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Collaborative Laboratories for Advanced Decommissioning Science (CLADS) is responsible to promote
international cooperation in the R&D activities on the decommissioning of Fukushima Daiichi Nuclear
Power Station and to develop the necessary human resources. CLADS held the Research Conference on Post-
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1. Preface

To accomplish the decommissioning of the Fukushima Daiichi Nuclear Power Station (NPS), we need to
gather the knowledge of domestic and foreign experts, and share understanding of the present needs and
future issues. It is also necessary to strengthen R&D activities on not only technologies applicable to the
decommissioning work but also fundamental and scientific studies.

Collaborative Laboratories for Advanced Decommissioning Science (CLADS) established in Japan
Atomic Energy Agency (JAEA) is responsible to promote international cooperation in the R&D activities
on the decommissioning of Fukushima Daiichi NPS and to develop the necessary human resources.

CLADS held the Research Conference on Post-accident Waste Management Safety (RCWM2016) in
Iwaki city on 7th November, 2016. The purpose of the conference was to provide the place and occasion to
share the experiences in safe handling and management of radioactive waste in order to promote the
research activities in Japan. More than sixty people including nine overseas experts participated in the
conference. Young researchers such as Fukushima University and Fukushima, College students joined in
the poster session. Participants shared the information on the present state of Fukushima Daiichi wastes and
the wider experiences in the waste management. The technical seminar on safety research for radioactive
waste storage followed the conference.

Through the discussion in the conference and seminar, participants recognized the importance of the
further cooperation and development of the human resources to utilize the experiences of the overseas
waste management for Fukushima Daiichi NPS. Presentation materials of lecturers were issued as this

review report by mutual agreement.
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Scenery of Poster Presentation

Scenery of Technical Seminar
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2.1 Management of Solid Wastes Arising from Fukushima Daiichi Decontamination and Decommissioning

Tatsuro KOBAYASHI
Tokyo Electric Power Company Holdings, Inc.; kobayashi.tatsuro@tepco.co.jp

1. Waste Arising from 1F Decontamination and Decommissioning

Not only large amount but also many kinds of radioactive wastes (gaseous, liquid and solid wastes) are
generated by decontamination and decommissioning works in Fukushima Daiichi (1F), different from
decommissioning at ordinary nuclear power stations. Most radioactivity has been concentrated in the solid
wastes to be safely stored in 1F site and prevent release and dissemination of radioactivity to the
environment.

2. Waste Flow from Waste Generation to Storage

These solid wastes have been temporarily stored in the tentative storage areas. Then, they are transferred to
the storage buildings step by step and stored there until waste processing and disposal phase. However,
because of the limitation of the capacity of the storage buildings, the wastes should be volume-reduced as
much as possible and more stabilized to be able to put them into the storage buildings.

3. Current Status of Tentative Storage

At present, approximately 300,000m’ of rubble, etc. (rubble, felled tree, and used radioactive protective
equipment) stored in 1F site are categorized as follows: (1) Rubble (contaminated metal, concrete, and
miscellaneous combustible materials, etc.) stored in tentative storage areas, such as outdoor, sheet covered,
container, or soil covered storage, etc. depending on their surface dose rate, (2) Felled trees (trunks, roots,
leaves and branches) stored in outdoor accumulation or underground storage pools to reduce fire risks, and
(3) Used radioactive protective equipment (coveralls, masks, shoes, and gloves, etc.) stored in outdoor
container prior to incineration. In terms of the secondary wastes arising from contaminated water treatment,
(4) Used absorbent towers stored in racks or box culverts depending on required shield, and (5) Sludge and
concentrated liquid stored in the existing buildings or tanks.

4. Future Challenge

The volume of rubble, etc. is estimated to reach 750,000m3 in 2028, which will exceed tentative storage
capacity. Therefore, reuse and recycling process of low contaminated concrete and metals should be
established to reduce the volume. In addition, the estimation of the waste volume should be precise as
much as possible applying for knowledge and experiences obtained since the accident. Then volume
reduction facilities and additional storage buildings will be designed and installed in a planned manner
according to the volume estimation. Finally, tentative storage areas will be released step by step after newly
installed storage buildings begin operation.

In terms of the secondary wastes generated in the process of contaminated water treatment system, the
large size waste storage building will be constructed to accommodate the wastes from present racks and
box culverts. However, because potential risk of leakage still remains, application of dehydration
technology is under development using mock-up equipment by the International Research Institute for
Nuclear Decommissioning (IRID) in order to stabilize the slurry wastes arising from multi nuclide removal
facility (ALPS).

In addition, characterizing the wastes is indispensable for waste processing and disposal in future, so the
new research laboratories will be constructed adjacent to 1F site by the JAEA.
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2.2 Activities of CLADS Waste Management Division

Takashi ASHIDA
Japan Atomic Energy Agency; ashida.takashi2l@jaea.go.jp

1. Introduction of CLADS
Collaborative Laboratories for Advanced Decommissioning Science (CLADS) of JAEA was established in
2015 to promote research and development towards the decommissioning of the Fukushima Daiichi
Nuclear Power Station (1F). To achieve this mission, CLADS consists of four divisions.

(1) Waste Management Division

(2) Fuel Debris Handling and Analysis Division

(3) Severe Accident Propagation Behavior Evaluation Division

(4) Remote System and Sensing Technology Division
Main efforts of the CLADS are as follows;

(1) Establishment of a platform to rally the wisdom of experts from around the world

(2) Enhancement of in and outside Japan research on decommissioning

(3) Enhancement of human resource development in mid-and-long term

(4) Establishment of an information dissemination function
Additionally, as an international research and development base, “International Collaborative Research

Building” has being constructing near the 1F as a core of the CLADS.

2. Research and Development of Waste Management
The accident at the 1F and restoration works have produced significant volume of various waste. The
characteristics of the 1F accident waste are very different from usual waste generated from ordinal nuclear
power stations. The research and development works such as characterization of the waste, investigation on
safe storage, processing and disposal of the waste are carried out based on the “Mid-and-Long-Term
Roadmap” [1]. The contents of R&D activities of CLADS Waste Management Division are as follows.
(1) Characterization
* Analysis of various wastes
+ Evaluation of the amount and composition of radioactivity
+ Collection of physical/chemical data
+ Development of analysis method
(2) Storage
* Soundness of stainless vessel used for cesium adsorption apparatus
+ Safety technology for storing nuclear accident-derived wastes
(3) Processing
+ Technology survey
+ Fundamental test of solidification
+ Technology selection
(4) Disposal
+ Understanding of the existing disposal concepts
+ Examination of disposal concept of accident-derived wastes
+ Examination of new disposal concept
These results are integrated to the basic concept of processing and disposal for solid radioactive waste

shown in the Roadmap.
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Reference

[1] Inter-Ministerial Council for Contaminated Water and Decommissioning Issues, Mid-and-Long-Term
Roadmap towards the Decommissioning of TEPCO’s Fukushima Daiichi Nuclear Power Station, June
12, 2015.
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2.3 Session 1  Experiences of Waste Management in Countries

2.3.1 Legacy Waste Management in the United States

Roger SEITZ

Savannah River National Laboratory, roger.seitz@srnl.doe.gov

1. Introduction

Remediation efforts result in large amounts of waste, which has resulted in the need for a comprehensive
waste management strategy that includes multiple treatments, storage and disposal options. The options
involve considerations for waste acceptance criteria (WAC) and appropriate characterization and a variety
of waste forms, containers, transportation options, as well as regulatory approaches that allow for public
input. Dedicated on-site disposal cells have been developed at multiple United States Department of
Energy (USDOE) facilities and new disposal capacity is being developed at commercial low-level waste
(LLW) disposal facilities (see Fig. 1). Facilities designed for disposal of hazardous wastes are also being
used for disposal of low activity radioactive waste resulting from remediation efforts. A number of USDOE
and commercial facilities are designed consistent with requirements for disposal of hazardous wastes, and
thus, are acceptable for disposal of mixed wastes comprising radioactive and non-radioactive hazards.
These facilities have a range of different disposal capacities up to more than 15 million tons of waste.

ERDF August 2010 tview from the north)

Fig. 1: Facilities with liners and leachate collection systems used for disposal of remediation wastes at the
USDOE Hanford (left) and Idaho (right) sites, respectively. The Idaho facility has been used for disposal of
reactor vessels from decommissioned test facilities on site as well as a variety of other remediation wastes.
(Courtesy: USDOE)

2. Regulatory Approach

Decision-making for remediation and disposal of mixed waste is conducted through a United States
Environmental Protection Agency (USEPA) regulatory process involving a rigorous approach for
evaluation of alternatives. The approach is conducted with requirements for public involvement, including
external regulatory oversight. The generally applied approach involves nine criteria in a structured
framework for decision-making (see Table 1). This process has proven to be very effective in evaluating
options and communicating the benefits of the selected alternatives, including on-site disposal cells at the
major sites. The USEPA has a number of prescriptive requirements (e.g., disposal facility design, waste
treatment) that can have advantages for consistency and public acceptance, but can also pose challenges for
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unique site-specific wastes. The prescriptive design for disposal facilities has been very successful for
public acceptance. However, the prescriptive approach for waste treatment can lead to situations where the
standard treatment may not be optimal for a specific waste and it is necessary to justify a different approach.
When it is necessary to model the performance of some waste forms for a performance assessment, there is
a need to develop parameters to support the modeling effort. This has been a challenge, because the
detailed data for a performance assessment are not typically collected to support disposal of hazardous

wastes.

Table 1: Based on nine criteria used for decision-making.

Regulatory

1. Protection of Human Health
2. Compliance with Federal and State Regulations

Optimization

3. Long-term effectiveness (e.g., WAC and safety assessment)

4. Reduction of toxicity, mobility or volume of contaminants (e.g., treatment, containers)
5. Short-term effectiveness (e.g., worker protection, transportation)

6. Implementability at the site (e.g., WAC)

7. Cost effectiveness

Stakeholders

8. Regulatory acceptance
9. Community acceptance

3. Addressing Challenging Wastes

Remediation has resulted in the generation of a wide variety of wastes that have required a strategic
approach to manage. The vast majority of the wastes are routine and relatively straightforward, although
disposal capacity is needed (e.g., soils, lightly contaminated debris). However, a variety of specific, more
challenging wastes are also produced (e.g., reactor components, ion exchange resins, etc.). These more
unique wastes lead to challenges for identification of appropriate treatment and disposal options and also
may test the standard regulatory approaches. Solid secondary wastes like ion exchange resins illustrate a
variety of strategic challenges associated with remediation wastes in the United States. The presentation
includes some practical handling and treatment challenges as well as challenges to identify inputs and

assumptions required to model the waste forms.

For efficient identification of research priorities, it is critical to integrate the performance assessment
activities with the research teams that conduct research to support the analyses. Initial performance
assessment modeling is used to identify assumptions and parameters that are important for the conclusions
of the analysis. The researchers and performance assessment modelers work together to identify key areas
of need. This provides a benefit for the efficiency of the process (i.e., research is focused on the significant
needs) and it also helps the researchers provide justification for the testing and characterization work that
they will be conducting.
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4. Summary

When considering alternatives for treatment, storage and disposal, there are a number of factors that are
addressed in the national strategy. It is a combination of regulatory and technical challenges. The
regulatory challenges include: balancing prescriptive and performance based approaches, establishing
WAC for treatment and disposal facilities, implementing decision approaches capable of considering
multiple criteria, and allowing for a transparent approach with public involvement. Technical challenges
will typically focus on the most challenging, unique wastes. The technical efforts must consider WAC for
treatment, storage and disposal facilities; transportation requirements; requirements for waste form and
containers. The regulatory and technical considerations should be linked to the overall plan for remediation
to help identify critical assumptions that may impact the options for final disposal of waste. Given the large
amounts of input and assumptions for modeling, it is important to integrate data collection and modeling
efforts to help prioritize efforts on the data and assumptions that are most significant for the decision to be
made.
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Continous Regulatory Oversight
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2.3.2 Waste Management for Decommissioning in the UK

Robin ORR
UK National Nuclear Laboratory; robin.orr@nnl.co.uk

The United Kingdom was one of the first countries to adopt nuclear energy as a source of civil electricity
production. Indeed, the UK Calder Hall nuclear reactors were, in 1956, the world’s first to generate
electricity on an industrial scale. Ultimately 26 Magnox reactor units (now closed), 14 Advanced Gas
Reactor (AGR) units and one Pressurized Water Reactor (PWR) were built in the UK. To support the
development and operation of the UK nuclear power station fleet, research/prototype reactors and research
facilities were built as well as plants for enrichment of uranium, fuel fabrication, spent fuel storage and
spent fuel reprocessing.

Several research/prototype reactors and other plants have already been successfully decommissioned in the
UK but many nuclear facilities remain. The Sellafield site is the largest nuclear site in the UK and
represents its largest decommissioning challenge. It is expected that decommissioning and site restoration
will continue beyond the year 2100 [1]. Decommissioning the facilities will generate a range of wastes, the
majority of which will be classed as Low Level Waste (LLW), destined for near-surface disposal [2].
However, particular challenges during decommissioning arise from the retrieval and management of
Intermediate Level Wastes (ILW) and nuclear materials currently stored in legacy facilities.

In the early 1980s the UK initiated a programme to develop treatment processes for solid and slurry ILW
from spent fuel reprocessing. A phased development approach was established, from laboratory scale
experiments to commissioned plant operation. From this work, four waste cementation plants were built at
Sellafield to process operational arising from reprocessing. These plants have now been operating for over
25 years and produced more than 50,000 waste packages. Considerable experience has been established in
the UK on the cementation of wastes, development of criteria for disposability [3] and the demonstration of

wasteform performance. This experience has been built on to manage decommissioning wastes.

The highest priority tasks at Sellafield are decommissioning the high-hazard legacy plants from historic
fuel reprocessing operations that currently store higher activity wastes and materials [1]. Unlike feeds to
current waste plants at Sellafield, the ILW from the legacy plants will be a heterogeneous mix of materials,
exhibiting a range of hazards, and will vary over the waste retrieval period. In addition, there are significant
practical constraints on the engineering that can be implemented to mitigate the hazards from these wastes.
These challenges require a more flexible and pragmatic approach than in previous waste treatment
processes.

This presentation will provide a brief overview of the UK framework for the management of radioactive
wastes. Experience gained from the development of waste treatment and cement immobilization of
reprocessing wastes will be summarized before discussing the different challenges posed by ILW retrieved
from UK legacy facilities during decommissioning. Examples of strategies for wastes at the UK Sellafield
site and associated research will be discussed.

References
[1] Nuclear Decommissioning Authority, Strategy Effective from April 2016.
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[2] Nuclear Decommissioning Authority, Radioactive Wastes in the UK: A summary of the 2013
Inventory.
[3] Geological Disposal Generic Waste Package Specification, Radioactive Waste Management Limited.
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2.3.3 Plan and Implementation of Nuclear Waste Management in Finland

Kari RASILAINEN
VTT Technical Research Centre of Finland Ltd; kari.rasilainen@vtt.fi

1. Introduction

Finnish nuclear waste management programme is today globally the most advanced one vis a vis low and
intermediate level waste and spent nuclear fuel management. The plans and schedules developed over 30
years ago are implemented today with only minor modifications. The features of Finnish success story
cover e.g. coupling scientific research, decision making, regulatory needs, and implementor needs in the
programme. The well-tested practices in siting a nuclear waste repository, and related site investigations,
may be of interest in other countries as well, although one cannot directly transfer methods or approaches
from country to country. The characteristic Finnish approach has been to step wise go deeper and deeper
into site investigation and disposal concept development using subsequent safety assessments as measure

of understanding.

2. Low and Intermediate Level Waste Management
Currently there are two operating licensed low and intermediate level waste repositories in Finland, located
at the operating NPP sites Loviisa and Olkiluoto. They are geologic repositories at the depth of around 100
m in crystalline bedrock. There are well-developed plans to extend the repositories in order to dispose of
future decommissioning wastes of the respective NPPs.

3. High Level Spent Nuclear Fuel Management

Finland will probably be the first country to license a deep geological repository for spent nuclear fuel. The
repository will most likely be based on the KBS-3V concept, with V standing for vertical, meaning that
individual disposal canisters containing the spent fuel bundles will be disposed of in individual vertical
deposition holes, one canister per hole. The systematic programme for spent fuel disposal has so far lasted
over 30 years, see Fig.1.

4. Costs of Nuclear Waste Management

The total costs of all nuclear waste management arising from reactors currently running or under
construction was estimated to be 6,5 B€ in 2012, with spent fuel management covering for 3,5 B€. This
estimate covers the management of operating waste, spent fuel, and decommissioning waste. Cost estimate
for the future management of currently existing (end of 2015) nuclear waste is around 2,45 B€ (no
discounting). The money for nuclear waste management is collected from nuclear waste producers into the
State Nuclear Waste Management Fund with the idea that at all times there is enough money to manage the

currently existing nuclear waste even if the nuclear waste producers would go bankrupt.
Reference

[1] Posiva, 2013. Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto - Models and Data for the
Repository System 2012, Report Posiva 2013-01, p. 49.
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Start of disposal

around 2020
Test operation, commissioning
Construction of facilities Application for
operation
license
Construction of ONKALO 2012 :gﬂl;lajtidc;:;or
and site confirmation
license
Decision-in-Principle by
Selection of
Olkiluoto Government and
Parliament

Site selection
research

Government’s decision on
time schedule

Studies into geologic disposal started

Fig.1. Timeline of spent fuel disposal in Finland [1].
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2.4 Session 2 Research activities of Universities
2.4.1 Recovery and Volume-reduction Solidification of Radioactive Elements from Solid Waste

Kenji TAKESHITA
Advanced Nuclear Fuel Cycle Unit, Institute of Innovative Research, Tokyo Institute of Technology,
takeshita.k.ab@m.titech.ac.jp

Large amounts of radioactive nuclides were released to the environment by the hydrogen explosion of
the buildings of 1F NPP during March 11 to 15, 2011 and forest and farmland were contaminated by the
fallout of radioactive elements. Then, large amounts of solid wastes such as soil, tree and rubble were
generated. Their generation amounts in the 1F NPP site were about 82500 m® for cut tree and 155100 m?
for soil and rubble. Since these wastes cause the exposure of workers to radiation, the radioactive
elements has to be recovered from these wastes, concentrated and immobilized in stable materials. The
decontaminated solid wastes are re-used for pavement materials, construction materials etc. As a result, the
working environment in 1F NPP site will be improved and the nuclear decommissioning of 1F NPP will be
promoted greatly. A part of the contaminated soil is stored with rubble, but the recovery of soil does not
progress enough. The results of radiation measurement carried out by JAEA in March, 2015 suggest that
high 137Cs radiation of ten thousands to millions Bg/kg was observed in the soil near the reactor buildings.
Those of *°Sr in the sampled soils were low values in the range of 300 to 1500 Bq/kg [1]. According to the
progress of the decommissioning of 1F NPP,
treatment techniques of contaminated soil will be [

required. Especially, Cs and Sr are adsorbed Contaminated] [ Combustible waste ]

Soil Paddy straw - Sewage Sludge-
strongly into 2:1type layered clay minerals, such as Glass* Dried sludge
vermiculate and montmorillonite. The development I |
of  high  decontamination technology  is Classification F T R
indispensable for the desorption of radioactive by sieving 1
elements and the reuse of decontaminated soil. Clameoretardant Materia
Based on recognition of such current status, an |‘7 (Ash, Soll)
integrated system for the recovery, concentration
and immobilization of radioactive elements from > r—
environmental waste materials such as soil and tree “Y#:::'r‘:;’]‘t‘a' v fe?,iff‘.’{,‘;ﬂf;'an‘i'de
is developed in this study. However, we have no with biomass n;mn:%i
experience on the treatment of large amounts of Decomposition
environmental wastes. In the current stage, most of l of Adsorbent
radioactive elements (Cs and Sr) in contaminated : . Immu:;z ——
soil is transferred to 2:1 type layered clay minerals c'ef‘“;o"fo';:jf;"“' (Vitrification,,
such as vermiculate and montmorillonite and cementeron ete)

adsorbed strongly into them. Especially, the
adsorption of Cs is very strong. Under these
circumstances, we develop a new intf:grateq system [T
for the recovery, concentration and immobilization Waste Dlapbsal _or

. . . . . Final Disposal
of radioactive elements in the contaminated soil.
For the cut tree, the same system will be developed
in parallel with the fundamental research on the
chemical characteristics of radioactive elements in
ash obtained by the combustion of cut tree and the
adsorption of them into the ash. This is because the chemical conditions of radioactive elements in the ash
are unknown and the fundamental knowledge is needed for the development of suitable system. Then, a
new technique to remove Cs from the contaminated soil and highly volume-reduced waste is required for
the economical and safe disposal. In this study, we introduce a new recovery and volume-reduction
solidification process of these solid wastes.

Firstly we studied the removal process of Cs from contaminated soil, which consists of sieving of

Fig.1 Removal process of Cs from contaminants
of Fukushima Daiichi nuclear accident

contaminated soil, hydrothermal decomposition of clay minerals, adsorption of Cs in ferric ferrocyanide,
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thermal decomposition of ferric ferrocyanide adsorbing Cs, leaching of Cs from the residue with water and
vitrification of Cs, shown in Fig.1, Clay minerals that adsorbs strongly Cs was separated by the sieving of
contaminated soil. Secondary Cs in clay minerals was recovered to water by a hydrothermal decomposition
method with plant biomass under the conditions of 180-250°C and 1.0-4.0 MPa [2]. Cellulose and
hemicellulose in the plant biomass were decomposed to some organic acids and these organic acids in the
subcritical water dissolved clay minerals, especially vermiculite which adsorbs Cs very strongly. More than
95% of Cs in vermiculite was released in hydrothermal water by a repetition of hydrothermal operation and
concentrated by a typical Cs adsorbent, ferric ferrocyanide (Prussian Blue), which was decomposed in air
at 300°C [3]. Cs in the residue was recovered easily by pure water. Finally Cs was solidified and further
concentrated in borosilicate glass. Mass and radioactive balances of the proposed process were estimated
from the results of fundamental experiments. The volume of vitrified waste is reduced to about 1/20000 of
that of contaminated soil [4]. These results suggest that both the removal of Cs from contaminated soil and
the high volume-reduction of Cs waste can be attained by the introduction of the proposed process.

References
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Treatment of Prussian Blue — (in Japanese)®, Journal of the Society for Remediation of Radioactive
Contamination in the Environment, 4(1), 35-44 (2016)
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2.4.2 Rapid Analysis of Sr-90

Yoshitaka TAKAGALI ', Makoto FURUKAWA >, Yutaka KAMEO * and Katz SUZUKI *
! Fukushima University, takagai@sss.fukushima-u.ac.jp

? PerkinElmer Japan Co., Ltd.; Makoto.Furukawa@PERKINELMER.COM

3 Japan Atomic Energy Agency; kameo.yutaka@jaea.go.jp

4Japan Agency for Marine-Earth Science and Technology, katz@jamstec.go.jp

Radioactive strontium-90 scattered by nuclear power plant accident was specifically quantified by
conventional inductively coupled plasma quadrupole mass-spectrometry (ICP-QMS) preceded by on-line
chelate column separation (based on lab-on-valve) and oxygen reaction (designated the cascade step). The
proposed system overcomes the isobaric interference of %7, whose soil concentration exceeds that of *’Sr
by more than six orders of magnitude. In addition, the system requires no ultimate mass spectrometry or
radioactive *°Sr standards. The radioactive *°Sr standard was replaced with the stable isotope 8Sr as a
pseudo-standard. The modified ICP-QMS system yielded a precise, reproducible sharp *Sr peak in the
ICP-MS profile. The elution time of *Sr was highly reproducible (RSD = 0.5 %). After implementing the
cascade-step, the detection limit (DL) was 0.28 Bg/L (0.06 ppq) in *°Sr analysis and 2.9% of repeatability
(10 ppq 2gr (n = 10)) within approximately 20 min. Solid sample was able to be applied after the treatment
of microwave digestion system. The *Sr from environmental contaminated soil samples collected from
areas at a distance of 10 and 20 km from the Fukushima daiichi nuclear power plant ranged from 52 Bq/kg
to 73 Bg/kg, with no statistical difference between the proposed and general methods at 95% confidence
level. The analytical technique has overcome the analytical problems in radiometry and conventional
ICP-MS by using chemical system. The proposed method offers an attractive alternative use for ICP-other
ionization mass spectrometry as an enrichment or purification step, thereby expanding the scope of
ICP-mass-spectrometric analysis.

References
[1]Y. Takagai, M. Furukawa, Y. Kameo, and K. Suzuki, Anal. Methods, 6, 355 (2014).
[2] M. Furukawa and Y. Takagai, Anal. Chem., 88, 9397 (2016).
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2.4.3 Activity of National Institute of Technology, Fukushima College

Shigekazu SUZUKI ', Shiro JITSUKAWA ', Seichi SATO ' and Katsuhiro AOYAGI '
! National Institute of Technology, Fukushima College; ssuzuki@fukushima-nct.ac.jp

1. Introduction

The decommissioning of Fukushima Daiichi nuclear power station is a national challenge. Mid-level
engineer training from a medium- to long-term perspective on decommissioning procedures is a pressing
issue. The practical training of engineers is the theme of technical college as institution of higher education.
The National Institute of Technology, Fukushima College (NIT, Fukushima College), is the closest national
institution to the Fukushima Daiichi nuclear power station. Therefore, NIT, Fukushima College, holds a
leading position among national colleges across the country in the field of decommissioning education.
Students of NIT Fukushima College have an interest in decommissioning technology. Some students
choose to work in nuclear power-related companies. In order to meet the medium- and long-term theme of
the region, the decommissioning basic research should be incorporated in graduate research and special

studies carried out for human resource development.

2. The Establishment of Decommissioning Human Resource Development Consortium

NIT, Fukushima College had been submitted as a business representative of the public offering of Ministry
of Education, Culture, Sports, Science and Technology. As a result, our application has been adopted for
one year as a feasibility study. The application was entitled "Human resources training on the
decommissioning of nuclear power plant, based on study for graduation --- interdisciplinary challenge from
Fukushima".

In the wake of this adoption, "Decommissioning human resource development consortium" was established
in 2015 March 17th by NIT, Fukushima College. In this council, the nationwide technical colleges,
universities and research institutions pursue together human resource training in the medium- to long-term
perspective. During the Council of the Secretariat in the Fukushima College, Takayuki Nakamura,
president of Fukushima College, was appointed first chairman, and Tetsuji Choji, president of Kagoshima
college, was appointed vice chairman. In April 2016, 34 technical colleges, 9 universities, 3 local
government relationship and 6 private companies had joined the consortium.

3. Education Program on Decommissioning
This educational program is designed to correspond with the "human resource development and
cooperation between higher education and research institutes in the medium-and-long term viewpoint"
which is related to a  governmental
medium-and-long term roadmap for TEPCO’s
Fukushima Daiichi Nuclear Power Plant. This
education program is constituted by three pillars;
research and development, education and the
facilities available (Japan Atomic Energy Agency
Naraha Remote Technology Development Center).
In 2015, classes on decommissioning have been

ation research,
and Development
Education

JAEA facilitics available

offered in two new subjects. Classes carried out in
the intensive course format are "decommissioning
and Society" for the third year student and
"decommissioning engineering" for the fourth year

:

Fig. 1 Three pillars of education

student. program on decommissioning
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In 2016, internship programs for decommissioning and the two new lectures have been started. At the same
time, the Technical College has promoted the cooperation in graduate research and special research. In
2017, by starting classes on decommissioning in first grade and fifth grade, education program on
decommissioning will be completed. Internship is carried out at two locations of companies and city office.
In the company learn the decommissioning technology. In the city office understand the duties as a
government on decommissioning.

4. Overview of Creative Robot Contest for Decommissioning

In order to get the young generation interested in the decommissioning, education through the creations of
robots is believed to be effective. In addition, a variety of practices, such as PBL education and active
learning lesson are offered in each technical college. This Robocon is also carried out in PBL and active
learning. If the main purpose is to interest students in decommissioning through the manufacturing of
robots, it also aims at cultivating the students and contributing to their "creativity education",
"problem-solving ability" and "ability to identify challenges".

Overview of the competition challenges are as follows.

1) Field

To select the playing field in each team from the two fields of the following assumes the reactor building.
a) Mock-up stairs
b) Standard step field

2) Field environment
a) Mock-up stairs and b) standard test field both have the following environment features:
» Complete darkness
* Impossibility to see the robot body directly while operating it remotely
» Radio wave does not reach because there is a thick wall of concrete

3) Challenges of robot
a) Mock-up stairs
* Carry a 5 kg luggage up to the second floor from the first floor and return to the original location
after dropping off the luggage.
* Determine the objects located on the second floor. It should be noted that the location is undefined.
b) Standard step field
» Examine surrounding obstacles and area (such as area and irregularities).
* Determine objects located in the field. It should be noted that their locations are undefined.
There were submitted from all over the country in the national and public technical colleges of the 13
colleges 15 teams in this contest. Results of document screening, was observed participation of 15 teams.
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2.5 Poster Presentation

2.5.1 In situ X-ray Absorption Spectroscopy Study on Hydrogen Recombination Reaction of Precious
Metal Nanoparticles Catalysts

Yusaku KIMURA ', Daiju MATSUMURA 2, Yasuo NISHIHATA 2 Masashi TANIGUCHI >,
Juichiro MIZUKI ' and Hirohisa TANAKA'

! Kwansei Gakuin University, asanisimasa@kwansei.ac.jp

ZJapan Atomic Energy Agency

3 Daihatsu Motor Co., Ltd.

Abstract

In case of severe accidents in nuclear power plants, and during long-term storage of radioactive waste,
hydrogen is generated. The research on hydrogen recombination into safe water by precious metal
nanoparticle catalyst has attracted attention. In this study, the mechanism of catalyst poisoning of carbon
monoxide has been investigated by in-situ time-resolved analysis on the precious metal using Dispersive
X-ray Absorption Fine Structure (DXAFS) at SPring-8. It is found that formation of surface oxide plays an
important role in the hydrogen recombination, and CO inhibits the absorption and causes a decrease in
activity. Furthermore, the use of ceria-composite-oxides, having oxygen storage capacity, as the support
was found to reduce CO poisoning. It was possible to obtain useful guidance in catalyst design.

2.5.2 Application of Automotive Catalyst to Hydrogen Recombiner

Keisuke TAKENAKA', Soma KISHIMOTO', Masashi TANIGUCHI %, Yu KAMUI °,
Yasuo NISHIHATA® and Hirohisa TANAKA '

! Kwansei Gakuin University; eoyl0812@kwansei.ac.jp

? Daihatsu Motor Co., Ltd.

3 Japan Atomic Energy Agency

Abstract

At the severe accident of the Fukushima Daiichi nuclear power plant, seawater has been injected for
cooling the reactor. When the nuclear waste should be kept isolated, water is decomposed to generate
hydrogen and oxygen by radiation in the container. So that highly active recombiner catalyst is required.
The intelligent automotive catalyst was found to have excellent activity to recombine hydrogen from a
room temperature. In our laboratory, robust catalyst materials have been developed for water vapor and the
catalyst poison such as carbon monoxide inhibits the hydrogen oxidation reaction. We are aiming at the

realization of highly active recombiner.

,59,



JAEA-Review 2017-004

2.5.3 Results of Preliminary Analyses on Natural Convection Behavior of Hydrogen Gas Generated
in a Radioactive Long-Term Waste Storage Container

Yusei TANAKA ', Yota SUZUKI * and Kazuyuki TAKASE *

! Nagaoka University of Technology, s165048@stn.nagaokaut.ac.jp
? Nagaoka University of Technology, s165047@stn.nagaokaut.ac.jp
3Naga0ka University of Technology, takase@vos.nagaokaut.ac.jp

Abstract

In the radioactive waste storage container, because the concentration of hydrogen gas generated by the
decomposition of water by radiation increases with time, it is important to accurately grasp the behavior of
the hydrogen gas in the sealed container for safety improvement of the storage container. Since the
hydrogen gas is heated by the radioactive material accumulated in the storage container, it is conceivable
that natural convection is formed. Therefore, in order to clarify quantitatively the natural convection
behavior of hydrogen gas due to the decay heat of radioactive materials in the long-term waste storage
container, preliminary analyses were performed on the system of a small-scale experimental apparatus in
which specification of the long-term radioactive waste storage container is simply simulated. From the
present results, the perspective which can predict natural convection phenomena in the long-term waste

storage container numerically was obtained.

2.5.4 A Plan of Basic Experiments for Performance Evaluation of a Long-Term Radioactive Waste Storage
Container for Reducing Hydrogen Gas Concentration

Yota SUZUKI ', Yusei TANAKA % Kazuyuki TAKASE * and Ryutaro HINO *
! Nagaoka University of Technology, s165047@stn.nagaokaut.ac.jp

? Nagaoka University of Technology, s165048@stn.nagaokaut.ac.jp

3 Nagaoka University of Technology, takase@vos.nagaokaut.ac.jp

! Japan Atomic Energy Agency; hino.ryutaro@jaea.go.jp

Abstract

In the decommissioning of nuclear power plants, the long-term management of radioactive waste of fuel
debris, etc. are necessary. In the process, hydrogen which is the flammable gas is generated by the
decomposition of water by radiation. Therefore, it is important to ensure the safety of the waste storage
container to reduce the concentration of hydrogen gas, and to keep below the explosion limit (4%).
Consequently, a basic experiment to investigate the effectiveness of the waste storage container with the
flammable gas concentration reduction mechanism using the passive autocatalytic recombiner (PAR) has
been planned. The present study describes the research plan to use a small modeled experimental apparatus.
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2.5.5 Potential Applicability of Bioconsolidation for Retardation of Diffusional and Convective Transfer of
Effluent Radioactive Species
- The technological Basis and Prospect for Actual Application -

Shigekazu SUZUKI ' and Kenichi KURUMADA '
! National Institute of Technology, Fukushima College, kurumada@jfukushima-nct.ac.jp

Abstract

Bioconsolidation by anaerobic metabolic activities of in-ground microbes was intended to densifying the
soil for the purpose of mitigating the effluent aqueous radioactive species accompanied by the transfer of
in-ground environmental water. Similar biological process has been found in the spontaneous formation of
hard and rigid calcium carbonate scale on the inner wall of drainage pipes in landfill sites, which is
sufficiently densified to prevent water from permeating out. The artificial conditioning for the in-ground
formation of calcite is expected to contribute to reducing the effluent of radioactive substances from the
decommission site. The authors showed that feeding calcium ion and nutritious organic substances with
water into the ground can lead to the generation of microbe-derived calcite solid phase which forms dense
interconnections amongst the constituent soil particles. To enhance the crystal nucleation of the calcite
sub-micron particles, the nucleation-promotive effect of adding carbonyl-containing resin into the soil is to
be further investigated. The appropriate conditions for the continuous and short-term growth of the
soil-bridging calcite phase need to be experimentally clarified in the future investigation. In parallel with
carrying out these fundamental laboratory experiments, the authors seek for collaborative opportunities to
implement more actual on-site examinations with the help of advices by those who have superior and
broader expertise on what are the more actual technical requirements for the mitigation technologies of the

radioactive effluents.

2.5.6 A Study of the Economic Effects by the Nuclear Industry and Development of Human Resources in
Regional Economy from the Point of the Younger Generation Consciousness Concerning Nuclear Energy

Aika FUJIKI ' and Kazunori AKUTAGAWA
!National Institute of Technology, Fukushima College; 10532@fsnct.com

Abstract

The restoration work from the nuclear accident in Fukushima would continue about 40 years.
Development of human resources engaged in the work is very important to conduct the long-term
restoration. We surveyed opinions of the Japanese and French young generations’ attitude toward nuclear
energy after the accident. Opinions of about 100 students of National Institute of Technology in Japan were
compared with those of French students.
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2.5.7 Enhanced Desorption of Cs from Cs Collapsed Interlayer Region of Vermiculitized Biotite by
Hydrothermal Treatment with Eluting Cations

Xiangbiao YIN ' Hideharu TAKAHASHI, Toshihiko OHNUKI and Kenji TAKESHITA
! Laboratory for Advanced Nuclear Energy, Tokyo Institute of Technology, yin.x.aa@m.titech.ac.jp

Abstract

Natural soil has ability of immobilizing radiocesium (Cs) within phyllosilicate fraction. The objectives of
present study are to clarify how Cs fixation on vermiculite is influenced by structure change caused by Cs
sorption at different loading levels and how Cs desorption is affected by various replacing cations induced
at different treating temperature. As a result, more than 80% of Cs was readily desorbed from vermiculite
with loading amount of 2% saturated Cs (5.49X10'6 mol/g) after four cycles of treatment of 0.01M
Mg”"/Ca®" at room temperature, but less than 20% of Cs was desorbed from saturated vermiculite. These
distinct desorption patterns were attributed to inhibition of Cs desorption by interlayer collapse of
vermiculite, especially at high Cs loadings. In contrast, elevated temperature significantly facilitated
divalent cations to efficiently desorb Cs from collapsed regions. After five cycles of treatment at 250°C
with 0.01M Mg%, ~100% removal of saturated Cs was achieved. X-ray diffraction analysis results
suggested that Cs desorption was completed through enhanced diffusion of Mg>" cations into collapsed
interlayer space under hydrothermal condition resulting in subsequent interlayer decollapse and readily
release of Cs'. The results were expected to provide new insights to explore available decontamination
technology for Fukushima Cs-contaminated soils.
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3. Technical Seminar on Safety Research for Radioactive Waste Storage
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3.1 Session 3 Radiolytic Hydrogen and Corrosion
3.1.1 Gamma-Radiolysis Induced Corrosion

Jungsook Clara WREN

Department of Chemistry, Western University, London, Ontario, Canada; jcwren@uwo.ca

Predicting the efficacy, service lifetime and the probability of catastrophic failure of nuclear reactor and
used fuel container materials is very important for public and environmental safety. Most of these
materials are made of transition metals and their alloys. Corrosion is a key degradation mechanism for
these metals and alloys when exposed to humid or wet environments. Corrosion is an electrochemical
process involving metal oxidation coupled with reduction of solution species, followed by interfacial
transfer of charged species (metal cations, oxygen anions, electrons). In general, the more oxidizing the

solution environment is the faster the metal oxidation that leads to metal dissolution occurs.

In nuclear environments ionizing radiation is present. When exposed to y-radiation water decomposes into
a number of different redox active species:

‘Y *
H,0 ™ (H,0',¢,H,0} > cey, H,H Hy, H,05,*0OH —— Hs, H,0,, O,

Under a continuous flux of y-radiation the solution environment quickly becomes oxidizing due to

accumulation of H,O, and O, in water [1,2]. Thus, y-radiation can accelerate corrosion significantly.

Metal oxidation leads to the formation and growth of solid metal oxide on the surface as well as dissolution of
metal cations into the solution phase. The formation and growth of oxide depends on the rate of metal
oxidation. However, an oxide layer, preformed or formed during corrosion, is a potential barrier for the
interfacial transfer of metal cations [3,4]. Hence, the presence of an oxide layer can decrease the overall
corrosion rate. This effect will depend on the physical and electrochemical properties of the oxide. Thus,
y-radiation by increasing the oxidizing strength of water may initially accelerate metal oxidation, but it can
also promote earlier formation of a passive oxide layer and thereby, quickly suppress further corrosion. The
underlying processes that determine the properties of the oxide formed, and the evolution of these
properties as the oxide grows and may convert to other oxides as corrosion progresses are not well

understood.

To develop a fundamental understanding of oxide formation and growth on a corroding alloy and the effect
of the corrosion environment on the oxide evolution a comprehensive program of study has been put in
place. The metals and alloys studied to date include copper, nickel, carbon steel, stainless steels, nickel
alloys and a cobalt alloy. The corrosion kinetics is being studied by using a combination of electrochemical
techniques and coupon-exposure tests. These measurements are augmented by post-test surface imaging
and spectroscopic analyses, and dissolved metal analysis. The experimental parameters are the solution pH,
ionic strength, temperature, water volume to surface area, and the absence or presence of

y-radiation.

Gamma-radiation affects corrosion by producing radiolysis products, particularly H,O,. This increases the
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Ecorr of the corroding system, and increases the rate of metal oxidation initially. The oxidation of the metal
leads to both metal dissolution and oxide/hydroxide formation [3-8].

The driving force for each metal oxidation reaction is the difference between Ecorr and the equilibrium
potential (E.q) (or overpotential, 1oy) of the oxidation. Because it is a potential barrier for metal cation and
electron transfer, the presence of an oxide layer reduces the effective overpotential for the oxidation [3,4]:

~ — Fox _
Nox = ECORR Eeq AVoxide

One of the consequences of oxide growth is thus to increase Ecorr. That is, both a more oxidizing
environment and oxide growth can increase Ecorr. We have shown that because the formation of a solidus
oxide and its conversion to another solid oxide takes time, the sequence of metal oxidation reactions
leading to the formation of different oxides follows the order of the E., values of the metal oxidation
reactions. Thus, Ecorr controls not only the rates of individual oxidation reactions but also limits how far
along the oxidation sequence occurs.

Because more than one oxide can be formed at a given Ecorg more than one corrosion pathway is available.
Different solution redox and solution properties, such as oxidant concentration, pH, ionic strength and
temperature, affect the kinetics of individual reactions and transport processes involved in corrosion
differently. For example, the solution pH does not affect the driving forces for individual oxidation
reactions per se, but it has a strong impact on the metal dissolution rate. At a pH where the solubility of
metal cations is high, the metal oxidation leads to mostly metal dissolution and oxide growth is very slow
whereas at a pH where the metal has a low solubility the oxidation leads to faster oxide formation [3-8].

The different effects of solution redox potential and pH on corrosion can be clearly seen by comparing the
corrosion of carbon steel with and without radiation present, as illustrated in Fig. 1. Gamma-radiation at
150 °C increases iron dissolution at neutral pH while it promotes the formation and growth of a passive and
thicker oxide layer at pH 10.6 and with y-radiation present [8].

At neutral pH High Level of Small magnetite At pH 10.6 Low Level of Less granular
Dissolved Iron oxide particles

Dissolved Iron Crystals

Solid state oxide growth

— Fe;0,

| y-Fe;0,

—>| Fe;0,

. Morphology of
Dissolution/ Morphology of | y-Fe,03 Cross-Section
Precipitation Cross-Section Faster

3 ‘{;e" = 54 Fe precipitation
'—’| y-FeOOH V ; ﬁ} “

| y-FeOOH
"I Fe(OH), : highly soluble at pH 7 4,' Fe(OH),
| |

| oxl | | oxn |

m
[

| I I I I I I } } }
; ; ; ; ; ; ;

<<

| Ox|1 | | oxn | 150 °C, 20 h at 6.4 kGy/h

150 °C, 20 h at 6.4 kGy/h

Fig. 1: Illustration of iron oxidation pathways at different pHs in the presence of y-radiation, leading to
different effects on oxide formation and dissolution.
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3.1.2 Corrosion Risk Management in Fukushima Dai-ichi NPS

Shunichi SUZUKI
The University of Tokyo ; s_suzuki@n.t.u-tokyo.ac. jp

The earthquake occurred on March 11, 2011 and the following tsunami caused the loss of the total AC
power sources at Unit 1 to 4. Seawater was temporarily injected into the reactors and the SFPs as an
emergency action for fuel cooling and corrosion mitigation actions were urgently required. Various
corrosion mitigation measures have been applied to the plants. So far, no major corrosion problems have
been identified and continued efforts to make the plant more stable are required because the
decommissioning work in the radiation environment is a difficult and long-term mission.

In this presentation, measures for corrosion of the spent fuel pool (SFP), PCV/RPV, canisters for fuel
debris & containment vessels for absorbed Cs are introduced.

1. Risk Management for Corrosion of SFP, PCV/RPV

(1) Spent Fuel Pool pH neutralization

In the SFP of Unit3, water pH 11 was found at the first sampling of the water after the accident. The pH
increase was estimated as Ca®" dissolution from the concrete/ mortar dropped into the SFP at the hydrogen
explosion of the Reactor Building. Boric acid was added to neutralize the pH to mitigate the Al rack
corrosion on June 27th and pH9 has been kept so far [1].

(2) Spent Fuel Pool hydrazine(N,H4) addition

In Unit 2, 3 & 4 SFP CI concentration was 1500-2000ppm due to sea water injection. Hence, crevice
corrosion sensitivity of type 304 SFP liner was expected. As measures, deoxidization process such as N,
bubbling at make up tank and periodical N,H, addition were applied. N,H4 addition was also expected as a
method of sterilization in order to reduce the risk of microbiologically influenced corrosion (MIC) [1].

(3) PCV/RPV environments

PCV/RPV nitrogen gas injection started to extract residual H, and to keep inertness in PCV to avoid
explosion. Same as SPF, deoxygenated water with N, gas, N,H, are injected into PCV/RPV [1].

(4) Development of technologies for assessing structural integrity of PCV/RPV.

The structural integrity of various facilities is required until the completion of decommissioning. In order to
verify or to make the strategy to recover and keep the PCV integrity for tens of years, seismic assessment
based on prediction and mitigation of corrosion have been developed by IRID (International Research
Institute of Nuclear Decommissioning). In addition, corrosion mitigation methods available in the high
radiation fields such as the sodium pentaborate injection are also being developed [2].

2. Risk Management for Corrosion of Fuel Debris Canister

Upon considering the fuel debris retrieval method, IRID defines the concerns with high priorities in the
method from the perspective of “retrieving” the fuel debris and reactor internals, including the design of the
storage canister. Safety items for the storage canister are sub-criticality, hydrogen generation, structural
strength and material aging such as corrosion as well as heat removal, shielding & confinement [2]. If fuel
debris be retrieved and put in the canister in water, corrosion resistant materials, corrosion inhibitors or
water quality control must be considered. For the design of a canister, one of the important key parameters
is the characteristics of fuel debris, which is supposed to be a complex material composed from various
kinds of metals, ceramics and concrete. During the accident progression, seawater was injected to cool the

core, which might affect the components of the fuel debris. Takano et al. investigated the possible impacts
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of seawater injection on the chemical and physical state of the corium debris. They found that when the
oxygen partial pressure is low, calcium is likely to dissolve into the cubic sim-debris phase to form solid
solution (Ca,U,Zr)O,, and also that the crystalline MgO remains affixed on the surface as the main
residue of salt components, while a part of it can also dissolve into the sim-debris [3].

Because NaCl vaporizes above 800°C, this result suggests that fuel debris might not contain much chloride
but contain cation products which make the fuel debris harder.

3. Risk Management for Corrosion of Cs Removal Vessel

With respect to the long-term storage of the zeolite-containing spent Cs adsorption vessels, the corrosion of
the vessel is also one of the most important issues. This is because the chloride ions (Cl') from seawater
present in the contaminated water exposed to radiation from the adsorbed radioactive Cs, can accelerate the
corrosion of vessels made from type 316L stainless steel. Kato et al. investigated the localized corrosion
behavior of this material and found that the coexistence of zeolite can suppress the increase in the potential
under irradiation, because it causes the decomposition of H,O, generated by the radiolysis of water [4].

4. Conclusion

Because decommissioning of Fukushima Dai-ichi NPS will take a long time, corrosion which risk increases
fundamentally with the lapse of time, must be taken into consideration carefully.

At the accident, seawater injected to cool the core & spent fuel pool, but their chloride concentrations have
been decreasing dramatically (now below 1 ppm) by the chloride removal apparatus in the water treatment
system. On the other hand, at retrieving fuel debris, oxygen may dissolve in the reactor water from the
opening in addition to H,O, generated by water radiolysis in core. Hence, corrosion mitigation methods
will be implemented in any case as long as submersion methods at fuel debris retrieval are applied.

Polished water tank Sakashita

dam
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Figure Outline of corrosion mitigation [1]
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3.1.3 Radiolytic Corrosion of Carbon Steel and Irradiation Facilities
- The effect of pH on the radiation corrosion of iron in dilute chloride solutions -

Hiroyuki INOUE ', Ryuichiro IDEHARA 2, Takao KOJIMA * and Akihiro IWASE *
" Osaka prefecture university; hiro@mtr.osakafu-u.ac.jp
? Osaka prefecture university (present affiliation: Daikin Industries, Ltd.)

3 .. . . 4 . .
Radiation research center, Osaka prefecture university, * Osaka prefecture university

Objective

The effect of the solution pH on the radiation corrosion of iron in a dilute chloride solution was
investigated to obtain fundamental experimental data for evaluating the radiolytic corrosion of carbon steel,
which may contribute to ensure the long-term stability of the facilities in the damaged Fukushima Dai-Ichi
nuclear power plant.

Immersion test under gamma-ray irradiation

The immersion test of an iron sample was carried out for 3 days in Ar-gas atmosphere with irradiating
gamma rays, whose absorbed dose rate was 1.8, 12 and 40 kGy/h. A ImM NacCl solution with a variety of
pH was used for the solution; a certain amount of HCI, H3BO3, Na,SO4, NaOH and Ca(OH), was added to
a ImM NaCl solution to modify its pH from 3 to 13. The iron plate (purity : >4N), whose dimensions were
20 x 10 x 1 mm was used for the sample. The volume of the solution was 80mL, so the
volume-to-specimen’s surface area ratio was roughly 20 mL/cm’. The sample was supported by the fine
glass-rod whose end worked to a hook-shape, which was hooked on to a hole that was drilled at the top of
the sample. The corrosion rate was measured with the weight-loss of the immersed sample. The immersion
test without irradiating gamma rays was also carried out for comparison.

Fig.1 shows the obtained results. The corrosion of the sample was retarded when the solution pH was
within a near-neutral range, regardless of the intensities of the irradiated gamma rays. However, the
corrosion in a weak-alkaline solution, whose pH was around 10 was clearly accelerated with an increase in
the intensity of irradiated gamma rays, especially of which absorbed dose rate was 12 kGy/h or higher. For

an alkaline solution whose pH

100 —— —y—r—y Ty 10%———F————1 17— oy .
1 ] was larger than 10, the corrosion
g S SR » 1.8kGyh ] rate of the sample was decreased
£ Ar, 1 mM NaCl Ar. 1 mM NaCl
£ o d with an increase in the solution
& - 110 E
—- 1
§ ] - ] pH. The surface morphology of
1 = 1 L.
§ *\ Foe ] the samples after finishing the
N . .
102 - ' LI g N e b e U o measurements was examined with
3 ¢ ¢ " ' WU S & B VW
L S B e e Y a loupe. The surfaces of the
F; . i ¥ '\ /0 sample that had been immersed in
3 \ 1 r . .
s S (:*_ 1 L —a the solutions of which pH was 3
& 107 ‘““‘--rg— \ 710 \ 3 to 4 or around 10 were generally
S d .
g > % ] b < attacked. However, no corrosion
5 12 kGy/h | 40 kGy/h i
3 | Ar. 1 it Nac x' b o S bt - traces were admitted on the
1024 - L - — 2l . 1 L 1 S | .
2 4 6 8 10 Whaa WIHTTTTTTE 90 V6 1a samples that had been immersed
pH pH

in the solution of which pH was
Fig.1 Change in corrosion rate of the iron in a 1 mM NaCl solution that was added .
either a near-neutral level or 12
a certain amount of acid and base species as a function of the pH under the .
and over, even under the intense
gamma-ray irradiation of 1.8, 12 and 40 kGy/h as well as without irradiation. . .. .
gamma ray irradiation of which

_88_



JAEA-Review 2017-004

absorbed dose rate was as high as 40 kGy/h.

According to the results above shown, it may be recommendable that the pH of the circulating water

should be controlled within a near-neutral range, especially in the place where the irradiation of higher

absorbed dose rate is expected. The corrosion damages on reinforcing steel may be concerned if the

cover-concreate on the steel had been heavily damaged and the pH of pore water there was decreased as

low as 10 by the neutralization of the concreate.

Concentration of dissolved-oxygen and hydrogen peroxide with pH

Fig.2 shows the relationships between the corrosion
rate and the concentrations of the oxidizing agents,
dissolved-oxygen and hydrogen peroxide as a function
of the solution pH. The corrosion rate of the sample
was also evaluated by the loss of weight. The
concentrations of the oxidizing agents were measured
just after finishing the immersion test under the gamma
irradiation of 8.6 kGy/h for 3 days. The
the peroxide

concentrations were measured with a florescent-type

ray

dissolved-oxygen and hydrogen
dissolved-oxygen analyzer and a hydrogen peroxide
analyzer using the coulometric titration method as a
principle of operation, respectively.

The profile of a change in the concentration of the

dissolved-oxygen and the hydrogen peroxide was

10° — - - - . — 10"
1 mM NaCl
Ar, 8.6 kGy/h =
- 0 z
- 2 ) =
= 10 £
E 110" 2
S0t 5
- , O
10" — - S—T—‘— 10
4 6" 8 10 1 14
pH

Fig.2 Change in hydrogen peroxide and dissolved

oxygen as well as the corrosion rate of iron

as a function of the solution pH under gamma-

ray irradiation of 8.6 kGy/h

properly fitted to that in the corrosion rate of the simultaneously immersed sample, within the pH range

from near-neutral to about 10.

Electrochemical impedance spectroscopy (EIS) study on the radiation corrosion of iron

The charge-transfer resistance of iron electrode under irradiation in the solution of different pH

3600 i 6000
pH 8
1mM NaCl 1mM NaCl
~_ 2400} Ar,31kGyh 4000  Ar, 31 kGyh
5
N 1200 iz 12 001 Hz 2000 0.1 Hz  0.01Hz
< I Hz Y J
r r e
0 | 0 / "M
0 1200 2400 3600 0 2000 4000 6000
1200 " 60000
pH 11
| 1mMNaCl 1mM NaCl
o 800 - Ar 31kGy/h 40000 Ar, 31kGyh 4
o 0.1 Hz
N | 2
B 400 0.1 Hz 0.01 Hz 20000
v 4 1 Hz
[ evensetageei, | 1 Hz
0 L / L La 0 L 1
0 400 800 1200 20000 40000 60000
ReZ /Q em’ ReZ / 2 ¢m’
Fig. 3  Impedance spectrum of the iron electrode in a I mM NaCl solution of which pH

was modified 3, 8, 11 and 13 under the gamma-ray irradiation of 31 kGy/h; the

measurements were carried out just after the immersion test for 3 days under the

irradiation at the same intensity.
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conditions was measured by the

EIS technique. The
measurement was carried out
under the gamma  rays

irradiation of 31 kGy/h just after
3 days immersion tests, which
had been carried out under the
gamma rays irradiation of the
same intensity. The obtained
impedance  spectrums  were
shown in Fig.3. The corrosion
rates were estimated from the

charge transfer resistances that

were  obtained from the
impedance spectrums shown in
Fig.3.

In general, the reducing

reaction of an iron electrode for

a solution containing certain
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concentrations of dissolved oxygen and hydrogen peroxide proceeds with either a 4-electron or a 2-electron
reaction. It was suggested that the corrosion reaction for the investigated system would proceed with the
4-electron reaction; the reduction of the dissolved-oxygen as well as the hydrogen peroxide evenly acted as
the oxidizers for corrosion reaction. The details will be shown in the presentation.

According to the above results the concentration of dissolved-oxygen as well as that of hydrogen
peroxide should be focused if it is attempted to monitor the corrosion rate of the structural member of steel
structure by the monitoring of the oxidizing species that are induced by the radiolysis of water.
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3.1.4 Applications and Insights from Radiolysis Modeling at Pacific Northwest National Laboratory

Richard S. WITTMAN ', Edgar C. BUCK and Brady D. HANSON
! Pacific Northwest National Laboratory, P.O. Box 999, Richland, WA 99352, richard. wittman@pnnl.gov

Past and present applications and insights from radiolysis modeling at PNNL are reviewed. The first is an
application to address the possibility that radiolysis of water and water vapor remaining in a spent nuclear
fuel storage canister could result in corrosion or in the generation of hydrogen leading to flammability
conditions[1]. In addition, concerns of radiolysis of water and water vapor exterior to a canister, as air
flows through the overpack, have previously been raised. To analyze such conditions we develop and apply
a radiolysis model to predict the radiolytically induced generation of hydrogen and corrosive products such
as H,O,, O,, NO,, NO, and HNOj3; within and around a canister. The model solves the coupled kinetics
equations for 111 reactions for 40 gas species to account for radiolytic-induced chemistry, which includes
water recombination and reactions with air. Model results give possible bounds on radiolysis product
concentrations. For inside the canister fill-gas, the main finding is that significant radiolysis of water vapor
requires the presence of residual air to disable recombination. This implies that G-value based estimates
would greatly overestimate hydrogen generation. Assuming 1% residual air, calculations indicate that a
large volume of residual water (20 L) would be required to reach the 4% H, flammability limit in 16 years,
and between 3 and 4 L of water would be required to reach the 4% H, flammability limit in 300 years. For
outside the canister, the main radiolytic products formed in moist air are HNO3, N,O, NO,, CO, and small
amounts of O;. Assuming bounding residence times for air, the highest concentrations are less than 50 ppm
and are less than 1 ppm for more typical flow conditions. Dry air gives similar concentrations as moist air
with the exception of increased NO; and the near absence of HNOj. Additionally, formation of hydrogen
peroxide could be generated in water layers on outside surfaces at = 100 uM levels.

And secondly, while the application of vapor phase radiolysis models can guide conditions for storage
canister experiments, they can also predict fundamental behavior of mass action chemical kinetics
equations. We explore the radiolytic production of H,O, under various externally fixed conditions [2] of
molecular H, and O, that have been regarded as problematic in the literature[3] — specifically, “jumps” in
predicted concentrations, and inconsistencies between predictions and experiments have been reported for
alpha radiolysis. We computationally map-out a critical concentration behavior for alpha radiolysis kinetics
using a comprehensive set of reactions. We then show that all features of interest are accurately reproduced
with 15 reactions.

References

[1] R.S. Wittman and B.D. Hanson, Radiolysis Model Analysis for a Used Fuel Storage Canister ,
IHLRWM-2014 and PNNL report at:
http://www.pnnl.gov/main/publications/external/technical_reports/PNNL-22773.pdf

[2] R.S. Wittman, E.C. Buck, E.J. Mausolf, B.K. McNamara, F.N. Smith, and C.Z. Soderquist, Conditions
for Critical Effects in the Mass Action Kinetics Equations for Water Radiolysis, J. Phys. Chem. A,
118(51), (2014) 12105-12110.

[3] B. Pastina and J.A. LaVerne, Effect of Molecular Hydrogen on Hydrogen Peroxide in Water
Radiolysis. J. Phys. Chem. A 2001, 105, 9316-9322.
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3.2 Session 4 Hydrogen Safety Research

3.2.1 Activities of the U.S. Department of Energy Facility Contractors Group (EFCOG) to Promote
Hydrogen Safety

Kevin R. O’KULA "and Roger D. LANNING >
" AECOM Nuclear and Environment Technical Services; kevin.okula@aecom.com

ZHanford Tank Waste Treatment and Immobilization Plant; rdlannin@bechtel.com

1. Introduction

Since 2009, the U.S. Department of Energy Facility Contractors Group (EFCOG) has provided hydrogen
safety expertise to member contractors and federal organizations through its Hydrogen Safety Interest
Group (H2SIG). The H2SIG is aligned under the Accident Analysis Task Group as part of the EFCOG
Nuclear & Facility Safety Subgroup, and conducts activities in the following areas:

e Issue Identification: Through its communications, the H2SIG identifies common cross-cutting
hydrogen safety operations and management issues from throughout the Department of Energy
(DOE) Complex, as well as worldwide;

* Lessons Learned and Experience Sharing: The H2SIG promotes, coordinates, and facilitates
the active exchange of lessons learned and related experiences on programs, practices, procedures,
and other pertinent information of common interest on hydrogen safety analyses, including those
that have been effective in the context of managing hydrogen hazards in nuclear facilities;

* Technical Forum Exchange: Technical, in-person forums and meetings are periodically
conducted through EFCOG and technical societies, such as the American Nuclear Society, that
include safety and nuclear waste representatives from multiple government, laboratory, facility
contractors and consulting companies discussing common hydrogen safety challenges and
potential solutions;

* Database and Methodology Dissemination: The H2SIG continually attempts to improve the
dissemination of available information from U.S. and international hydrogen safety sources by
assisting H2SIG members on analytical approaches, methodology, data and information exchange;
and,

* Operational/Accident Event Communications: As precursor and actual combustible gas events
occur, the H2SIG attempts to evaluate the significance for nuclear facilities and processes in
general, and especially for those that have similar function(s).

The presentation will highlight activities in each of these five areas.

2. Focus of Work and H2SIG’s Approach

The H2SIG is an entirely voluntary technical group of approximately 20 DOE program and field office
representatives, contractors, consulting service providers and subject matter experts (SMEs). Seventeen
major DOE sites and national laboratories are represented with Sellafield Sites in the United Kingdom
comprising an eighteenth major site (Fig. 1). The primary objective of most activities in H2SIG is to help
inform the required hazard and accident analyses required under the Nuclear Safety Management rule to
support the safety basis for the facility or process, and documented in the facility’s safety analysis report
(i.e., Documented Safety Analysis, (DSA) for U.S. DOE facilities) [1, 2]. A secondary focus is to improve
the tools (data and methods) for performing risk and reliability studies relevant to hydrogen storage and
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processing.

Of special interest to H2SIG is the resolution of emergent hydrogen and combustible gas issues, application
of quantitative risk and other probabilistic approaches, reconciling differences between engineering and
safety analysis, and evaluating the impacts of new technical guidance.

“EFCOG Hydrogen Safety Interest Group

Pacific Northwest National
Laboratory & Hanford Site
Waste Treatment Plant

Idaho
National
Laboratory

Lawrence
Livermore
National
Laboratory |

Sellafield

Portsmouth DUF6

Nevada National cal b Paducah
Security Site Tech DUF6

Los Alamos National

Laboratory K Oak Ridge National f):‘;:::: r\‘)\;:':;r::)iessing
— Isolation Pilot Laboratory, East Facility
Sandia National Plant Tennessee
Laboratories vy ‘ ::E;;;?elz%;:rk
» Department of Energy * Paducah & Portsmouth (Depleted Uranium
» Savannah River Site (Savannah River Remediation, Hexafluoride Facilities)
SRNL) « Sellafield Sites (United Kingdom)
» Idaho National Laboratory « California Institute of Technology (Cal Tech)
» Hanford Site (PNNL, Waste Treatment Plant) & Other Testingand R&D
» Oak Ridge (East Tennessee Technology Park, ORNL Universities/Facilities
(HFIR)) + Several consulting firms
* LosAlamos National Laboratory (DOE, LANL)
» Sandia National Laboratories
» Lawrence Livermore National Laboratory

Fig.1 The EFCOG H2SIG has membership from DOE sites in the U.S. and includes the Sellafield Site
(UK).

Technical areas addressed by H2SIG include the following: (1) Hazard and Accident Analysis; (2) Risk
Management (e.g., waste container and processing issues); (3) Operational Safety and Best Practices; and
(4) Tritium Accident Analysis. While the H2SIG carries no regulatory authority, its recommendations are
made in a technical advisory capacity. Most communication is informational and topics are scheduled for
initial consideration during a monthly conference call with subsequent discussion and other single-issue
matters handled on an as-needed basis. Noteworthy examples of recent topics include: (1) Discussion of a
new tritium handling and safe storage standard (DOE-STD-1129-2015); (2) Failure rate data for passive
components to support design reliability studies in nuclear waste processing facilities; (3) Use of mists and
caustic environments to mitigate hydrogen energetic events; (4) Evaluation of the potential for energetic
events in waste storage containers; and (5) Comparison of dispersion methodology protocols for a
postulated atmospheric release of tritium.
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3. Near-Term Focus and Challenges

Despite ongoing budget constraints on the part of member organizations, the EFCOG H2SIG remains a
strategic resource for DOE and nuclear facility contractors for informing safety analysis and reliability
studies. The H2SIG will continue to work in the topical areas summarized in the previous section as well
as pursue initiative in these areas: (1) Determine how to best engage with the Japan Atomic Energy
Agency as an EFCOG technical partner in hydrogen and waste management areas; (2) Complete a white
paper on tritium airborne release fractions under different accident conditions; and (3) Develop a
framework for performing an integrated risk assessment for a large multiple nuclear facility site.

References

[1] 10 CFR 830, Nuclear Safety Management.

[2] U.S. DEPARTMENT OF ENEGY. DOE-STD-3009-2014, Preparation of Nonreactor Nuclear Facility
Documented Safety Analysis, November 2014.
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3.2.2 Hydrogen Safety Technology: Application of the Automotive Catalyst in a Hydrogen Recombiner

Hirohisa TANAKA ', Masashi TANIGUCHI * and Yasuo NISHIHATA *
! Kwansei Gakuin University,; hirohisa.tanaka@kwansei.ac jp

? Daihatsu Motor Co., Ltd.; masashi_taniguchi@dk.daihatsu.co.jp

3 Japan Atomic Energy Agency; yasuon@spring8.or.jp

1. Background

March 2011, by the Tohoku-Pacific Ocean Earthquake and subsequent Tsunami, severe accident with
hydrogen explosions has occurred in the lost cooling function Fukushima Daiichi Nuclear Power Plant.
Further, during the long term sequestration storage of the radioactive waste containing water, the
generation of water-splitting hydrogen and oxygen by radiation, and the gas filling in those containers
should be problematic. In both of the above two cases, highly active catalysts for recombining hydrogen
with oxygen into safe water have been strongly desired.

2. Objective of the Project
The object of the project is the development of the recombination catalyst for hydrogen safety, by applying
the automotive monolith catalyst technology having high activity, small size, light weight, long durability

and mass productivity.

3. A Self-healing “Intelligent Catalyst” for

HC

CO —{oxidize}— CO,

NOx —{reduce}— N,+0,
Automotive Emissions Control

Precious metals
(Pt, Pd, Rh)
or

A self-healing, named “intelligent catalyst” has 0.85mm

. ] (30 cells per inch)
been developed and put into practical use for =
that

maintained a high activity for a long period of

automotive emissions control can be

Favorite features:

time [1-3]. The catalyst was attached to an
automobile in excess of 6 million units. The
intelligent catalyst was also found to have
excellent ability to recombine hydrogen even at a

room temperature.

4. Passive Autocatalytic Recombiner (PAR)

For preventing hydrogen explosion in case of the
severe accident at a nuclear power plant, Passive
Autocatalytic Recombiner (PAR) has attracted
attention as a safety device that does not need any
power supply [4-5]. Characteristics of the wide
range are required for the PAR:

(A) High activity to recombine with oxygen from
the low hydrogen concentration.

(B) On the contrary, for high concentration of
hydrogen, the reaction suppression for not
becoming a source of ignition.

(C) Fast reactivity to high-speed gas flow.

é it
Support oxides

(AlLO,, CeZrY0,,, etc.)
Monolithic substrate

+ Compact and light-weight

- Thermal durability {(~1000 °C)
+ Mechanical durability

+ Mass-productive

Fig.1. Automotive catalyst.

TYPE | RAD WASTE STORAGE | NUCLEAR POWER PLANT

Facility |Backend Facility

Decommissioning

Containment Vessel & Building
of Nuclear Power Plant

Concept

Environmental Compatible
Long Term Durability

Lightweight and Compact
Easy Setting
Optimized Layout

Zr-Water Reaction

High Level Lig
at Fukushima

Radiolysis of Water

Fig. 2. Passive Autocatalytic Recombiner

for hydrogen safety.
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(D) Tolerance to catalyst poisoning of CO generated by Molten Core Concrete Interaction (MCCI).

5. Radioactive Waste Storage

The properties required as a hydrogen recombination catalyst for the long-term storage of radioactive waste
are also numerous:

(A) High catalytic activity to recombine hydrogen from a room temperature by utilizing the natural
convection due to generating water in the closed container, even without assistance mechanism from the
outside such as heating or agitation.

(B) Robustness to water vapor, carbon monoxide and nitrogen oxides generated in the vessel.

(C) Furthermore, the activity must be maintained even in the long-term radiation exposure.

6. Achievement of Research
1) Immersion in salt water: The recombination reaction immediately began at room temperature. When

immersed in salt water catalytic activity is reduced, but activity emerges from a room temperature after

activated.
100 T — v Inlet H,:13000ppm
] AN —_—
L gorereduced | pre-immersed s S 10000 Catalytic reaction at 80 °C
~ ! in salt water / = after water pre-immersion
5 70 (Repqated measurements2¢) | 2 8000 el (Nomrradiated
7 60 w' ‘ ™ g 6000 nitial (Non-irradiated)
v 50 ; f S 4000 \—s 1MGy (dry, 20%RH)
c 40 . o g
8 30 »— ___‘lPre-immersed S 2000 N MGy (wet, 75%RH)
o s, in salt water < N~ 2 S
T 0 ] (1% measurement) 0 ' ' T
10 rf""fﬁ Sas 0 100 200 300 400
L bt gl | 1 Time (min
00 20 40 60 80 100 120 ( )
Temperature /"C Fig.4. Impact of y-rayirradiation.

Fig.3. Temperature dependency
of hydrogen recombination.
2) y-ray radiation: It was promoted by a y-ray radiation of “°Co up to 1.0 MGy, almost corresponding to the
cumulative dose for 1 year after loss of coolant accident (LOCA) at boiling water reactor (BWR).
Interestingly, the activity of the irradiated catalyst was further improved.
3) CO poisoning: CO tolerance was improved by ceria-based oxygen storage capacity support.

& 100 W 2 100
S—— —
S 80 r- § so0f
] ]
2 60 g 60
3 &
8 40 S 40t Ep———
o — H 8 /‘J‘_,.M—’— —_— H:
s 2 —co| | s T —Co
o~ DW , e u"’ﬂ , )
T 50 150 250 350 50 150 250 350
Temperature /C Temperature /°C
Fig.5. CO poisoning on Pt/Al2Os. Fig.6. CO poisoning on improved Pt/CZY.
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Remarks

We would like to express our sincere condolences to the victims of everyone in the Tohoku-Pacific Ocean
Earthquake and subsequent Tsunami. We sincerely wish that our research and development could
contribute to the safety of everyday life. This project on Advancing hydrogen safety was supported by
Ministry of Economy, Trade and Industry (METI) from 2013 to 2016. We sincerely thank the group
members of Dr. S. Hirata of Kawasaki Heavy Industries and Dr. E.-A. Reinecke of Forschungszentrum
Jiilich (FZJ) for their kind help on a PAR device experimental.
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3.2.3 Hydrogen Safety Research in Europe

Ahmed BENTAIB ', Nabiha CHAUMEIX 2, Ernst-Arndt REINECKE * and Stephan KELM *

! Institut de Radioprotection et de sureté nucléaire, BP 17, 92262Fontenay Aux Roses, France,
ahmed.bentaib@jirsn.fr

? CNRS-ICARE, UPR 30211C, avenue de la recherche scientifique, 45071 Orléans Cedex 2, France,
chaumeix@cnrs-orleans.fr

3 Forschungszentrum Juelich GmbH, Institute of Energy and Climate Research — Nuclear Waste
Management and Reactor Safety (IEK-6) 52425 Juelich, Germany, e.reinecke@jfz-juelich.de,
s.kelm@fz-juelich.de

1. Introduction

During the course of a severe accident (SA) in a light water nuclear reactor, large amounts of hydrogen
could be generated and released into the containment during reactor core degradation. Additional burnable
gases (H, and CO) may be released into the containment in case of molten corium/concrete interaction
(MCCI). This could subsequently raise a combustion hazard. As observed during the Fukushima accidents,
hydrogen combustion could cause high pressure peaks that could challenge the reactor containments and
lead to the failure of surrounding buildings. A hydrogen explosion may also be a safety concern in spent
fuel storage areas, where flammable conditions may be reached if adequate ventilation is not provided. In
this case, the hydrogen explosion may lead to radioactive products dispersion into the environment. To
prevent the hydrogen explosion hazard, most of the mitigation strategies adopted in European countries are
based on the implementation of Passive Autocatalytic Recombiners (PARs). Nevertheless, studies of
representative accident sequences indicate that, despite the installation of PARs, it is difficult to prevent,
for all times and locations, the formation of a combustible mixture potentially leading to local flame
acceleration. To better understand the phenomena associated with the combustion hazard and to address the
issues highlighted after the Fukushima Dai-ichi events, such as the explosion hazard inside the venting
systems or the potential flammable mixture migration into spaces beyond the primary containment,
complementary R&D projects were launched recently. The expected results will be used to improve the
methodology for hydrogen risk assessment and the severe accident management guidelines. The present
paper aims to present an overview of the on-going and the planned R&D programs related to hydrogen

mitigation and combustion.

2. Hydrogen Mitigation

Passive auto-catalytic recombiners are the key feature of the hydrogen mitigation strategy in many
European nuclear power plants. The operational behavior of PARs has been studied in both national and
international projects in the past, starting with early test programs conducted primarily by the
manufacturers (Siemens, AECL, etc.) [1, 2]. More recently and in the frame of the OECD/NEA THAI and
THAI-2 programs at Becker Technologies [3, 4] and the REKO program at JULICH [5], significant
progress in knowledge has been achieved on the behavior (onset of recombination, recombination rate and
ignition potential) of different PAR designs under SA typical conditions. In addition, studies of parallel
hydrogen and carbon monoxide recombination are on-going in the frame work of the REKO program [6]
and first indicating experiments on interaction of cable fire products with PARs have been conducted [7].
The available experiments have supported the development of advanced mechanistic PAR models such as
REKO-DIREKT (JULICH) [8] and SPARK (IRSN) [9], which provide reliable PAR performance
modeling beyond classical parameter correlations. Recent experiments performed in the frame of the
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OECD/NEA THAI2 project have confirmed that the predictive capabilities of conventional parameter
correlations are limited under challenging boundary conditions such as oxygen starvation. Thus, for PAR
operation under ‘academic’ or ‘clean’ conditions (i.e. initially quiescent atmosphere, well defined mixture
of hydrogen, air and steam), a large database for model development and validation exists based on the
mentioned test programs OECD/NEATHAI and REKO. The simulation of the PAR behavior under these
conditions has reached a good level of maturity. However, the boundary conditions during a severe
accident include more challenges: first, the gas mixture at the late phase will include not only hydrogen and
steam, but also carbon monoxide from MCCI at low-oxygen conditions. Second, the overall flow
conditions inside the containment in the course of a severe accident may be quite different from a quiescent
atmosphere. In general, the corresponding flow patterns will be strongly influenced by the scenario of the
accident, the release location and the containment design. Especially close to the containment walls and
structures, a downward-directed flow due to high condensation rates is expected. As many of the PARs
installed inside a LWR are installed close to the containment walls, these PARs will have to establish the
internal upward chimney flow against the downward local containment flow. Another relevant issue, never
investigated before in detail, is the influence of the PAR location (with regard to the source) on the
efficiency of the flammable gases conversion. These open safety issues are to be addressed in the upcoming
SAMHY CO project, submitted to the European Commission CALL HORIZON 2020.

3. Hydrogen Combustion

Hydrogen is characterized by its combustion properties such as a very wide flammability domain and very
low ignition energy. These two characteristics are responsible for the explosion hazard when a release
occurs in a confined environment. In the case where hydrogen/air diluted mixtures can be obtained within
the flammability limits, a local ignition of the combustible mixture may give initially birth to a slow flame.
However, this slow flame can soon strongly accelerate due to all the obstacles that would obstruct its path.
This flame acceleration is responsible of high pressure loads that challenge the integrity of the reactor
containment building and the safety components operability. One of the major issues/challenges is to
predict the level of flame acceleration due to particular geometrical configurations and scales for a given
inhomogeneous mixture. Indeed the presence of obstacles will enhance first the combustion leading to the
increase in the flame velocity. Then, depending on the geometry and the premixed combustible mixtures
composition, it can accelerate the transition to detonation or be quenched after a certain distance. Since
1980’s, several experimental programs have been launched with the objective of characterizing the flame
acceleration and transition to detonation in closed tubes containing obstacles, in which critical conditions
are in principle well-understood [10, 11, 12]. More recently, flame acceleration in uniform and stratified
mixtures was investigated in the framework of the ENACCEF program [13]. In addition, the effect of
diluent on flame propagation was also studied [14]. The investigation of the effect that spray may have on
flame propagation was initiated in the framework of ENACCEF and OECD/NEA-THAI2 projects [13, 15].
The available experiments have supported the development and validation of combustion models.
Nevertheless, deficiencies still exist that the scientific community has to address in order to reduce the
uncertainty margins within the evaluation of the potential hazard in given scenarios. These deficiencies can
be attributed to remaining uncertainties in the determination of the critical conditions, including critical
values of mixture expansion ratio, in the detonation cell size data, the laminar burning velocity, the laminar
flame thickness and the turbulent flame velocity. To overcome these limitations, recent programs were
launched in ICARE Lab in collaboration with IRSN with the objective of characterizing turbulent flame
velocity for hydrogen-air-steam mixtures based on experiments performed in a spherical bomb [16].

Complementary investigations are on-going in the framework of the French MITHYGENE project [17].
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The extension to hydrogen and carbon monoxide flames is foreseen in framework of the SAMHYCO
project.

4. Conclusion

After the Fukushima Dai-ichi accidents, several R&D projects were launched in Europe with the objective
of enhancing the knowledge regarding the combustion hazard and the associated mitigation systems. This
paper summarized the state of the art as well as on-going and planned R&D related to hydrogen

combustion and mitigation in Europe.
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3.3 Session 5 Research and Facility Needs for Collaboration

3.3.1 Steady Irradiation Equipment and its Application to WM Researches

Ryuji NAGAISHI
Japan Atomic Energy Agency, nagaishi.ryuji@jaea.go.jp

Steady irradiation equipment of ionizing radiations of (1) y-ray, (2) electron beam (EB) and (3) X-ray is
now planned by Storage Equipment Soundness Evaluation (SESE) Group to be set up in the coming
“secondary” CLADS facility next to the primary one at Tomioka, Fukushima. Their main purpose is not
only to do advanced researches on radioactive waste management (WM) for Fukushima Daiichi NPS, but
also for engineers (nuclear & other industries) and students (universities & high schools) to learn “radiation
effects” through experiments.

In the researches, (a) water radiolysis (seawater & aqueous salt solutions), (b) solid material degradation
(metals, alloys & oxides) and (c) radiation-resistance of sensors (elements & units) will be studied in the
present plan. To attain them effectively, practical conditions of irradiation fields and/or environments

around the wastes should be well reproduced in the experiments.

Specification of Irradiation Equipment

Radioactive nuclides to be removed mainly in Fukushima Daiichi NPS, as well as TMI-2, are Cs-137
and Cs-134 as y-emitters and Sr-90 and Y-90 as B"-emitters as shown in Table 1.

Gamma cell-type irradiation equipment (1) with Co-60 source (E,, = 1.25 MeV, 1, = 5.27 y) is planned
for the y-emitters. The dose rate just after supplied will be ca. 10 kGy/h, comparable to that in spent
adsorption vessel (decay heat: 300-1,000 W) after decontamination of radioactive water. EB accelerator (2)
is planned for the B -emitters. The maximum energy of incident electron, equal to acceleration voltage, will
be 800 or 950 keV. The dose rate, mainly dependent on acceleration current, will be more than 1 kGy/s,
comparable to that in normal LWR (mainly neutron & y-ray). X-ray irradiation equipment (3) is planned
for bremsstrahlung from the g- and B -rays interacting with metals. The maximum energy of X-ray, equal to
tube voltage, will be 150 to 300 keV. The equipment of EB and X-ray is not that restricted in Japanese law

concerning prevention from radiation hazards due to radioisotopes, etc.

Table 1 g- and b -rays emitted from radioactive nuclides.

Nuclide Cs-137 Cs-134 Sr-90 Y-90 Co-60
Radiation y-ray B-ray y-ray B-ray B-ray B-ray y-ray
Maximum 512" 658" | 546 | 2,280
Energy (keV) 662 698 1,250
Average 188 157 196 934
Average energy of recoiled
. 253 - 272 - - - 688
electron (keV)

*1 primary B°-ray. *2 obtained from average energy of Compton-scattered photon.

Further Consideration of “Complex Systems” for Radiation Effects

Radiation effects in combinations of water, seawater salts and/or solids as complex systems have been
studied at ambient conditions since the Fukushima accident. However, the systems and conditions more
specific for radioactive wastes should be further considered for the effects.

For example, in the radiolysis studies (a) on H, generation in spent vessel with concentrated radioactive
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materials, the adsorbent bed of insulated oxides mixed with water after its long-term storage would become
anhydrous condition, at which water radiolysis is hard to take place. In the degradation studies (b) of solid
oxides, they are contacting with metals in many practical cases, and then the metals would interact with
primary radiations to emit secondary lower-energy photons and electrons on the surface of metals, mainly
dependent on their thickness.

On the other hand, when the effects are limited to only radiolysis and radiation damage in the narrow
sense, they would become initial and partial processes in a series of complicated phenomena in the
complex systems. In other words, the phenomena could not be explained only in terms of the effects.
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3.3.2 Research Maps - Tools for Aligning Fundamental and Applied Research with Operations

Kevin M. KOSTELNIK "* and Stephen M. KING >
! Savannah River National Laboratory, kevin.kostelnik@srs.gov

? Savannah River Nuclear Solutions, LLC; stephen.king@srs.gov

Roadmaps are graphical, long-range, strategic plans that have been used by government, industry, and
academia in a variety of technology-intensive fields. Science and Technology (S&T) Roadmaps are tools
that can illustrate the integration of technological advancements into operational or business systems.
Research Maps are a type of S&T Roadmap that focus on defining and enhancing the underlying scientific
knowledge and required advancements which are necessary to propel technological development to the
point that improvements can be made to existing (baseline) operations.

A variety of techniques have been successfully used to create Research Maps because the process is both
flexible and applicable to a wide range of fields. While flexible, the process also provides a structured
framework for evaluating and communicating the underlying research needs to complex systems over time,
such as long-term remediation efforts. A recent US Department of Energy (USDOE) workshop that
documents the Basic Science Needs for Environmental Management serves as an example approach to

defining basic science needs and their alignment with remedial operations.

Important considerations during the initial Planning Phase of the “Mapping” effort should include defining
the intended audience of the Map, the use and purpose of the Map, the timeframe being considered, and the
desired format of the final product. Multi-organizational development of Maps, although complex, provides
diverse input and if developed transparently, builds consensus among key stakeholders by showing direct
ties to their interests and issues. Establishment of a cross-functional core team to lead the Mapping effort is
essential for project success.

Developing, maintaining and implementing a Research Map can be even more important than the Map
itself. The process requires continually strong communication, consensus building, prioritization,

decision-making and long-term commitment (social, political and financial).

Research Mapping examples from relevant complex environmental systems within the USDOE will be
presented. These examples include environmental remediation of contaminated groundwater and waste

processing of high level radioactive liquid waste.

The remediation efforts associated with the Fukushima Daiichi NPP present significant long-term
challenges. The current Mid-and-Long-Term Roadmap provides a strong, unifying foundation which guides
this complex remediation effort. Expanding upon and integrating applicable, fundamental, science
considerations into these strategic planning efforts could provide valuable support to this

national/international effort.
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Appendix 1: Conference Program
November 7th, 2016, LATOV 6F

12:00 - Registration
13:00 -13:05  Opening Remarks Toru Ogawa (JAEA)

13:05-13:35  Management of Solid Waste Arising from Fukushima Daiichi Decontamination and
Decommissioning

Tatsuro Kobayashi (Tokyo Electric Power Company Holdings Inc.)

13:35-13:55  Activities of CLADS Waste Management Division
Takashi Ashida (JAEA)

13:55-15:25  Session 1 Experiences of Waste Management in Countries
Facilitator: Kevin M. Kostelnik (Savannah River National Laboratory)
= Legacy Waste Management in the United States
Roger Seitz (Savannah River National Laboratory)
= Waste Management for Decommissioning in the UK

Robin Orr (UK National Nuclear Laboratory)
= Plan and Implementation of Nuclear Waste Management in Finland

Kari Rasilainen (VTT Technical Research Center of Finland Ltd.)
15:25-15:40  Coftee break

15:40-17:10  Session 2 Research Activities of Universities
Facilitator: Syunichi Suzuki (The University of Tokyo)
= Recovery and Volume-reduction Solidification of Radioactive Elements from Solid Waste
Kenji Takeshita (Tokyo Institute of Technology)
= Rapid Analysis of Sr-90
Yoshiotaka Takagai (Fukushima University)
= Activity of National Institute of Technology, Fukushima College
Shigekazu Suzuki (National Institute Technology, Fukushima College)

17:10-18:00  Poster Presentation

18:30- Reception (LATOV 3F La<Pa<Pa)
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Appendix 2: Seminar Program

November 8th, 2016, LATOV 6F

9:30 - Registration

9:50-12:00  Session 3 Radiolytic Hydrogen and Corrosion
Facilitator: Takafumi Motooka (JAEA)
- Gamma-Radiolysis Induced Corrosion
Jungsook Clara Wren (Western University)
- Corrosion Risk Management in Fukushima Dai-ich NPS
Syunichi Suzuki (The University of Tokyo)
- Radiolytic Corrosion of Carbon Steel and Irradiation Facilities
Hiroyuki Inoue (Osaka Prefecture University)
- Applications and Insights from Radiolysis Modeling at Pacific Northwest National Laboratory
Richard S. Wittman (Pacific Northwest National Laboratory)

12:00 -13:00  Lunch

13:00 -14:30  Session4 Hydrogen Safety Research
Facilitator: Jungsook Clara Wren (Western University)
- Activities of the U.S. Department of Energy Facility Contractors Group (EFCOG) to Promote
Hydrogen Safety
Kevin R. O'Kula (AECOM Nuclear and Environment Technical Services)
- Hydrogen Safety Technology: Application of the Automotive Catalyst in a Hydrogen
Recombiner
Hirohisa Tanaka (Kwansei Gakuin University)
- Hydrogen Safety Research in Europe
Ahmed Bentaib (Institute de Radioprotection et de Surete Nucleaire)

14:30 -15:00 Coffee break

15:00 -16:30 Session 5 Research and Facility Needs for Collaboration
Facilitator: Isao Yamagishi (JAEA)
Steady Irradiation Equipment and its Application to WM Researches
Ryuji Nagaishi (JAEA)
- Research Maps - Tools for Aligning Fundamental and Applied Research with Operation
Kevin M. Kostelnik (Savannah River National Laboratory)
- Wrap-up for International Collaboration

16:30 -16:40 Closing Takashi Ashida (JAEA)
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Appendix 3: Abstracts of Conference (In Japanese)

2.1 & — IR I FE BT OBE L E TR AT D ERBEIED OFERIZ SN T

VPR R
VOB AR — VT 4 7 A (B) s kobayashi.tatsuro@tepco.co.jp

1. @\EFHERA 3 EROREILEE TR AT IREIEY
&SR ERT (LT R —)) OB IR E IV, @8 O 3 EATICB T DB 1L
B LT | RED OSSR/ Y E B (KR IR - [ER) B3 AEL TWD, Zh
DIE, FARWNIT S B 2 B AR IR E LB N TR 2 ICE B TRE~OBITZ M L T
W5,

2. [ERBEED ORENLIRE ETOHN
TNHDERBEIEY) T, WP Loy ETOR], BN O — R A& S CREELL . IER., EIAFEEY
BRI A T > TS, BFIE O R BICH RO RS DI LD B HE TR 21TV VAl fE7s
FROTEAL ., Z LTIV ZENL OO ME R HD,

3. [ERBEIEY O — RS DL

HUE, BEILHEE TR ALK 30 Jm® O FLHES (FLHOE . BobRAS M 5 O R 38 B 1l2 > T
(1) BB (B4 m, oo 7V — b, MEaTke, B3 0) 13, REMRERISC TRIMER, > —
N A AU, 8 AR MR . F X E AR IR 55 C — IR R | (2) (R (B, AR,
BEHE) 1% KRV R I B S DT ICBIMEFRE LR E R C— R . (3) 6 3 U MR B
(PReEA, ~ A7 L, TANE) 1T, BEHISNDETOM, BEsIUIL T—RHRE L TUWD,

T2 G YK CRAE T D KUEE “IRBEEEM OIS, (4) i A WA EREIE, B L7 D Hh
PRI C CTT T ETFTAR I AT N S — ML T—REERE . (B) BEAT v B L ONEAME FEIR
X B BRBRNOZ L 21— R E LTV,

4. ASHOEHA
RS D3 A BT 2028 AR FETITH 75 m’ 1T AL AL LIV TEY | N O — IR 22 ik
DRBHBIRT D, ZO7D | BEFEDEOHIBIC T, (YL~ L ORWE RS2 7Y —hMets—
DOEHPNICIBNT, T - R TEL LT, &6, BRLIBRICEO -5 705
ZIENLTC, REZEOY EZ TELETREE IS TRIL T, 2o & TR E S EFEEY OJE
SRR At (M R R [ S BE SEM BERNIE | (AR B FLRE I AR i 5% /e &) O 3% [ (R S I [ e o 2 5%
UL FHHEIACE AL TV, Z LT, F 8 AS D B % [E (R BRI Ry e S S 3 A B AA LT
DIRE AEN O — RS 2 B BEAYIZARIE L T,
Fio ARABE ZIRBEFEMIZ OV T, RKEREEZEH L TENIZREL T, LR, £
NTHRBIHAWIAZ I BN e h | MR LR CHRAETHIATI—IROBEFTY %
KL, ZETHIECDONWT, E BB e (IRID) 2 H 0 TAR 2 [ 2 F W e S DA ST
BARE AR D SN TS,
EDOIT, PFROALER AL I ThE, SRR AR B R BESEY O IRIIR X R PR TH A= JA
EABF\N T, 18— OB B2 #2572 72 554 i % O B 3 D H L TN D,
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2.2 CLADS BEIEW LY T 48V ar DS

A oA
" H AR T IR B S ; ashida. takashi2l @jaea.go.jp

1. BEIFE PRI R ZE B 2 — O 2
18 S5 — R 13 AT (1F) OB LR 8 2B 320 JEBR A 2 HEdE 357200 . B AR I WF I8 BH S Ak
WP E RS A ZE 22— (CLADS) 78 2015 4EIZRR SEE T2, CLADS 1Z, tRD 4 DD F 4B Va3
OIS TND,

(HBEEM BT 18 var

QBT 7V - T T 48V ar

Q) F ot REF T T B

@R T e ar
CLADS @ BAR72 DA X, IROEY TH S,

(WEWNAN OV ZFEET D (T T b7 4 — 1) DI

Q)EWNF D FEFFRFFE D TRAL

Q)T EWIM I A E ERE O 5Rb

(@)1 HFAZ T RE O B Al
SIHIT, [EEERZR AR B TR LT, TP E R IL RS8R ) & CLADS O HiZE L Titak L T 5,

2. BEIEW)E BRIZBE 9 B A ZE B %
IF OFERRZEDOHRDOEIIEFE T, ZLFELEROBEEM BB AELT, ZOBEFEMOYERIL, BH DR 7)
FEAMNORAET LRI LRI > TS, DT80, FRIEY OMARIEIR | 5 LB, L5 1B 5
RSN EM o — R~y 7 TINICE SV TEEIN TS, 2O EZ2NFIL, LLTOEY THD,
(DHPERA R
- BREYREIO ST
. JRETRE B DR
- JEEERE T — X DINE
« WERE R D TR OB S
Q)R
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- BEEDORE BT R OB %
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o ALF - BEFEIRITBE 5 SRR
- BIRORIA B O E
(4)asy
< BRSO R EEE B - A
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< TR B O R
INHOMFERRIL, FEMa—R vy T IOREIN TN BEIEYALER - AL 53 (2 B3 D AR E 2 5 112
KBS,

235 3CHK

[1] B - 1547kt 3R BAFR AR S 5% . AR I WRAE S 85 — R 7~ /0 38 sE P D BE 1L 1 S (2 1A 7=
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- 144 -



JAEA-Review 2017-004

2.3.1 KEICBIFALH L —FREIEYOEH
CKENCRBIT DB EDOBEEL TOREFEY OB )

Roger SEITZ
YN T YN—[FHFIEPT | roger.seitz@srnl.doe.gov

1. FE

BREHEEEEITEREL TR EOREEYZECSE D, ZOMEET, LB, I, Ly FiEDS
% Lo AR 7R BEE) O PRI IR 2 LB L 975, —IRARITK L THEIRA TR T2 LV o EI 25
LY RO G IELFIRRZ, ZhBO HIEIZBWTIL, BEIEM DT AL HE (waste acceptance criteria:
WAC) , #G)7e R0 dE, AR BEFEIR, IO %, Wk HIEICx T2 @D G END, EH O
USDOE (United States Department of Energy) D i g% 1235\ TREH DALSy A gk 23 i S bl e i,
B2 55 % T RE &3 D ak 23 B O AR L~V U PR BEFE) (LLW) AL 3 Fi % 12 3B W TR i S v T g
(X 1 28, L PR EDWEEL S TREIEY O OO G SNk b £/, REEEIEEOR
RELTHELDIERL N D IBSHEBE I O T IS TS, %<0 USDOE O i 5% X° B 0D fi 7%
LA EWE 2 5 BRI O R DB B G BT DI TnD, ZORER,
%< ® USDOE D% M DMk TiX, B PEHEY L IEH MR WA 7 HIR G FEFEY) (mixed
wastes) DAL FAIREL /RS TND, ZAHLDORERIE, 4 128K T 1500 17 b AT72D KO0 45 ik
AHLTNWD,

1: USDOE Hanford(%)& Idaho(47) D WA MZ 31 DR K 5% 35 L O K PR G & £EO %, 24
DR IFER B EEAEE IO AE T DREED OLFIH DD, Idaho DfEF%IE, fhokk ~ 7eBR 5T
BRI > TAEULBEFY L RIERIZ YA M CORBRAER OFE L HE IZL > TAELXDE S EIROISTIC
fE FHEX LTV 5, (Courtesy: USDOE)

2. Bl OBAPLDOT o —F

RIREEEEELIESFEEMOWNSIZEET 5 E E R EIX USEPA (United States Environmental
Protection Agency) D#Lf FNEIZHI - THIESND, ZO FNEIIMO gE 2RI FiEE2 Z b0 T
H5, ZOFIEFRILFEICTBITHERSINGE OMHENOOHH R OB WA S ) [T 2 E I
o CHEiSND, —MIIEASND FEE, ERREDTOITHEINIAELRICEEND 9 DO
2T A TVD(E I ZR), ZOFIEL, FIEOFMERLBESNTMRBROFSEHFETLHIE, TER
PAMIIBW T ik 23 T Z LB W TR TR TH D ZEMFEH ST %, USEPA [13£<
OHFIA 72 TR I (WL Sk DR EE, BEEMALIRRE) 2R L CTWD, ZIWHO R FIH L, Hifiléo
BEMERLRAROZRRMEICEHL TR R ZFF > T A X, YA MEA OBFEEMIZEH T 52810 Tk
AZRE T DB D&M TND, Mo gk Skt D HHRI 723 FHI AR O Z MBI L Tl TH %
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SHEREL WD, INEY, BEIEMALEL O RN/ T 7 a—F 03, ZOMERER 2R WLBR 5 15 D3 6 & O BEHE
WXL Thh #L%Eﬁ@kﬁ%m\ioﬁ%ﬁ LEIIGEDRDD, ZOZEL, BieoslzT 7 ua—F O
ENBEETIHLOTHS, HREFHEICE N T, WSO DBEEKROMEGELET VLT D54, 7 Lk
fzi%@“é/\“?% S DN BT D, B EFEIEY Oy % X FRFT 5720 OVEREFEAN I L B2 5
72T — LB EITESGSH TN LMD, ZOZ 8, Frizakiki 725,

F 1 ERREICHNSN9 D E %

b5 il
NHEDOREEDIR#
K VG REOBREIEDEE

R#E b
EWIOHZME (WAC 12D IR 22 421 )
M, BEME, SA MO BEOIKRE (L, FEIEARL)
HW O M WEEFH OREDRE, BEL )
P AN TOEBATHENME (WAC 1253 < 3 i)
TR A Zh

M EBERAE
B DBLR NS D52 75
AR ARNE

3. INETREATEZEDRWEEMOTDSH 20\

BB EEMERIIRE R LU CERRR I A L LS LITD, ZL T, ZOZETEHE DD DO
W72 7 7o —F OEEEERTH LD, ZRICHFET D EEREEDIIINETERSIN T
thafocttixéﬁf;w@&?%ﬁ%f IXHDLDO0, BRI BEOW 3 ETERTHLOTHD (LD, B

(CIHYS NI LB & TN E B4 LR DY, N E TR T2 DRV EIEML F/2AETTWD
PR oA A L 2 R 72 L) . 2D D XV R A7 BEFEW (I, WU MER, ALy 5 iE% R E T DR
BRMELIRD, T2, 26T, BEINZRE 0T 7 a—F O+ aER T b Ly, A4 058
BUSTIR O Lo 72 [E R ZIRBEFEMIL, A RIEOBRBEEIEEI o TAECLBEIEMICEIE L7 kk ~ 7ok
W& 72 F 2 BlR 3 2b D Th D, ZOFRE T, BEEREZET LT H72DICERSND AT G4
ﬂiﬁ%ﬁﬁﬁ%mfpmﬁ%&ﬁﬁéa:, WSDPDBLER R DTN B DR F 2R 75,

FEDBESENANL 2 =R R E 3572012, YERERHM OIS BN E AT 50T — A DIG BN A& 352
&75>E%Ta”oé WA DOHEREFEAM DE T MUIZ TR RACH L TEELE I DNDHNESC /T A—F %
FIETHIZDITHNOGID, HFEH B L ORI XML BEOHLHF — L7053 WA R E T 5721038
AT _R&ETHD, ZOZEITEY, BitE2hRAICE T (B BRI E N2 Y T 7R 0 5655 )
ZENFRRIZARD, Fiz, ZOZEIX, AP M EM T R BR-OMIR IR O R O 2 Y a5 L
WZBWTHNIT &R D,

4. F¢D

LR, BT, A5y DR RERFTT 5546, EOBRIKICBWTERVIRPbNIZLDEHELZEETH
VBRI, EIHIE, HGIH 7 ME L E ATt O G Thod, Hfileematx, LTz
EEEGNTND,

HIFEMEREIC K S\ T T —F ONRTU R H L

KL R D WAC ZHESL 528

B OFENEEZFARERERILEDT TV n—F 2L +52 8
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ANFEFHEICBITAERSIGEICREELZEAEOH LT T —F 2 EETHIL,
Broeamahx, L <, ZoigEA L 75)4%%&@7&5%%% XL TS LD, HAMIIZ2 R CI, W
EEA, BEIERSCR IR T DEAA /2 E OMER, B, W iaek 248D WAC 25 B LT id7e sz
U, BRSO R AR IO 72 5 R SR TEI, BRIEM) O ek L) ji{iE (ZH B A 5.2 B REVED 3% KM E A A
ETEDLINTT D0, BEMBEIERICKTR2ERFE I Moo & ThDH, T LD
DORERILED AN FMFEEARED G- 20N A, RSN H_REIE R EICKH LU TERREWERF
F =R E BT o E R REL T A0, T —HAIELE T IR E R A TAZLITEETH
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2.3.2 EKEICKITDHE I E O O FEFEY) & B

Robin ORR
GE[E [F N7 TIHFIERT | robin.orr@nnl.co.uk

FEENIIRAEBEOZRXNFX —Y —REL TR NIEBEHALIEEOEO—>Ths, I, &
D=V E =R —)VIEFIEIE 1956 I CTHRANCFEEAT — B W TR ELIT o7, mERIC
X, 26 O~ o7 AJFEAIE (RENTEE R A A HIFRL R A7 BIERAEH) & 14 o BALH R HItE
(AGR)E 1O DNNE KR (PWR) S E[ENZ BV THREER ST, ZEENCRIT DI J1 R Bl sk O B & &
BEL TR D70, UTVRMET TN, BRBHRLE IR, 5 5 AR E i R, A 7 ARk AL
BRI R 720 e, BFGEAR, RANE, 2L C, MFZEI R N B R ST,

WIEIR, JREVF D77 ho %000, BEICHEENIZB W TR ILEE SN WD, 2Ll
W3S FETHD, BT 74— VR AMNIFEERIZB W TS KRERJR T 15X AN THY, I RKOEE
1B EX G Ch D, BEIEHE LBREERIIEIL 2100 LRI DT> Thilkke o722 A[1], Hisk D FE ik
FE XK B ORI 23R A ST, TO R, KL~V EBEEEY (LLW) (20 3E S , il
Ry ENLHZ LD [2] o TNEBBEILEEZITIZEICEST, BEHOEY HLSH L~V
PEFEFEY) O B, 38 PE A B I CHAE BTSN CO DM ISR L CORRI R S L EThHH L
ViR YRV

1980 FARDOWIEH, HEEL, 7 A BREHF LB A 3% 0 54 U A A & ORAT Y — RO H L~ L fith
PEREEY G570 T b AR — ST, ZRUCE ST, EBREA — /L OB G i 5% i s %
TOEME 72 BRI TIEDMENL ST, ZORFZEND, FALHESE RO A UL BRI EY & B 572
\Z, 4 DOBEFEY A NE LR N BT 74— VR ICER SN, ZNHONasRIZBEL R E, 25 £
FlchbieoTiRET T, 5 FU LRI S r— D APFEL TS, BEMO A NEIL, L5y D FE
BAMEICRE T2 KD BIF([3], BIEAROMEREDFIRICBEL T, HEIL, MRV OREBREEREL TW1D, =
DOFERIL, BEIEFTEIZ L > TAHECDBEFEY DOEFLDT-0 D 5272 >TND,

I 74—V RIZB W TIROELINENL DO @ WH A7, i EOREHR B FHE) AL, BESL X
INDBEFED LW E BT L TND, BTG Y ST PER 72 i ik BE AL B 452 L TH D[], BIfE
YT 74— VR OBEF % TSy SNDBEIEM LIX TR0, EEER iR DI AT D IR L~V i
PR T, R EIDIRAW T, B~V OFME RLTEY, ZNHORHIT, RIS D
B M UREIC Ko TE LT 5, AT, ZRHDEFEM O B E R T D20 AR BT ICBIL CE
KEBHIRNGH D, ZNHOMEHE, Bk DOFEIM LI ot 22BN TEY, IV FRCTEMNLRT
n—FEERTD,

T DFEF IS M BEHE Y 4 PRI B4 A 35 [E O AR R O B 2 Rk 5 , S5 [E o0 1 PERY 72 il 5% >
DEFE L EIC L > TR HSID F L~V U PEBE I IR DAV AR 2 ZRREHZ DWW T O I
SH, BEIEWALEL O BRSO AL BRI D& AL MEULO AL N TR A ERN ShD, LT, #EH
DEF7 4— VR A NDOBEFEMT KT DHRRE O LB §- A0 DS i im S A5,
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BEFEN DI A DR E LT GBIV Th  BEEDJR 7 T BEFEW &8 B3 D7D+ 7 8 2 e Ak
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2% TR

[1] Posiva, 2013. Olkiluoto (23313 A H AR FIREHL Iy DA T T 4r—A — W3 AT AOET
JL &7 —# 2012, Report Posiva 2013-01, p. 49.
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THE, HTABUCARDERFEIZTCO HIEEFED 2 THo 1 BELHESh -, REHRFOE AL K&
WZRAELTIE Y LT O Cs 1T TABEUBIREL TEIBAREL T 52N TE, MBS T- L EEFEFEY) 1T
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T, AR FEREAS T TR~ E B HTIEE (ICP-MS) & AW =H L St SATEEBER L, Bk
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Vay) Kte T MERE B A G HZ 8T, TNDEMR LTz,

T2 DT OFER, T4 HT LML ICP-MS BN TOE BRI Z M 528 T, St @
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235 3CHK

[1] Y. Takagai, M. Furukawa, Y. Kameo, and K. Suzuki, Anal. Methods, 6, 355 (2014).
[2] M. Furukawa and Y. Takagai, Anal. Chem., 88, 9397 (2016).
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