzumption)
& . |
g U A2
i
3

LT
| LW S BN e TwTENy S|

|| @ PCV pressure |measured)
= PCV preszure (caloulated) M o, Ly

Leskeze o REV 2% e from DM gam phmme (mmmumeion]
chase (aumgize) TS E L )

PCY pressum §Pa, abs)

W4 W4 A4 A4 WB4 XIS WIS WIF WIS WIS NS WIS 3OS
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Reference: IRID Completion report for "Improvement of
recognition regarding the internal PCV condition using severe
accident progression analysis and actual plant data”

Figure A4.7-1 Pressure behavior analysis for depressurizing
RPV for Unit 2 (MAAP)

o Memmures et (el region &) Wodfed deta [fusiregion &) . Memured dsta el megior B

—0.4t'h 2.3¢/h 3.9¢h
5.5t/h
8 250
— PReactor water leve RPV rupture (0.4t/h
6 Debeis weight in l
1= lower plenum -
I HH RPV rupture | 200 &
P —— i 3.8t/h é’
e [ A F
£ HE | 150 =
§ ol e :
E 5 A Bk == e osie o Joo &
£ i r'\év;{-i&-«,&- PP PUSRVE | IRV RV T —— | :
4 A== 1 5
ami- T e B
6 I .
i
80— 0

03/14 6:00 4
03/14 12:00

03/14 18:00

03/15 0:00 {}
03/15 6:00

03/15 12:00

03/15 18:00
03/160:001: / I
03/16 6:00 {! :
03/16 12:00

0316 18:00 14 |
03/17 0:00 i
03/17 6:00

03/17 12:00 H—-

Reference: IRID Completion report for "Improvement of
recognition regarding the internal PCV condition using
severe accident progression analysis and actual plant data"
Figure A4.7-2 Sensitivity analysis for water injection
amount by fire engine for Unit 2 (MAAP)

Figure A4.7-2 shows the results of the sensitivity analysis for water injection amount by fire engine for
Unit 2. The analysis used four different water injection rates from 0.4, 2.3, 3.9, 5.5t/h. Three rates of 0.4,
2.3 and 3.9 t/h caused damage on RPV and no damage by 5.5t/h.
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Appendix 4.8: Analysis results of the MCCI of Unit 1 using MCCI evaluation module

At the Fukushima Daiichi NPS, the pedestals, including their sump pits, are complicated in shape and it is
important to evaluate the erosion of concrete and the generation amount of MCCI. For this reason, with an
advection/diffusion model for eroded concrete added to the MCCI evaluation module within the
SAMPSON code, an evaluation was made of the spreading/erosion behavior of fuel debris for Unit 1.
Figure A4.8-1 shows the revaluation results. They indicated that for Unit 1, 40% of the D/W floor area was
covered with fuel debris.

B-B’ Sectional
temperature distribution - 1
i — R
Temperature (K)

i g S it

B-B’ Sectional temperature distribution

- Melted debris Solid debris
. Concrete
Horizontal sectional Temperature (K)
solid liquid distribution B-B’ Sectional solid liquid distribution
(1) Distribution of debris (2) Corrosion behavior 10h after the RPV damage

Reference: IRID Completion report for "Improvement of recognition regarding the internal PCV condition of the reactor
vessels using severe accident progression analysis and actual plant data"

Figure A4.8-1: Spreading/erosion Behavior of Fuel Debris for Unit 1 (MCCI Advanced model)
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Appendix 4.9: FP distribution analysis results by severe accident analysis code

The FP distributions inside the RPV, PCV, and R/B were evaluated using MAAP and SAMPSON codes.
Table A4.9-1 shows the analysis results of distribution of Cs and Sr, which are the representative FP nuclide.
The large uncertainties in the analysis results of both codes are caused by variations of FP models and
chemical form of FP nuclide considering evaluation model.

Table 4A.9-1 FP (Cs and Sr) Distribution analysis results (deposition amount at the time of 6 days after the
accident) (unit' kg)

- __ o | s

Inside the RPV 10-90 0.4-0.7 20-150 13-33 38-110 11-46

Inner wall of D/W 6-29 0203  Approx. 0.9 0.2-0.4 'egslt_hf" less than 0.1
S/P underwater 26-74 0.4-2 27-130 3-4 57-140 1-6

Re_lease 10 b3 T Vs ety less than 0.1-6  less than 0.1-0.4 less than 0.1-4 less than 0.1
environment 0.1-4 0.1

-Sr was basically exists in debris, other than those described above.
-FPs in gaseous form is estimated to be released by being replaced by nitrogen gas.
Those of Units 1 and 2 that exist in the S/P water were estimated to be released as contaminated water.
Those of Unit 3 in the S/P water may remain as it is or release by flowing back to the D/W side from the leak points as
contaminated water.
Reference: IRID Completion report for “Improvement of recognition regarding the internal PCV condition of the reactor
vessels using severe accident progression analysis and actual plant data"




Appendix 4.10: Evaluation criteria for degradation of major internal structures and equipment
under a high-temperature environment

The conditions of the equipment inside the reactors were estimated according to temperature evaluation

results based on severe accident analysis (MAAP and SAMPSON codes). Evaluations were made of

degradations due to high-temperature deformation, creep rupture, and corrosion. The table below shows the

evaluation criterial for each degradation event.

Degradation event

Evaluation criteria

High-temperature

deformation

In general, the tensile strength of material decreases as the temperature rises. When the
temperature is higher than 1,000°C, stainless steel and other metal materials exhibit almost no
stress resistance. This means that structures made of such materials are no longer serviceable and

therefore determined to be likely to collapse.

Creep rapture

In general, when the temperature is higher than a certain level, stainless steel and other metal
materials develop plastic deformation over time and finally break (develop creep rapture) even
under a load condition under which they do not deform or break at normal temperature. It is
determined that under an environment with a temperature higher than 500°C, which is higher

than normal operating temperature, they may undergo creep deformation or break.

Corrosion

Immediately after the accident, seawater was injected into the RPVs to cool the hot reactor cores.
In general, stainless steel and other passivated materials have their passive films destroyed by
chloride ions and others contained in seawater and when the temperature is higher than a certain
level, they develop SCC cracks and/or undergo pitting corrosion. At present, the water is purified
and the temperature is low and thus they have no chance to crack or corrode; however, it is
determined that it was highly possible that they had undergone cracking and corrosion
immediately after the accident. It is not clear how many SCC cracks were developed and how
deep (long) pit corrosion was immediately after the accident and thus it is difficult to evaluate the
impact of corrosion on the structural soundness of equipment. Since it is difficult to evaluate the
impacts on individual pieces of equipment, corrosion is not considered when the conditions of the

individual pieces of equipment inside the reactors are estimated.

(Provided by IRID)
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Appendix 4.11: Estimation results of major structures and equipment conditions

Through evaluation of degradation events, the conditions of the equipment inside the reactors were

estimated according to temperature evaluation results based on severe accident analysis (MAAP and

SAMPSON codes). The following table shows the evaluation results.

Note that the use of the following evaluation results requires consideration of the fact that the accident
development analysis (MAAP and SAMPSON codes) includes uncertainty.

L]

Steam dryer

Steam separato

Upper
plate

grid

For both of MAAP and
SAMPSON code, the temperature
is lower than 1,000°C and the
dryer may have been deformed
by creep.

For both of MAAP and
SAMPSON code, the temperature
is lower than 1,000°C and the
dryer may have been deformed
by creep. For MAAP code, the
temperature is higher than
1,000°C for certain duration at
the shroud support and head and
the appropriate sections of the
separator may have been
excessively deformed.

For MAAP code, the temperature
is higher than 1,000°C for certain
duration and the plate may have
been excessively deformed. For
SAMPSON code, the temperature
is lower than 1,000°C but the
plate may have been deformed by
creep.

For both of MAAP and
SAMPSON code, the temperature
is between 750°C and 1,000°C
and the dryer may have been
deformed by creep.

For MAAP code, the temperature
is higher than 1,000°C for certain
duration and the separator may
have been excessively deformed.
For SAMPSON code, the
temperature is approximately
700°C and the separator may have
been deformed by creep.

For MAAP code, the temperature
is higher than 1,000°C for certain
duration and the plate may have
been excessively deformed. For
SAMPSON code, the temperature
is approximately 700°C and the
plate may have been deformed by
creep.
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For SAMPSON code, the
temperature is higher than 1,000°C
for certain duration and the dryer
may have been excessively
deformed. For MAAP code, the
temperature is approximately
800°C and the dryer may have
been deformed by creep.

For SAMPSON code, the
temperature is higher than 1,000°C
for certain duration and the
separator may have been
excessively deformed. For MAAP
code, the temperature is
approximately 800°C and the
separator may have been deformed
by creep.

For both of MAAP code and
SAMPSON code, the temperature
is higher than 1,000°C for certain
duration and the plate may have
been excessively deformed.



Estimated Degradation Levels of the Equipment inside the Reactors at High Temperatures (continued)

]

Fuel assembly
/control rod
Reactor core
support plate

Shroud support

Control rod
guide tube and
nuclear

instrumentation

guide tube

They are assumed to have melted

and dropped.

For MAAP code, the temperature is
higher than 1,000°C for certain
duration and the shroud support
may have been excessively
deformed. The part that had
contacted fuel debris may have
melted and deformed.

Same as the left Same as the left

Same as the left Same as the left

If the shroud support is remarkably
damaged, the shroud and other
structures may incline; however, the
shroud is assumed to be less likely to
remarkably incline judging from the
primary-system pressure behavior
against the above-mentioned changes
in water injected from the water

supply system.
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Estimated degradation levels of equipment inside the reactors at high temperatures (continued)

] e ] unia |

@ D)=l [®\YN The housings are assumed to have Same as the left Same as the left

housings contacted fuel debris, melted, and
remarkably deformed. The welding
region with the RPV may have melted

and penetrated.

(Provided by IRID)
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Appendix 4.12: Overview of heat balance method and estimation results (details)

The heat generation is still continued due to decay heat from the fuel debris and water injection into the
RPV to cool it down. As temperature of water injection goes up to the RPV temperature and from RPV
temperature to PCV stagnant water temperature, cooling has been continued with increase in temperature.

Heat balance method is a method that estimates the fuel debris proportion inside the RPV and PCV
assuming it maintains (balance) the state that enables decay heat (heat generation) = Sum of temperature
rise of cooling water (heat release), That is, the heat balance method means to estimate the proportion
between the fuel debris in the RPV and PCV based on the assumption that the temperature of the cooling
water injected into the RPV is raised to the temperature of the accumulated water by the heat source (fuel
debris) inside the RPV and PCV, namely the assumption that the heat input (heat of the injected cooling
water and decay heat) comes into balance with heat radiation (heat radiated out to the building or into the
air through the PCV walls and cooling-water temperature rise caused by fuel debris). Figure A4.11-1 is a
conceptual rendering of evaluation based on the heat balance method.

Shown below is the fuel debris distribution estimated based on the heat balance method for each unit.

[

[ 5

/,i‘ {I:-J,-;W head)
RPV steady-heat balance method

Heat of water injection + decay heat inside RPV =
heat of leaked water in RPV + heat of useless water
+ RPV heat radiation
PCV steady-heat balance method
Heat of leaked water in RPV + heat of useless
- . water + RPV heat radiation + decay heat inside
(Cylinder, spherical) - 5oy = heat of PCV leaked water + PCV heat
1 radiation

4

. Reference:

) IRID Completion report for "Improvement of recognition
regarding the internal PCV condition using severe
accident progression analysis and actual plant data”

Figure A4.12-1: Conceptual Rendering of Evaluation Based on the Heat Balance Method

a. Evaluation results for Unit 1
For Unit 1, an evaluation based on the heat balance method was performed on the assumption that no heat
source exists inside the RPV (i.e., the RPV decay heat in the equation above = 0) according on the analysis
results based on the MAAP code. The evaluation used the quantity of the heat of the injected and leaked
water calculated from actually measured temperatures of both water, with the degree of contribution of

decay heat to the rise of the accumulated water temperature used as an evaluation parameter.
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The evaluation results indicate that if it is assumed that the heat source is equivalent to 45% of decay heat,
the actually measured changes in accumulated water temperature are almost reproducible as Figure A4.12-2
shows; it is determined that a significant heat source exists inside the PCV. It is, however, deemed that the
fuel debris distribution is significantly affected by the uncertainty about the decay heat of the fuel debris
that fell at the bottom of the PCV (according to evaluation by JAEA, the decay heat decreases
approximately 60% if all of the highly-volatile nuclides are released), possibility of heat radiation from fuel
debris to the floor concrete, and uncertainty about the evaluation of the transfer rate of the heat radiated
from the PCV into the outside air.

=== S/Pwatertemperature
Outow water temp (decay heat 100%)
Outlow water temp (decay heat45%)

Reactor injecion water pump outiet pipe temp
Temperature of outflow water

Temperaiure of ‘ 3 e ___ Equipment drain sump water temp +6°C
accumulated water ‘decal’ heat45%9 ___ Equipment drain sump water temp o
oo <
wsss| PCV entry water temp (OP6330) (32}
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® ¢ w= Allinjection water amount <
3 i 3
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2 [o]
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[ &

€
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5]
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/ _— \ ~ \\
™ Injection water temperature "o~ Mg

(Provided by IRID)
Figure A4.12-2: Example of an Evaluation Based on the Heat Balance Method for Unit 1

b. Evaluation results for Unit 2

The evaluation was made based on the quantity of the heat of the injected and leaked water calculated from
actually measured temperatures of both water, using as evaluation parameters the degree of contribution of
decay heat to the rise of the accumulated water temperature and the ratio between the amounts of the heat
sources (fuel debris) inside the RPV and PCV.

Figure A4.12-3 shows an evaluation result example. With the ratio between the quantity of the heat sources
(fuel debris) inside the RPV and PCV used as a parameter, the evaluation results indicate that if it is
assumed that 30 to 60% of the heat source remains inside the RPV, the changes in accumulated water
temperature inside the RPV and PCV are almost reproducible.
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(Provided by IRID)
Figure A4.12-3: Example of an Evaluation Based on the Heat Balance Method for Unit 2
(Percentage of Heat Source inside the RPV: 60%)

c. Evaluation results for Unit 3
As with Unit 2, the evaluation was performed based on the quantity of the heat calculated from the actually
measured water temperatures.
Figure A4.11-4 shows evaluation result examples. The evaluation results indicate that if it is assumed that
20 to 70% of the heat source remains inside the RPV, the changes in accumulated water temperature inside
the RPV and PCV are almost reproducible. They also indicate, however, that since the changes in the
temperature of the accumulated water in the RPV do not agree with that of the injected water, the quantity

of the fuel debris existing inside the RPV as a heat source is a lower than estimated.
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Figure A4.12-4: Example of an Evaluation Based on the Heat Balance Method for Unit 3
(Percentage of Heat Source inside the RPV: 40%)
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Appendix 4.13: Location of fuel debris estimated from plan parameter trend

The heat source of RPV (fuel debris) was estimated based on the trend of the temperature around the RPV
in the post-accident condition, water temperature of S/C, water injection amounts of feedwater (FDW)
system and reactor core spray (CS) system. Figure A4.13-1 shows difference between flow paths of the
FDW system and CS system. FDW system is a system that introduces the cooling water during the normal
operation of BWR into the RPV. After flowing into the RPV, cooling water is accumulated in the space
between reactor core shroud and the RPV (annulus), it will be flowing into the jet pump at the time when
the water level reaches to the upper part of the jet pump mixer. If the integrity of the bottom of the RPV is
maintained, the cooling water flowed in will accumulated inside the RPV and water level of the
accumulated water will be raised. However, since increase in the water level was not observed, the bottom
of the RPV has been damaged and the cooling water is estimated to be flown down from the damaged
portion to the inside of the pedestal. That is, FDW system water injection cannot cools down the BWR
reactor core portion but the bottom part of the RPV, even after the accident. While on the other hand, CS
system is a core spray system during the coolant loss accident and is installed along the walls immediately
above the core reactor core shroud. In the CS system water injection, the cooling water is flowing down the
space from the reactor core to the bottom of the RPV and the scape can be cooled down. Based on the
above, the fuel debris locations were estimated for each Unit.

Core spray ring header

Shroud

o e = Injection from
Injection from feed water
core spray system
system

Reference: Public data released by TEPCO
Figure A4.13-1 Flow path of FDW and CS systems

Shown below is the fuel debris distribution for each unit estimated from the trend of the plant parameters.

a. Evaluation results for Unit 1
Figure A4.13-2 shows temperatures at several positions inside the PCV of Unit 1 along with changes in the
quantity of injected water and measurement locations. In response to the changes in the quantity of injected

water, the following characteristic changes in temperature were observed.
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(1) Compared with Units 2 and 3, the ambient temperature of the RPV decreased at a fast rate, which
decreased to below 100°C five months after the accident.
(2) The ambient temperature of the RPV did not rise at a rate that corresponds to the decrease in the
amount of the injected water for the FDW system.
(3) With increases in the quantity of injected water for the FDW system, the ambient temperature of the
RPV dropped to below 50°C and the S/C water temperature rose.
(4) With decreases in the amount of injected water for the FDW system, the ambient temperature of the
RPV rose.
With the characteristics shown in (1), (2), and (3) above, it is estimated that the heat source is probably is
small inside the RPV. From (3) and (4), it is assumed that a heat source may exist in the water injection

channel for the FDW system and the heat removed in response to water injection has transferred to the S/C.
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Figure A4.12-1: Changes in Plant Parameter and Measurement Locations for Unit 1

b. Evaluation results for Unit 2

Figure A4.12-2 shows the temperatures at several positions inside the PCV of Unit 2 along with changes in
the amount of injected water and measurement locations. In response to the changes in the amount of
injected water, the following characteristic temperature changes were observed.
(1) Compared with Unit 1, the ambient temperature of the PRV is high, which was higher than 100°C
even six months after the accident.
(2) The temperature of the lower RPV head sensitively responded to the decreases in the amount of
injected water for the FDW.
(3) With the start of water injection for the CS system, the ambient temperature of the RPV decreased
and the S/C water temperature rose.
(4) With decreases in the amount of water injection for the CS system, the ambient temperature of the
RPV rose, around the lower RPV head, in particular.
(5) With increases in the quantity of injected water for the CS system, the ambient temperature of the
RPV dropped.
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With the characteristics shown in (1), (3), (4), and (5), it is estimated that a certain quantity of heat source

may exist inside the RPV; from (2), it is assumed that the lower RPV head is closer to the heat source than

the water supply nozzle (N4B). From (3), it is deemed that the removed heat had transferred to the S/C.
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Figure A4.13-3: Changes in Plant Parameter and Measurement Locations for Unit 2

¢. Evaluation results for Unit 3

Compared with Unit 1, the ambient temperature of the PRV is high, which was higher than 100°C even six

months after the accident; as with Unit 2, it is assumed that a certain percentage of fuel debris exists in both

of the RPV and PCV. The procedure for the above estimation is shown below:

(1) Compared with Unit 1, the ambient temperature of the PRV is high, which stayed at a level higher

than 100°C even six months after the accident.

(2) Although the amount of injected water is highest for the FDW system, the ambient temperature of the

RPV decreased at a low rate.

(3) With the start of water injection to the CS system, the ambient temperature of the RPV sharply

dropped.

(4) With a decrease in the amount of injected water for the CS system, the temperatures of the water

supply nozzle (N4B) and the lower RPV head rose.

With the characteristics shown in (1), (3), and (4) above, it is estimated that a heat source may exist inside

the RPV.

200

150
2
L
§ 100
=%
£
5}
=
50 |
| —
| S
||~ FWgamieir e
0 l==SSymipiu,
2011/6/1

2011/7/31

S
s

2011/9/29

Date

2011/11/28

Wa{eri'nj&on (mé/h)

Unit3

"Water levelindicates cu

mert eve;

IBRRE

]

Water bading nozs
PRViower fead

= 10
| RPVbelowsed
i

< 30om

Figure A4.13-4: Changes in Plant Parameter and Measurement Locations for Unit

A-34



ies

is propert

f Fuel debri

ion o
Figure A4.14-1 Estimation of fuel debris properties (1/3) (Provided by IRID)

t

Estima

Appendix 4.14

(ssaUyoIL W0 Josnia) 1snio Jamo| '(ajelalio|Bbe)

S|ElaleLl Us)oll paliplos '[SSeuy oLl Slajeuliuag

Ma) B J018hJo 8oBlIns ) 1snUo Jaddn 'z-||AL U] -
[sHgep Buuiejuoa-eyaw ‘apoq ‘(saseyd

Uau -1z pue -n) Zo(4z‘'n) uoysodwod urew]

AM2Inb Ajaane|ad sugep (any

ojUl payiplos pUe pajood Jeul Alquesse |an) uajoly
[lerayew

uajjow pauiplos ayj u sigfed |an4d 1o abew|]

slIgap (BN} o] paly(pllos AMOIS Sen) U)o
[lepazew uajjow pay

Apoinb Ajeane|al sugap
[Ny oju| pajj|plios puUE pajood jEY) s|any usjol
[ 3sano Jaddp :g abew;]

18IN0 Jamon

(lood usyow)
[elsiew
uajjow pajjipllog

B0 Jaddn

afew| oN o)
[20(4z'n) :uomsodwos uep]

sligap padeys-yood |Bws

[ sugep padeys-yood ews :q abew)]

) [2olz'n)

‘lesls ssajuie)s Ton 'z-Az uonusodwos urepw]
Buloos pided Jaye

sligap Jejnuelf ol paliplos sjoslgo pejswl 'sjeny
pallplos-ad jo siuswbel) 'sjuswBel) pajysLiun
[sugsp padeys

=y¥00d |ews ‘sjuswBedy pajewun i abew|]
[lee)s ssejuie)s Con ‘z-Aiz uoisodwos urew]
s|ellalel [elnjonuis |eny pue Buippe|a pajjawun

[ sjuawfel pajawun ;g abew|]

slgap 83007

[ 2on ‘g-Adz ‘1e9)s ssajuie)s :uojysodwos ueyy]
(payoene

sigep) wnuaid Jaddn pafeuwep o uajoly

[ wnus|d sy} punoJde saanjanJls v abew|]

afew) oN v

wnua|g

ped saddn usyopy

—

safsualoRIeYD abew|

"181n8S|3 Woy uoissiuuad ym ‘066 | WBUADOD ‘Grb-LEE (0661) 811

ubissq pue buussuibug 1espnp suoneunuexy sidwes s10) Z-IN1 jo Adewwng
‘uss|Q 'S "D pue sy M Q0 11@ssny 1 W lIBpIeDo M Y wioy psjuuday
“A2100g [ealwsy D ueduSWY 986 JUBuAdoD

‘£6Z BWN(OA, “AJBID0S [BIIWLSYD) UBILSLUY 986 . JUSPIddY pue|s| sl 8s1y |

ayL, jo g 1aydeyn ebeweq 810D, ‘Wepi3 Y "9 woly uoissiuuad yum pajuuday

"JON Ag paulRlgo |eacldde UM SiUBWINDOR BUIMO|0) aU) WOl paloexe ale sebew) ay]

100N ON -
{9 uoBey -
00} EFeped

Rinen

G- swoBay -
a6 JopEay

o~d

-9

Elep ON-

BUBAOY pod o440y

EJEp ON-

Wnuad Jamor

EJEp ON-
I0EEdsS WEag

Elep ON-
18Fip weas

‘pasnbal ag Aew uassasseal ‘1ea|o awwooaq

S|2SSeA 10}9ES) BU}J0 SUOIPUOD [BUISIUI U} S JUBIBIP 8q ABW Z JUn
Jouonipuoa [enjoe auy pue ‘sydeiBojoyd z-|y | Wol) ale umoys sabew) ay |
‘NOSJIWVYS ‘@poo sisAeue uoissalboid

wspIaoe ay) Aq sisAeue Jo (g L.ogAd) Synsal ayl Buisn pawnsse sem g Jun
10 |9SS9A 10)9B81 BU} JO SUOHIPUOD [eUIdU| 8U) ‘Z-|IN L JO 9SED aLj) uo paseq

A-35



Figure A4.14-2 Estimation of fuel debris properties (2/3) (Provided by IRID)
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Figure A4.14-1 Estimation of fuel debris properties (1/3) (Provided by IRID)
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Appendix 4.15: Information for comprehensive analysis for the internal PCV conditions

Tables 4.15-1-4.15-3 show the result of the analysis using severe accident analysis code, estimation
according to the trend of heat balance method and plant parameter, muon detection, PCV internal survey
and BSAF Phase-1 and information that summarizes the amount and location of fuel debris and position.

Table A4.15-1 Comprehensive analysis/evaluation results of fuel debris amount and location and plant

survey situation (Unit 1) (Unit: ton)

Severe accident Heat balance Estimated from

method T ——— Muon detection BSAF Phase-1

analysis
(incld. concrete)

o Results of cooling
B 0 state at the time of High density 0-3
egion accident/accident materials (fuel)
In the A few heat

Area

progressions was not observed

o sources :
analysis indicate in the reactor core
10-15 there is no heat location 0-8
source.
Inside the Possibility of heat
187-209 f
pedestal Szlrjircﬁ em tgf cpr  Outof scope of the
" With heat source Bi piﬁ g (rlgPV measurement 105-164
utside
rel 59,85 bottom) heat conducted so far
source.

pedestal

*The result of the analysis performed by TEPCO indicates that the temperature change during the nitrogen injection can be
explained by the temperature distribution after the accident focusing on the local heat source in the periphery of the CRD

pipe.
Reference: IRID document

Table A.4.15-2 Comprehensive analysis/evaluation results of fuel debris amount and location and plant
survey situation (Unit 2) (Unit: ton)
Severe accident Estimated

Area (Unit and No.
of Institutions)

analysis AL from plant Muon detection
. method 6 3
(incld. concrete) parameter - -
organizations organizations
e Np Iarge-gcale
: 0-13 ) . high density 0-14 0-32
region Heat source With a certain . .
In the material (fuel ) is
RPV

rate: approx. extent of heat found in the

Bottom
of the 25-58 A source reactor core 0-91 0

RPV region

Inside the
-12
pedestal 90-129 Heat source !—Ieat _removed Out of scope of
In the ) is estimated to
pCV Ousid rate: approx. transfer to the the measurement 0 147-240
UEle 40-70% conducted so far

the 5-106 S/C.

pedestal

*Analysis result of BSAF Phase-1 describes the results for the case where fuel debris had and had not fallen on the pedestal.
Reference: IRID document
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Table A4.15-3 Comprehensive analysis/evaluation results of fuel debris amount and location and plant
survey situation (Unit 3) (Unit: ton)

Severe accident Estimated BSAF Phase-1*

Area (Unit and No. Heat balance Muon

of institutions) . QIEVEE method R RS detection
(include. concrete) parameter 4 orgs. 9 orgs.
Core
[ans ) Heatsource  With a certain e TES
RPV rate: approx. extent of heat
bottom of 20-70% source
the RPV 25-79 8-81 0

Difficult to Under

Inside the

pedestal 73-154 estimate studies
(Difficult to
EEIERIlES detect changes
. rate is about g 0 140-268
Outside 30-80% by parameter due
the 0-102 0 to a large amount
pedestal of stagnant

water)
*Analysis result of BSAF Phase-1 describes the results for the case where fuel debris had and had not fallen on the pedestal.
Reference: IRID document
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Appendix 4.16: Feasibility studies on fuel debris retrieval from R/B bottom

This is the FS on the establishment of access routes by using bottom-access method, which is a
presumption of fuel debris retrieval from the bottom of the R/B. It was considered whether it is possible to
create a hole to establish a route to access the inside of the PCV, at the bottom of the R/B bases, holes
through which equipment or robots can enter for removing the fuel debris that have dropped onto and are
accumulated at the bottom of the PCV (near the RPV pedestal legs). During the consideration process,
attention was focused on (1) prevention of risk for additional contamination expansion, (2) avoiding a
negative impact on the foundation ground of the R/Bs and the soundness of the R/Bs, and (3) suppressing
the costs and work period.

(1) Present Situation of the Fukushima Daiichi NPS and Investigation of the Existing Techniques including
Construction Techniques

The existing techniques were investigated and examined against the technical requirements to identify the
elements of technical development. As a result, as Figure A4.16-1 shows, the examination revealed that the
shield method and pipe jacking method can be used to drill a shaft that connects the ground with
underground, a horizontal tunnel for horizontal underground travelling, and an upward shaft that gives
access from the underground of the R/B to the bottom of it.

Investigations and comparison for the existing technologies for opening a hole from the bottom of the R/B
foundation base to the inside the PCV was conducted in order to introduce the equipment and robotics for
fuel debris retrieval to access the inside the PCV. Although full-turning all casing method was selected as
high applicability, however considering the current performance verification of applicability by the mockup

test facility is considered necessary in advance.

*Existing technology can be applied to the area
from Approach shaft to Upward shaft

TIITIT = :  Pneumatic

Cast-in-site diaphragm wall ~ €31SSon

shs
/ L
operation area

~ Access rout (bssement)

horizontal tunnels /

S

Shield method
Jacking method

Jacking method

Figure A4.16-1: Examples of Applicable Existing Techniques
(2) Review of the Construction Concept

Several underground access routes were proposed for removal of fuel debris. First, the basic route

configuration (an access shaft, horizontal tunnel, upward shaft, and approach hole) was reviewed. Then,
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comparative review was conducted of considerations about access route determination, including the
location of the pit mouth and entry method, horizontal tunneling depth, tunnel connection and line shape,
starting-point depth for drilling an approach hole, positioning transfer of drills machines, and handling of
fuel debris when the approach hole is reached. Figure A4.16-2 shows the line shape by the installation

locations of starting tunnel and arrival tunnel.

Case (1): Starting tunnel is Case (2) : Both starting/arrival Case (3) : Loop commonly using

located inside the land-side tunnels are located outside the starting tunnel outside the land-
impermeable walls land-side impermeable walls side impermeable walls

From left (1) Starting tunnel located inside land-side impermeable walls, (2) Both starting /arrival tunnels are located
outside the land-side impermeable walls, (3) Loop commonly using starting tunnel outside the land-side impermeable walls

Figure A4.16-2: Examples of Line shape of installation locations of starting tunnel and arrival tunnel

A concrete method was reviewed for drilling an approach hole connecting the workroom at the bottom of
the building with the fuel debris area as shown in Figure A4.16-3. In other words, it is a method for
constructing an access route to the underground workroom at the bottom of the R/B. This method regards
the PCV as the containment vessel, which penetrates the hole, as the boundary, and takes into consideration
control of contamination spreading by using a double-pipe structure when penetrates PCV. It is, however,
deemed to involve many issues concerning overall radiation measures such as handling of contaminated
water and waste that are assumed to deliver high radiation environment and require further treatments. In
addition, the method must allow for remote operation after the reached to PCV, and will be consequently
required to address technical challenges such as robotization of the entire equipment and life extension of
the drilling bits.

STEP1 STEP2 STEP3 . STEP4 STEPS

Figure A4.16-3: Procedures of boring from the lower part of the building to the fuel debris area
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(3) Review of the Impact on the foundation ground of the Reactor Buildings and the Soundness of the
Reactor Buildings

A review was conducted of how the foundation ground of the R/Bs and the soundness of the R/Bs would be
affected by the access route constructed based on the drilling method by creating a construction equipment
area immediately just under the PCV that seems to be highly applicable.

The impact of the settlement of earth surface based on a theoretical formula was determined by calculation,
which revealed that for a horizontal tunnel with a diameter of 8.0 m, the settlement would be 1.4 mm at a
point just above the tunnel, which in turn would be almost zero at a point 15 m away from the center of the
tunnel. The decrease in area caused by an upward shaft would be as low as approx. 0.3%; which seems to
hardly impair the bearing capacity of the foundation ground of the R/B. During the boring process inside
the foundation base of the R/B, reinforcing steel would be cut, which would not probably weaken the
foundation base. The complicated impacts caused by an earthquake, however, must be separately reviewed
in details.

(4) Issues in the establishment of a access route to the lower part

For the access to the bottom of the building, access shaft, horizontal tunnel, and upward shaft, an existing
method, such as the shield method, can be probably used. For the approach hole to be arranged at the base
of the building, the full turning all casing method is assumed to be relatively applicable; however, as Figure
A4.16-4 shows, it must address considerations such as how to stop water leakage from the bearing during
the drilling process, remote operation and control of drilling, , installation of a water sealing equipment that
can retain the water tightness of the containment vessel, boring method for the fuel duel debris area with
uncertainties in the hardness, recovery of cores and contaminated water that contain debris, and how to
secure long-term soundness of the watertight seal.

Judging comprehensively, establishment of an access route to the lower part involves many challenges that

should be overcome. The achievement of it requires much technical consideration and development.

Issue 1: Method is never been used before

Basically, it is new concept that advanced the full-
turning all casing method that applied to the downward
boring, which is existing technology. D 1 is
required to apply for actual construction through the
improvement/development and mockup tests.

Issue 3: life extension of drilling bits

Since remote-control operation will be required after
reaching the PCV, additional drilling tube and
replacement of drilling bits are expected to be difficult.

Life extension of drilling bit will be the issues in the
development.

Issue 2: Water tightness of connection part

After reaching the inside of the PCV, drilling tube will be
contaminated area.

Therefore, the method applies the double pipe structure that
equipped with casing pipe outside the drilling tube and
considers the control of spread of contamination.
Furthermore, drilling in the upward shaft under the
foundation ground of the R/B, spread of contamination is
triply controlled by combining the casing pipe and drilling
tube.

However, water tightness of bearing for the connection parts
of upward shaft and R/B bottom and horizontal tunnel and
upward shaft will be the issue.

Issue 4: Remote control and robotization

In this construction method, since remote control work is
required to be performed after reaching the PCV, no more
driling tube will be added.

Therefore, operation up to the collection of core caused after
reaching the PCV and storing the core to the canister will be
subject to the remote control.

Therefore, remote control and robotization of overall
equipment are the issues in the development.

Pump mpsler

Grandpsckng

Drilling watericlean water

Contaminated water

Figure A4.16-4: Issues in the technical development of approach hole boring work
Considerations Associated with Technical Development Required for Approach Hole Drilling

A-42



Appendix 4.17: Overview of analytical evaluation of air cooling inside the reactors

Objective

This analytical evaluation is aimed to estimate the temperatures of fuel debris and inside the PCVs at the
target timing (2021) for fuel debris removed from Unit 1 of the Fukushima Daiichi NPS, given that the dry
method will be used.

Analysis code
The evaluation used STAR-CCM+, a general-purpose, thermal-hydraulics analysis (CFD) program.
STAR-CCM+ provides a variety of physical models capable of handling complicated engineering issues.

Analytic model

A three-dimension analytic model for air cooling inside the reactors was built based on the geometry data
on the Fukushima Daiichi NPS as shown in Figure A4.17-1. Validated with the measured PCV
temperatures, the analytic model can be used to analyze the distribution of the temperatures inside the
reactors assuming that the dry method will be used.

For Unit 1, the analytic model was based on the assumption that the all fuel debris is to fall inside the RPV
pedestal. Specifically, it is based on the assumption that the debris that has dropped first accumulates in the
sump pits inside the pedestal and then overflows the sump pits, forming discoid accumulation inside the
RPV pedestal (see Figure A4.17-2).

PCV

RPV Matters accumulated
Air gap layer 5cm Fuel debris inside the pedestal
Pedestal
Nitrogen region
Coolingarea
Fuel debris
Concrete
T Matters accumulated
Torus room air region

in sump pit X2

Suppression pool water
Torus room stagnant water

Figure A4.17-1: 3-D Temperature-distribution analytic model ~ Figure A4.17-2: Shape of Debris inside the RPV Pedestal®
Boundary conditions

As boundary conditions, the model used ambient temperatures based on atmospheric-temperature data from
the meteorological observatory of Namie City, Fukushima Prefecture. The heat-resistance value was set to
0.8m?-k/W considering that the heat of the fuel debris is eliminated by natural convection of the N2 gas
inside the PCVs.

The heat-resistance value was determined and used for analysis based on the heat transfer between the
peripheral area of the analytic model and peripheral atmosphere when the concrete wall of the building is
approximately 2 m.

Analytical input of decay heat

% For the debris inside the RPV pedestal, no consideration is given to the MCCI or leakage to the
outside of the pedestal.
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The amount of (decay) heat from fuel debris is referred from the published data from JAEA
[JAEA-Data/Code2012-018"]. The heat from FPs (Cs-134 and Cs-137) takes into consideration the amount
of heat released into the environment at the time of accident. It assumed that it adhered evenly to the inner
wall of the PCVs because the distribution is not clear (see Table A4.17-1).

It was hypothesized that heat is evenly discharged from fuel debris according to the modeled fuel debris
and that the heat is discharged from entire FPs considering the fact that FPs evenly adhered to the inside
wall of the PCVs.

Table A4.17-1: Heat from Fuel Debris and FPs

Period [year] Fuel debris [kKW] FP [kW]
2015 61.5 9.37
2021 44.0 4.10
2031 329 2.40

Analysis results

Figure A4.17-3 shows the analytic evaluation results of air cooling inside the reactors. The analyses were
conducted on the conditions in 2015 in which cooling is performed with injected water, in 2021, a target
year for starting removal of fuel debris, and in 2031, 10 years after the removal target year, with the
assumption that the dry method will used.

The analyses based on the dry method assume that no cooling water exists inside the PCVs or torus rooms
and that all heat from fuel debris is removed through the coolant (nitrogen) inside the reactors.

The results of the Unit-1 analyses that assume the use of the dry method at the target timing for starting
removal of fuel debris indicated that the maximum temperature of the fuel debris accumulated inside the
RPV pedestals is approximately 480°C and maximum surface temperature of fuel debris, approximately
350°C.

&

Temperature (©)

Temperature (<

b Lb

Temperature (C)

mew Coe Eed

Temperature (C)

Temperature (C)

Analysis Results inside a Reactor Analysis Results of Air Cooling inside  Analysis Results of Air Cooling inside
[Water injection cooling condition in a Reactor (2021) a Reactor (2031)
2015 simulated] [Dry method assumed] [Dry method assumed]

Figure A4.17-3: Analysis Results of Air Reactors

* Nishihara, Iwamoto, and Suyama, Estimation of Fuel Composition in Fukushima-Daiichi Nuclear
Power Plant, 2012
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Table A4.18-1 Applicability of the fuel debris retrieval method according to the locations (details)

Appendix 4.18
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Appendix 4.19: Studies on containment function (Boundary)

The accident on the first resulted in a long-term loss of power that deprived the power station of its cooling
capability, resulting in a core meltdown. This led to losses of the RPV and PCV boundaries and the
confinement capability of the R/Bs, resulting in severe environmental contamination. The accident took
away all of the so-called quintuple walls. Under the situation where the confinement capability
(boundaries) is incomplete, our critical challenge is to reduce the radiation dose and the impact of it, i.e.,
the risk level, through emergency measures, stabilization of the facilities, and cleaning after the accident.

This section considers the concept according to which the confinement capability of the power station was
designed in the first place, the measures taken against the accident, and the present situation is as well as
the idea on which the measures should be based in working on a new phase—removal of fuel debris. Table

A4.19-1 shows an overview.

1. Confinement Capability (Boundaries) of a NPS under a Normal Condition

Speaking of confinement, it must be clarified what should be contained. A typical power station must
contain roughly two types of substances: fission products (FPs) and corrosion products (CPs).
FPs are produced inside fuel pellets by nuclear fission, which partially go out of the pellets but are
contained inside the fuel cladding. If this tube is damaged, FPs leak out into to the water, the coolant, in the
nuclear reactor. In the design phase, a reactor is given an upper limit of FP concentration so that the reactor
can continue to operate unless this limit is exceeded. In overseas, even if the fuel cladding was damaged,
reactors, particularly in early stages, used to be operated continuously. In Japan, however, the nuclear
reactors are stopped to prevent contamination if the fuel cladding has turned out to have a pinhole that
allows even a slight amount of FPs to leak out. The FPs that require particular attention are rare gases and
iodine because they are likely to leak out in a gaseous state. These FPs are released after they are decayed
with an off-gas (OG) treatment system.
On the other hand, CPs exist in the coolant as products that are resulted from corroded structure materials,
adhere to the fuel at the core, and then become liberated. The CPs that require particular attention are cobalt
60 and manganese 54. CPs are securely controlled with a treatment system for liquid waste as a matter of
course to prevent them from having an impact on the outside of the power station. In addition, since they
greatly expose workers to radiation, measures for reducing radiation exposure are being carried out such as
use of low-cobalt materials as structural materials, improvement of reactor water chemistry, and removal of
corrosion products.
During normal operation, the FPs and CPs mentioned above, including small amount of leaks, are kept
within the control area and treated with a waste treating system to ensure that they satisfy the criteria before
they are released.
During periodic inspection, fuel is replaced and the inside of the reactor is inspected with the RPV and
PCV opened and even the nuclear reactor well filled with water. In this case, FPs and CPs are also kept
within the control area and treated with a waste treating system to ensure that they satisfy the criteria before

they are released. During construction, radioactive dust may be a problem. If this is the case, arrangements
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such as barrier placement and local air conditioning may be made to restrict the release of radioactive dust

from the control area.

2. Confinement Capability (Boundaries) at the Time of Accident

Originally, the confinement capability is expected to prevent FPs from being released when an accident
occurs. From the viewpoint of containment (boundary), FPs are contained by the so-called quintuple walls:
(1) fuel pellets, (2) fuel cladding, (3) reactor coolant-pressure (RPV) boundary, (4) reactor containment
vessel (PCV boundary), and (5) R/B (secondary containment). Among these confinement capabilities
(boundaries), the RPV boundary is for containing liquid-phase FPs and the RCV boundary and R/B are for
containing gas-phase FPs. When the reactor is in operation, the PCV is filled with nitrogen to keep the
inside of it inactive for the purpose of preventing a hydrogen explosion when an accident occurs. According
to the scale of the accident, the release of FPs is prevented by the fuel cladding tube, RPV boundary, or
PCV boundary.

Actual accidents at BWR plants so far have not resulted in significant core damage caused by core
re-submersion. This even applies to an accident that undergoes a guillotine break of the RPV boundary
piping and results in a loss of the coolant. If an accident occurs, with the assumption that leakage of FPs
from the PCV is 0.5% per day, leaked radioactive substances are to be retained inside the R/B and treated
with an emergency gas-treatment system before they are released. For the liquid phase, a circulation loop is
established as a boundary that allows cooling water that has flown out from the breakage to move to the
S/C and then be poured into the reactor by the ECCS system. For a serious or virtual accident (siting
evaluation), the performance of the containment by the PCV boundary and R/B is evaluated assuming that
the reactor core is damaged. This evaluation is also based on the assumption that leakage of FPs from the
PCV is 0.5% per day and leaked radioactive substances are to be retained inside the R/B and treated with an
emergency gas-treatment system before they are released.

For a giant structure like a nuclear facility, it is impossible to completely eliminate leakage and therefore
evaluation is made with a practically controllable leakage rate assumed and with an expectation that
dynamic equipment has a suppression effect. The dose requirement at the time of accident occurrence is set
to 5 mSv or less per accident.

The accident at the Fukushima Daiich Power Station, however, resulted in a long-term loss of power,
leading to conditions severer than those assumed in the design phase. The loss of the cooling capability of
the reactors and the damage to the cores resulted in losses of two walls: (1) fuel pellets and (2) fuel
cladding tube. Furthermore, the molten cores damaged the reactor pressure vessels, resulting in a loss of the
(3) RPV boundary. Subsequently, the temperature and pressure inside the reactor containment vessels
became high, which damaged the (4) PCV boundary, causing leakage of steam containing radioactive
substances and hydrogen produced by a water-zirconium reaction into the inside of the R/Bs. Since the
emergency gas treatment system was not also operable due to the loss of power, hydrogen explosions and
other factors damaged the (5) R/Bs.

All of the five walls were thus damaged, resulting in release of a large amount of radioactive substances.

However, the existence of the PCVs somewhat suppressed the release of gases other than volatile gases
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such as rare gases and iodine. Although the reactor core melting was not avoided, it is notable that agile
measures including fire engines helped the power station recover the cooling capability. This development
was never seen for Chernobyl. As a result, the release of cesium to the outside air of the PCVs was
controlled under 2%. For the other nuclides, the lease amounts were much lower.

On the other hand, water must be kept poured to cool fuel debris; the water leaks from the breakages of the
PCVs, meaning that water is endlessly applied for cooling. This causes radioactive substances contained in
leaked water to continuously flow out and mix with the accumulated water in the buildings, presenting a
continuous problem—contaminated water—associated with the degraded confinement capability for the
liquid phase. The water leak blockage capability is also degraded and therefore causes ground water to flow
in, increasing the amount of contaminated water. This is further complicating the problems. To prevent
contaminated water from increasing and radioactive substances from flowing out to the outside of the
system, a circulating water injection cooling system is used that purifies contaminated water and then
reuses it to cool reactor cores with the building used as a boundary. The level of the accumulated water
inside the building is kept lower than that of ground water so that ground water will flow in to allow the
building boundary to prevent radioactive substances from flowing out to the outside of the building. This
continuous water injection successfully cooled fuel debris and decreased the temperature inside the
containment vessels to a level well below 100°C. This remarkably suppressed the release of radioactive

substances, achieving a so-called stable cold shutdown condition.

3. Present Confinement Capability (Boundaries) at the Fukushima Daiich Power Station

The present confinement capability (boundary) at the Fukushima Daiich Power Station is as follows.

The boundary for the liquid phase uses a circulating poured-water cooling system that purifies accumulated
water inside the building using a water treatment system and then reuses the purified water to cool the
reactor core with the PCV used as the primary boundary to retain cooling water poured into the reactor and
the building used as the secondary boundary to retain water leaked from the PCV. The level of the
accumulated water inside the building is kept lower than that of ground water so that ground water will
flow in to allow the building boundary to prevent radioactive substances from flowing out to the outside of
the building. This causes the ground water that has flowed into the reactor to be redundant water, which
must be stored as water treated as the water treatment system. This requires a storage tank to be kept inside
the premises, presenting a problem with contaminated water. To counter this problem, sub-drainage
equipment is installed near the building to pump up ground water and release it into the harbor through a
purification system, thus lowering the level of ground water to reduce the amount that flows into the
building. In addition, multi-layer measures—a frozen wall—are taken to decrease the amount of ground
water that comes close to the building. Equipment for transferring accumulated water inside the building is
also installed so that the level of the accumulated water inside the building can be controlled. To reduce the
amount of ground water that comes in and prevent contaminated water from flowing out, it is required to be
able to securely control the level of water inside and outside the buildings under any condition.

At the boundary for the air phase, a nitrogen filler is used to inactivate the inside of the PCVs and a PCV

gas controller is installed to extract gases inside the PCVs, filter them, and measure radiation from them
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before releasing them. This arrangement keeps the pressure in the air phase slightly positive to prevent a
hydrogen explosion and minimizes the release of radioactive substances. With these measures, the
estimated radiation dose at the boundary of the premises due to the radiation released from Units 1-4 is
sufficiently low—approximately 0.00087 mSv/year.

As the goal to be achieved within fiscal 2015, it is required by the Secretariat of the Nuclear Regulation
Authority that the additional dose at the boundary of the premises due to direct radiation from the

contaminated-water holding tank and released liquids and gases should be less than 1 mSv/year.

4. Problems with the Confinement Capability (Boundaries) Associated with Removal of Fuel Debris and
the Concept of the Measures against the Problems

Removal of fuel debris involves cutting of it, which probably causes a particulates to move to the liquid or
gas phase inside the PCVs. In addition, changing the level of water inside the PCV is being considered,
meaning that the requirements for the confinement capability (boundaries) may change.

For a particulates, the upper limit of concentrations associated with internal exposure through breathing, in
particular, is stricter than for the other nuclides. For this reason, attention must be paid to particulates that
may be released as dust from the gas phase and the gas-phase boundary must be arranged based on careful
consideration. For this reason, in terms of control, it is easier to cut or treat otherwise fuel debris
underwater or with water being applied, where possible, to let a particulates move to the liquid phase. In
this case, raising the level of water inside the PCVs must be considered. This is one of the major aims of
deliberately carrying out research and development activities about PCV repair (water leak blockage).
Basically, a particulates should be moved to the liquid phase, where possible, without dependence on the
method for fuel debris removal, which inevitably raises the concentration of radioactive substances in the
liquid phase (i.e., the risk level = hazard potential). It is questioned whether the present control of the water
level difference between inside and outside the building sufficiently acts as the confinement capability
(boundary) for the liquid phase. Measures for suppressing risks associated with fuel debris removal may

involve the following:

(1) While fuel debris is cut, cutting particles nearby are sucked to control the concentration of o
particulates that spread into the liquid phase and decrease the concentration of the radioactive
substances in contaminated water so that the total hazard potential will be the same or lower.

(2) The PCV (blocking water leakage) is repaired to control leakage from the PCV and reduce the
amount of radioactive substances that may mix into the accumulated water inside the building in
order to reduce the risk level (it is difficult, however, to completely block (eliminate) water
leakage).

(3) The methods in (1) and (2) may reduce the risk level during normal work. If an abnormally large
amount of water leaks with the level of water raised inside the PCV, the level of water inside the
torus rooms may increase and become higher than that of ground water. To counter this situation, a
system is installed that emergently transfers water using a large-capacity pump to lower the water
level. However, depending on the assumed leakage rate, it is difficult to avoid temporary water level
reversal. It is also possible to use a method that does not raise the level of water inside the PCV.

(4) Temporary water-level reversal is evaluated for the effect in an emergency, where water-level
reversal seldom occurs, to verify that it has no significant effect on the outside. To further lower the
risk level, water leakage for the R/Bs is blocked. It is, however, expected to be difficult to
completely eliminated water leakage from the buildings.

(5) To further reduce the risk level, an impermeable wall of, for example, clay is installed around the
buildings as the final barrier.
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It must be evaluated how much each level of measures can reduce the risk.

For the confinement capability (boundaries) for the gas phase, on the other hand, although an action is
taken to transfer as many as a particulates to the liquid phase at the time of fuel debris removal, the
concentration of a nuclides is expected to increase. As a solution to this, it may be possible to install a cell
at the top of the PCV to arrange a system (primary boundary) that keeps the inside pressure negative as
well as to install a container in the R/B to arrange an air conditioning system (secondary boundary) that
controls the inside pressure to be negative. In this case, it is necessary to evaluate the impact on workers
and the outside based on an estimated scattering ratio of a particulates and the actual filtering performance
of the leakage rates at the primary and secondary boundaries. It is necessary to evaluate the impacts not

only in normal conditions but also in an emergency.

5. Concept regarding Securing of the confinement Capability (Boundaries) Associated with Removal of
Fuel Debris

At the Fukushima Daiichi NPS, rationally feasible measures have been implemented based on the
precondition that the facilities were damaged after emergency measures taken after the accident and they
are in a severe environment; these measures have resulted in the present stable state. At present, the
Secretariat of the Nuclear Regulation Authority has established requirements (goals) that must be satisfied
(in normal times) at present: i.e., the dose caused by additional exposure at the boundary of the premises
(entire site) must be less than 1 mSv/year and workers must not be exposed to a dose of more than 100 mSv
per five years or 50 mSv per year—the upper limits of normal-time doses defined by the Law Concerning
Prevention of Radiation Injury due to Radioisotopes, Etc. These requirements are based on the control of
releases and radiation in the control area for normal reactors. The evaluation made at the time of accident
was based on an upper limit of 5 mSv per accident as a guideline from criteria for various accidents.

When fuel debris is removed, there is apprehension that the concentrations of FPs and «
particulates—nuclear fuel materials—may rise inside the PCVs. Even if the concentrations increase in the
gas and liquid phases, it presents no problems technically if a confinement capability (boundary) can be
designed and evaluated that satisfies the goals for normal times and emergencies defied by the Secretariat
of the Nuclear Regulation Authority.

However, the fact that a considerable amount of o particulates will be released during normal removal of
fuel debris will not be probably accepted in the areas where efforts are being made to clear up damage
caused by rumors. Under the circumstances, it may be appropriate to make the maximum efforts toward
controlling the release to a value under the detection limit (ND) under normal conditions and use an upper

premises-boundary limit of 5 mSv per accident as a guideline for very rare events such as accidents.
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Appendix 4.20: Development of equipment and device for fuel debris retrieval

Designation (1) Test based on a fluid-pressure manipulator

Objective Checking the basic feasibility of the control characteristics helpful in designing a manipulator for
removing fuel debris, and identifying their challenging items

Test details * Evaluating the effect of the hose length (10 m or 100 m) based on the assumption that a long distance is
required between the fluid-pressure controller and access unit when the latter must be remotely controlled
* Evaluating the effect of the load (15 kg) to be mounted at the end of the manipulator
* Setting the moving speed of the laser end as the operating speed (2 mm/second or so)

Present * Element tests are being conducted.

situation * A joint research with a university is underway concerning improvement of the control performance of

fluid-pressure manipulators

Evaluation and

challenges

* In element tests conducted in fiscal 2015, the required target end positioning accuracy was not achieved.

To improve the accuracy, a pressure feedback system was added.

Overview

! Test equipment revised from last

r Hose length ~ 100m

Pressure censer —m

h

Electric valve
End position
Atttude and Jointangle Hudraulie maninulator
orbit command

Pressure

Joint angle
position posture
Coordinate conversion

Angle censer

Configuration of the fluid-pressure manipulator Photos and drawings provided by IRID
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Designation

(2) Development of technologies for debris cutting, dust collection, and vision/measurement

Objective

* For easy removal, fuel debris must be processed into easy-to-handle sizes. Identifying the characteristics
of cutting technologies that seem to be effective for fuel debris processing and developing technologies for
collecting dust and aerosols produced during processing

* Developing a radiation-proof camera to be used in the environment of fuel debris removal

Test details

* Improvement bit: Checking the stability in early stages of cutting and the amount of chips to be
produced, and verifying the processibility of the mock fuel debris

* Non-core bit: Checking the processibility of mock fuel debris

* Laser: Measuring the processing efficiency and the weight and the particle size distribution of secondary
products (fumes) moving into water and air

Analytic evaluation to select a method for preventing fumes that move into the air from spreading
Checking the effect of removing fume from gases

* Camera: Irradiation test on the pickup camera tube and radiation-resistant camera

Present

situation

Element tests are being conducted.

Evaluation and

challenges

* In element tests conducted in fiscal 2015, there were problems on the amount of chips produced and the
stability in early stages of cutting.

« For the vision technologies, a pickup camera tube is expected to achieve a required radiation resistance.

Overview

: Measures to the exposure by the

Laser fume due fo the leakage from the
i ar
In-air . Leakage prevertion by the cell
— M_ur[lovin&of leakage amount
Hydrogen (radiation ddse rate)
Scatlering o )_‘ —sBackup fadilities for leakage
substances, , Optical ; Sricaity prevertion during - Maintenance of ffer eic
system tfg;lslef process . —>Rnemo[e-conlmlled
. i insi - Closure prevertion durin exchange
bgl?"ndtaammallon control inside the fransior pPocess g change
 Material ical seal (isolation film,

frequen
. quilica(i:r prevention for

inedd e HP
insi e § collected fuel debris

A:Fumediffusia? control by stream

Mehéd part line managemen :| D

. . . o
Construction in the air . ST
. L] and fume treatment system
. ° —Collection of machining piece
. by water flow

—Collection of fume by water
flow (trap to the water)

I
‘e Laser
A4

- Mair of fler et
—Remoate-controlled
exchange
—Reduction of
replacement

« Collection of a large
scale machining pi&ces
—Manipulator efc.

frequency
preventon for
el debns

. rillcail¥
collected fu

; Es{ablis[nmeln[ of water
- Cri[icail¥£revemion during feament system
ess

transfer pi
* Closure Preven[ion during
transfer ptocess

* Machining safety
* Improvement of machining|
efficiency
—sImprovement of
machining speed
—sLife exiension of
machining equipment

P e

Conceptual rendering of bits
Development of visual systems

Photos and drawings provided by IRID
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Designation (3) Development of an access unit to be used in the RPV

Objective Developing a device that brings the fuel debris handler handing device nearby fuel debris and supports the
reaction force during fuel debris removal (processing and collection)

Test details * Prototyping a 1/1 scale element of the lower table, which is a common platform for work inside the RPV
» Checking the basic action of the support mechanism as well as the performance of remove at a (single)
malfunction
« Identifying the most appropriate supporting method (contact or pressing support)

« Prototyping an upper table and conducting a test on it in or after fiscal 2017 reflecting the design
conditions, such as the interfaces cell

Present A prototype device is being designed.

situation

Evaluation and

» Maintaining or replacing contaminated wires and others

challenges « Synchronous control for keeping the lower table horizontal
« Suppressing vibration of the lower table during slewing
Executing function design, system design, and equipment design, and checking their feasibility in a
mockup test.

Overview

=
v
»

Table tool Lifting gear

Turntable 9

Cablebear *

L N |
L LA L300

e,
&3 s el

Support structure

Conceptual rendering of a system to reach the submerged area to remove fuel debris

Photos and drawings provided by IRID
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Designation (4) Development of a platform and cell

Objective Developing a system that contains the radioactive substances generated from the PCV and shielding from
radiation by using a floor door installed between the cell installed on the refueling floor and the PCV

Test details * Prototyping a 1/1 scale element of the shielding port
* Checking the action of the opening/closing door
* Checking the airtightness of the seal

Present Actest device is being prototyped.

situation

Evaluation and

A comparison and evaluation have been executed the concepts of the fixed and mobile cells from the

challenges viewpoints on safety, impact on the buildings and containers, and workability; as the result, a fixed-type
cell has been selected because it is more advantageous in maintaining the boundary for controlling the
release of radioactive substances and preventing contamination from spreading.

Overview

Shielding port (floor door) Cell

Conceptual renderings of a shielding port
Photos and drawings provided by IRID
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Designation (5) Development of equipment for handling container cans containing fuel debris

Objective Developing equipment that can be remotely controlled to transfer container cans to the RPV, close the lids,

and clean the surfaces of the cans

Testing details * Prototyping a 1/1-scale element of a device for closing the lids of container cans
 Checking the basic action of the bolt tightening mechanism
« Checking the appropriate tightening method and procedure

* Checking the easiness of removing, disassembling and carrying out for maintenance of the remote device

Present Atesting device is being designed.

situation

Evaluation and | Design conditions have been determined for the equipment for handing container cans. But, the design

challenges must be executed inconsideration of the entire removal system.

Overview

Lid closing machine
for canister

Airtight container
cart

Conceptual rendering of equipment for closing the lids of container cans

Photos and drawings provided by IRID
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Designation (6) Development of a lightweight shape-following shield

Objective Developing equipment for facilitating installation and removal of a shield to be installed between the
refueling floor and PCV in the upper-access method

Test details * Reviewing the required strength through stress analysis based on distortion simulation
* Reviewing the removing and recovering method a installed water-filled shield
* Reviewing the shape of the drainage nozzle and drainage pressure conditions

Present A lightweight shield is being prototyped

situation

Evaluation and

challenges

In element tests conducted in fiscal 2015, a simulation has shown that sections under relatively high stress
are likely to break. The sheet must be enhanced in strength and also be split and the cover for a hanging

device should be considered

Overview

Integral water injection-type
shieldina unit

PCV head

Sample of distortion simulation in the case where shielding unit of water injection
type is applied to the PCV head

@'i"’ o P | premeeme et {6, )
-

RO SIS

Collection procedures for water injection Testing scene
type shielding unit

Photos and drawings provided by IRID
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Designation

(7) Development of a method utilizing films and sheets for preventing contamination from spreading

Objective Developing equipment for partitioning work areas and preventing radioactive dust from spreading removal
of large structures

Test details * Checking the mechanisms of equipment for preventing contamination from spreading, large
opening/closing equipment, and remote equipment using models of an approximately 1/4 scale model of
the actual equipment and checking the operating procedure for the equipment
* Checking the airtightness of film and sheet to be used as partitions between areas
* Checking the weldability and airtightness of contaminated equipment during cure

Present 1/4-scale models and test devices are being prototyped

situation

Evaluation and

In element tests conducted in fiscal 2015, it has been verified that equipment sealed with a polyurethane

challenges sheet can maintain an air pressure of 200 Pa. Air leakage has been observed in two of three tests. The
repeatability of leakage test should be reconsidered
Overview ) About 11m _
b i |
Mrrrrl lrnrd T T Tl i
i ! - : [ Shield plague = About 3.5m
[ . I PCV head
] " -1 RPV head
DS plagues - ::" RPV flange
= =8 v
PV~ pa sectional view \_REV®
Scheme drawing of a 1/4-scale model
Welded

point

Conceptual rendering of an

Airtightness test on a cylindrical sheet

area separation sheet installed

Photos and drawings provided by IRID
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Designation (8) Development of a sealing technology for the access unit to be used in the RPV

Objective Developing equipment for preventing radioactive dust spreading at access unit and also at the interface
between the access unit and RVP, in the in-air upper access method

Test details * Checking the sealing performance by partial simulation tests (including tests on slewing and opening and
closing of the port) using a full-scale model
* Checking the sealing mechanism inside the RPV
» Checking the sealing mechanism at the bottom of the equipment

Present Atest device is being prototyped.

situation

Evaluation Reviewing a sealing method that keeps the seal performance under high frequent operations

and

challenges

Overview

RPV inner side

Swiveling table

Lower seal for
equipment
(swing driver)

Lower seal for
equipment
(switch port)

Conceptual rendering of the equipment inside the reactor

Element tests conducted on seal inside the RVP

Photos and drawings provided by IRID
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Designation (9) Development of an access unit inside the pedestal

Objective Checking the basic feasibility of a series of processes from installation of an access rail inside the pedestal
to cutting of fuel debris using a robot arm the horizontal access method

Test details » Checking the positioning accuracy of the robot arm (in with the conditions of end load of 2 t and an arm
length of 6.5 m)
 Checking whether a rail can be installed remotely
* Checking the accessibility to the inside of the pedestal
« Checking the cutting action inside the pedestal

Present Actest device is being prototyped.

situation

Evaluation and

challenges

A joint research with a university is underway concerning the design of and tuning procedure for the
control system for the hydraulic equipment of large manipulator and the control performance of

fluid-pressure manipulators. The results shall be reflected.

Overview

== 'l

Conceptual rendering of fuel-debris removing equipment for in-air horizontal access

Manipulator

¢

Outline drawings of the mockup test device for in-air horizontal access

Photos and drawings provided by IRID
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Designation (10) Development of a flexible-structure arm for remote operation

Objective Developing the arm and its ancillary devices for removing obstacles that block fuel debris removal work
inside the PCVs for the horizontal access method

Test details * Checking the accessibility, remote operability, and handleability by using mockup facility simulating the
condition of the pedestal inside
* Conducting element tests with the in-air horizontal removal method in mind to check the applicability of
the method under review for removing fuel debris and devices

Present Equipment based on the actual specifications is being fabricated

situation

Evaluation and

challenges

In element tests conducted in fiscal 2015, the first prototype equipment was used to check actions such as
its mobility (self-propelled), retaining steel with two arms and cutting it with a grinder, and passing

equipment and materials between arms.

Overview

Operating device

Conceptual rendering of access to the inside of the PCV Steel being cut with a grinder

Photos and drawings provided by IRID
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Designation (11) Development of PCV welding equipment for remote seal welding the cell

Objective Developing welding equipment for building boundaries between the cell being installed at a side of the

PCV and the PCV connection in the horizontal access method

Test details * Checking the feasibility of welding for the narrow section simulating the actual working conditions
* Checking the quality of cross sections of welds
* Checking the tensile strength of weld samples

» Weld performance of 30-m hydraulic head pressure (0.3 MPa)

Present Actest device is being prototyped.

situation

Evaluation and | Under the Project for Sophistication of the Method and System for Removing Fuel Debris and PCV
challenges internal structures, the applicable method for checking the soundness after welding is being reviewed from
the viewpoints of, for example, the checking procedure (methods), welding quality, and working

environment. Considering the high radiation environment that the checking method shall be reviewed

under many constraints.

Overview
Cell adopter
Cell \ ’, , Concrete ,
> ML /‘.(m.......W
Welding part Welding part
Expansion joint |
’ X-6 penetration

Concrete
Conceptual rendering of the cell adaptor

Welding specimen

) ) Manipulator owned by
Simulated X-6 penetration Mitsubishi

Conceptual rendering of the welding test device

Photos and drawings provided by IRID
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Appendix 5.1: Management status of radioactive solid waste and storage plan
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Appendix 5.2: Disposal facilities in Japan and abroad
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Sources of the information shown in Figure A5.2-1

(1]

(2]

(3]

[4]

[5]

(6]

[7]

(8]

Environmental Impact Statement, Interim storage, encapsulation and final disposal of spent nuclear
fuel, (SKB, March 2011): p 206

Timothy Gunter, U.S. D.O.E., “Deep Borehole Disposal Research and Development Program”,
International Technical Workshop on Deep Borehole Disposal of Radioactive Waste, Washington,
D.C. October 20-21, 2015.

Overview of Marginal-depth Burying, Material 2 of January 19, 2011 of the working group on
burial disposal techniques (6th), waste safety subcommittee, task force on nuclear safety and
security of Advisory Committee for Natural Resources and Energy, Federation of Electric Power
Companies of Japan

Posiva Oy, “Nuclear waste management of the Olkiluoto and Loviisa nuclear power plants,
Summary of operations in 2012.”

J.L. Tison, “40 Years of operation of Near Surface Repositories. Andra Experience.”, 2009 CEG
WORKSHOP FEB 24-26 BOMMERSVIK.

Energy Solutions Website (http://www.energysolutions.com/waste-management/facilities/).
Jean-Pierre VERVIALLE, “Historical Background of the Operation, Closure and Monitoring of
Andra’s CSM Disposal Facility”, IAEA-Andra International Workshop, Cherbourg, 23 September
2009, (2009).

Alvaro Rodriguez Beceiro, “Disposal solutions implemented for VLLW”, IAEA Scientific Forum,
RADIOACTIVE WASTE: MEETING THE CHALLENGE, Science and Technology for Safe and
Sustainable Solutions, 23-24, Sep., Vienna, Austria, (2014).
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Abbreviations and short

forms

Abbreviations and short forms

Definitions

AC Atmospheric control System

CEA Comm!ssar!at a I'energ!e atom!que et aux energ!es alternat!ves:_
Commissariat a l'energie atomique et aux energies alternatives in France

CRD Control Rod Drive

CS Core Spray System

CST Condensate storage tank

DHC Drywell Humidity Control System

DOE U.S. Department of Energy

D/W Drywell

FDW Feed Water System

FP Fission Product

FS Feasibility Study

HIC High Integrity Container
Slurry that contained in the secondary waste (high integrity container

HIC slurry (HIC) from multi-nuclide removal system and expanded multi-nuclide
removal system and advanced multi-nuclide removal system)

HVH Heating and Ventilation Handling

IAEA International Atomic Energy Agency

ICRP International Commission on Radiological Protection

IRID International Research Institute for Nuclear Decommissioning

JAEA Japan Atomic Energy Agency

KEK Kou Enerugii Butsurigaku Kenkyusho:
High Energy Accelerator Research Organization

NDA Nuclear Decommissioning Authority (U.K.)

NDF The Nuclear Damage Compensation Facilitation Corporation

OECD/NEA Organization for Economic Cooperation and Development/ Nuclear
Energy Agency

PCV Primary Containment Vessel

PCV internal structures

Structures and buildings including radiated materials, other than FPs as
radioactive material

PLR Primary Loop Recirculation system
RPV Reactor Pressure Vessel

SIC Suppression chamber

TMI-2 The Three Mile Island Unit 2:

Three Mile Island Nuclear Power Plant in the U.S. Unit 2

Fuel in dry cask

Fuel assemblies stored in the Dry casks

Common pooled fuel

Fuel assemblies stored in the common pool

Policy

R&D Duties Execution

Approaches to the R&D of the technologies required for
decommissioning

Implementation Plan

Implementation plan on the Fukushima Daiichi NPS, which is Specified
Nuclear Facility

Heavy nuclide

Actinide nuclides such as uranium and plutonium

The Strategic Plan

Technical Strategic Plan for Decommissioning of the Fukushima Daiichi
Nuclear Power Station of Tokyo Electric Power Company Holdings, Inc.

Matters to be addressed

Matters which are requested to be taken by Tokyo Electric Power
Company, Inc. when the Fukushima Daiichi NPS was designated as
Specified Nuclear Facility.
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Contaminated water in the
buildings

Highly contaminated water accumulated in the R/B and seawater piping
trenches

The Roadmap

Mid-and-Long-Term Roadmap towards the Decommissioning of
TEPCO's Fukushima Daiichi Nuclear Power Station Units 1-4

TEPCO

Tokyo Electric Power Company Holdings, Inc.

Solid waste in the storage

Solid radioactive waste generated by rubbles and fallen trees stored in the
storage facilities.

The Fukushima Daiichi NPS

Fukushima Daiichi Nuclear Power Station of Tokyo Electric Power
Company Holdings, Inc.

Waste sludge

Secondary waste in the sludge storage tanks of decontamination
equipment

Waste adsorption column

Secondary waste generated from cesium and second cesium adsorption
system.

Activated structure

Activated material inside the RPV/PCV
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Terms

Definitions

Terms

A method to facilitate management task for production control and quality
control in business activities.

PDCA cycle Repeating four steps which are Plan>Do (implementation) ->Check
(evaluation) —>Action (improvement), improvements are made to the
operation continuously.

. A concrete lid on top of PCV installed for radiation shielding (a part of the

Well shield plug

floor of the uppermost floor of the R/B during operation)

Submersion method:

A retrieval method by filling to the top of the PCV with water to submerge
the fuel debris

Partial submersion method:

A method to retrieve the fuel debris exposed in the air and without filling the
PCV with water

Technology Readiness Level

Index to indicate the level of technical development (TRL)

Clearance

Clearance system refers to a system under which the government confirms
that the concentration of radioisotopes of materials used in a nuclear facility
is below the "Clearance Levels" (the level at which the impact is negligible
to human health).

The materials confirmed by the government are removed from the
regulations on nuclear reactors, and will be subject to regulations under laws
on wastes and recycle as conventional industrial wastes or valuables

Actual debris

Actual fuel debris retrieved from the reactor vessels as opposed to simulated
debris

Defense in depth

One of the fundamental safety principles which means that all safety
activities are subject to multiple layers of overlapping provisions, so that if a
failure should occur it would be detected and compensated for or corrected
by appropriate measures

Fuel debris

Nuclear fuels molten and mixed with parts of reactor internals due to loss of
reactor coolant and resulted in a re-solidified state

Hazard potential

Hazard potential Level of impact that the harmful materials may bring about

Fuel debris detection using
muon system

A technology to identify the locations and shapes of fuels using the behavior
of cosmic ray muons from space and the atmosphere to change the number
of particles and trajectories when penetrating a material according to its
density

Simulated debris

Artificial objects manufactured by estimating the chemical composition and
forms based on the examples of TMI-2 accident

Robustness

The capability to maintain the robust function even when the condition is
changed to a certain extent from what is expected
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