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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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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 300,000m3 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.takashi21@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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[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. 

  

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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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 
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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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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 m3 for cut tree and 155100 m3 
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 Bq/kg was observed in the soil near the reactor buildings. 
Those of 90Sr 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 
strongly into 2:1type layered clay minerals, such as 
vermiculate and montmorillonite. The development 
of high decontamination technology is 
indispensable for the desorption of radioactive 
elements and the reuse of decontaminated soil. 

Based on recognition of such current status, an 
integrated system for the recovery, concentration 
and immobilization of radioactive elements from 
environmental waste materials such as soil and tree 
is developed in this study. However, we have no 
experience on the treatment of large amounts of 
environmental wastes. In the current stage, most of 
radioactive elements (Cs and Sr) in contaminated 
soil is transferred to 2:1 type layered clay minerals 
such as vermiculate and montmorillonite and 
adsorbed strongly into them. Especially, the 
adsorption of Cs is very strong. Under these 
circumstances, we develop a new integrated system 
for the recovery, concentration and immobilization 
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 
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 180-250ºC 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 300ºC [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 
[1] TEPCO Homepage, www.tepco.co.jp/nu/fukushima-np/.../t120730_02-j.pdf 
[2] I.Takatsuka,  H.Takahashi,  T.Fukuda, M.Harigai, Y.Inaba and K.Takeshita, “Fundamental Study 

on Cs Elution Technique from Vermiculite by Hydrothermal Treatment Using Cellulose-based 
Biomass (in Japanese)”,  Journal of the Society for Remediation of Radioactive Contamination in the 
Environment, 4(3), 231 – 238 (2016)  
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System for High Efficiency and Volume Reduction- Behavior of Cesium salt in Combustion 
Treatment of Prussian Blue – (in Japanese)“, Journal of the Society for Remediation of Radioactive 
Contamination in the Environment, 4(1), 35-44 (2016) 

[4] K. Takeshita, “Removal Process of Radioactive Cesium from Soil contaminated by Fukushima 
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2.4.2 Rapid Analysis of Sr-90 
 
Yoshitaka TAKAGAI 1, Makoto FURUKAWA 2, Yutaka KAMEO 3 and Katz SUZUKI 4 
1 Fukushima University; takagai@sss.fukushima-u.ac.jp 
2 PerkinElmer Japan Co., Ltd.; Makoto.Furukawa@PERKINELMER.COM 
3 Japan Atomic Energy Agency; kameo.yutaka@jaea.go.jp 
4 Japan 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 90Zr, whose soil concentration exceeds that of 90Sr 
by more than six orders of magnitude. In addition, the system requires no ultimate mass spectrometry or 
radioactive 90Sr standards. The radioactive 90Sr standard was replaced with the stable isotope 88Sr as a 
pseudo-standard. The modified ICP-QMS system yielded a precise, reproducible sharp 90Sr peak in the 
ICP-MS profile. The elution time of 90Sr was highly reproducible (RSD = 0.5 %). After implementing the 
cascade-step, the detection limit (DL) was 0.28 Bq/L (0.06 ppq) in 90Sr analysis and 2.9% of repeatability 
(10 ppq 90Sr (n = 10)) within approximately 20 min. Solid sample was able to be applied after the treatment 
of microwave digestion system. The 90Sr 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 Bq/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 1, Shiro JITSUKAWA 1, Seichi SATO 1 and Katsuhiro AOYAGI 1 
1 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 
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 
student. 

Fig. 1 Three pillars of education 
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 1, Daiju MATSUMURA 2, Yasuo NISHIHATA 2, Masashi TANIGUCHI 3, 
Juichiro MIZUKI 1 and Hirohisa TANAKA1 

1 Kwansei Gakuin University; asanisimasa@kwansei.ac.jp 
2 Japan 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 TAKENAKA1, Soma KISHIMOTO1, Masashi TANIGUCHI 2, Yu KAMIJI 3, 
Yasuo NISHIHATA3 and Hirohisa TANAKA 1  
1 Kwansei Gakuin University; eoy10812@kwansei.ac.jp 
2 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.  
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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 1, Yota SUZUKI 2 and Kazuyuki TAKASE 3 
1 Nagaoka University of Technology; s165048@stn.nagaokaut.ac.jp 
2 Nagaoka University of Technology; s165047@stn.nagaokaut.ac.jp 
3 Nagaoka 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 1, Yusei TANAKA 2, Kazuyuki TAKASE 3 and Ryutaro HINO 4 

1 Nagaoka University of Technology; s165047@stn.nagaokaut.ac.jp 
2 Nagaoka University of Technology; s165048@stn.nagaokaut.ac.jp 
3 Nagaoka University of Technology; takase@vos.nagaokaut.ac.jp 
4 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 1 and Kenichi KURUMADA 1 
1 National Institute of Technology, Fukushima College; kurumada@fukushima-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 1 and Kazunori AKUTAGAWA 
1National 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 1, Hideharu TAKAHASHI, Toshihiko OHNUKI and Kenji TAKESHITA 
1 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 (5.49×10-6 mol/g) after four cycles of treatment of 0.01M 
Mg2+/Ca2+ 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  
with 0.01M Mg2+, ~100% removal of saturated Cs was achieved. X-ray diffraction analysis results 
suggested that Cs desorption was completed through enhanced diffusion of Mg2+ 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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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 (Eeq) (or overpotential, ηox) 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]: 

 

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 Eeq 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 ECORR 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 oC 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 γ-radiation present [8]. 

Fig. 1:  Illustration of iron oxidation pathways at different pHs in the presence of γ-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 Ca2+ 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(N2H4) addition 
In Unit 2, 3 & 4 SFP Cl- 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 N2 
bubbling at make up tank and periodical N2H4 addition were applied. N2H4 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 H2 and to keep inertness in PCV to avoid 
explosion. Same as SPF, deoxygenated water with N2 gas, N2H4 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)O2+x, and also that the crystalline MgO remains afxed 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 H2O2 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 H2O2 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. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

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 1, Ryuichiro IDEHARA 2, Takao KOJIMA 3 and Akihiro IWASE 4 
1 Osaka prefecture university; hiro@mtr.osakafu-u.ac.jp 
2 Osaka prefecture university (present affiliation: Daikin Industries, Ltd.) 
3 Radiation research center, Osaka prefecture university, 4 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 1mM NaCl solution with a variety of 
pH was used for the solution; a certain amount of HCl, H3BO3, Na2SO4, NaOH and Ca(OH)2 was added to 
a 1mM 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/cm2. 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 
was larger than 10, the corrosion 
rate of the sample was decreased 
with an increase in the solution 
pH. The surface morphology of 
the samples after finishing the 
measurements was examined with 
a loupe. The surfaces of the 
sample that had been immersed in 
the solutions of which pH was 3 
to 4 or around 10 were generally 
attacked. However, no corrosion 
traces were admitted on the 
samples that had been immersed 
in the solution of which pH was 
either a near-neutral level or 12 
and over, even under the intense 
gamma ray irradiation of which 

 
Fig.1  Change in corrosion rate of the iron in a 1 mM NaCl solution that was added  

a certain amount of acid and base species as a function of the pH  under the 

gamma-ray irradiation of 1.8, 12 and 40 kGy/h as well as without irradiation. 
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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 
ray irradiation of 8.6 kGy/h for 3 days. The 
dissolved-oxygen and the hydrogen peroxide 
concentrations were measured with a florescent-type 
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 
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 
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 

 
 

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 

 
 

Fig. 3   Impedance spectrum of the iron electrode in a 1 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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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 1, Edgar C. BUCK and Brady D. HANSON 
1 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 H2O2, O2, NO2, NO, and HNO3 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% H2 flammability limit in 16 years, 
and between 3 and 4 L of water would be required to reach the 4% H2 flammability limit in 300 years. For 
outside the canister, the main radiolytic products formed in moist air are HNO3, N2O, NO2, CO, and small 
amounts of O3. 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 NO2 and the near absence of HNO3. Additionally, formation of hydrogen 
peroxide could be generated in water layers on outside surfaces at ≈ 100 µM 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 H2O2 under various externally fixed conditions [2] of 
molecular H2 and O2 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 1, and Roger D. LANNING 2 

1 AECOM Nuclear and Environment Technical Services; kevin.okula@aecom.com 
2 Hanford 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: 

• 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 

JAEA-Review 2017-004

- 104 -



 104 

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.   

 
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 1, Masashi TANIGUCHI 2 and Yasuo NISHIHATA 3 
1 Kwansei Gakuin University; hirohisa.tanaka@kwansei.ac.jp 
2 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 
Automotive Emissions Control 
A self-healing, named “intelligent catalyst” has 
been developed and put into practical use for 
automotive emissions control that can be 
maintained a high activity for a long period of 
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.  

Fig.1. Automotive catalyst. 

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.  
 
 
 
 
 
 
 
 
 
 
 
 
 
2) γ-ray radiation: It was promoted by a γ-ray radiation of 60Co 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. 
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Fig.3. Temperature dependency  
of hydrogen recombination. 

Fig.5. CO poisoning on Pt/Al2O3. Fig.6. CO poisoning on improved Pt/CZY. 

Fig.4. Impact of γ-ray irradiation. 
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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 
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3.2.3 Hydrogen Safety Research in Europe 
 
Ahmed BENTAIB 1, Nabiha CHAUMEIX 2, Ernst-Arndt REINECKE 3 and Stephan KELM 3 
1 Institut de Radioprotection et de sûreté nucléaire, BP 17, 92262Fontenay Aux Roses, France, 
ahmed.bentaib@irsn.fr 
2 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@fz-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 (H2 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 JÜLICH [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 (JÜLICH) [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 
SAMHYCO 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) γ-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 γ-emitters and Sr-90 and Y-90 as ß--emitters as shown in Table 1. 
Gamma cell-type irradiation equipment (1) with Co-60 source (Eav = 1.25 MeV, t1/2 = 5.27 y) is planned 

for the γ-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 ß--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 & γ-ray). X-ray irradiation equipment (3) is planned 
for bremsstrahlung from the g- and ß--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 γ-ray ß-ray γ-ray ß-ray ß-ray ß-ray γ-ray 

Energy (keV) 
Maximum 

662 
512 *1 

698 
658 *1 546 2,280 

1,250 
Average 188 157 196 934 

Average energy of recoiled 
electron (keV) *2 

253 - 272 - - - 688 

*1 primary ß--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 H2 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 1, 2 and Stephen M. KING 2 
1 Savannah River National Laboratory; kevin.kostelnik@srs.gov 
2 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   Coffee 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   Session 4  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  
 

 1 

1 kobayashi.tatsuro@tepco.co.jp 
 

1.  

 
 
2.  

 
 

3.  
30 3

 

 
 
4.  

2028 75 3
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2.2 CLADS  
 
 1 

1 ashida.takashi21@jaea.go.jp 
 

 
1F

CLADS 2015 CLADS 4
 

(1)  
(2)  
(3)  
(4)  

CLADS  
(1)  
(2)  
(3)  
(4)  

CLADS  
 

 
1F

[1]  
(1)  

 
 

 
 

(2)  
 

 
(3)  

 
 

 
(4)  

 
 

 

 
 

 
[1] 

27 6 12  
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2.3.1   
 

 
Roger SEITZ 

 ; roger.seitz@srnl.doe.gov 
 

 

waste acceptance criteria
WAC
USDOE United States Department of Energy

(LLW)
( 1 )

USDOE

USDOE mixed
wastes   1500

 

  

1 USDOE Hanford( ) Idaho( )
Idaho 

(Courtesy: USDOE) 
 

 
USEPA United States Environmental 

Protection Agency

9
( 1 )

USEPA 
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1  
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WAC

 
CLADS   
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2.3.2  
 

Robin ORR 
 ; robin.orr@nnl.co.uk 

 

1956
26 14

(AGR) (PWR)

  

2100 [1]
LLW

 [2]  

 
1980

4 25
5

[3]
  

[1]

 

 
  

 
References 
[1] Nuclear Decommissioning Authority, Strategy Effective from April 2016. 
[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. 

 
CLADS   

  

，
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2.3.3  
 

Kari RASILAINEN 
VTT  ; kari.rasilainen@vtt.fi 

 
 

 
30

  
 

 
 Loviisa Olkilinoto 2

100 m
  

 
 

 
KBS-3V

Fig. 1 30
 

 

 
 

Fig. 1.  [1]. 
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2012 65 35
2015

24.5

 
 

 
[1] Posiva, 2013. Olkiluoto  – 

2012, Report Posiva 2013-01, p. 49. 
 

CLADS   
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2.4.1  
 

  

 
takeshita.k.ab@m.titech.ac.jp 

 
2011 3

8 m3 15 m3

2015 3 JAEA
137Cs Bq/kg

90Sr  

Fig.1 Cs 134Cs,137Cs

Cs
Cs 300ºC

Cs
50,000Bq/kg Cs

2 1
Cs
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2.4.2 90Sr  
 

 1  2  3  4 

1 ; takagai@sss.fukushima-u.ac.jp 
2 ; Makoto.Furukawa@PERKINELMER.COM 

3 ; kameo.yutaka@jaea.go.jp 
4 ; katz@jamstec.go.jp 

 

 90Sr β Cs γ

- ICP-MS 90Sr
ICP-MS  90Sr

 
 

ICP-MS 90Sr
Sr90 ICP-MS

0.06 ppq (0.3 Bq/L) 20 2.9% (10 ppq 
90Sr(n = 10)) 74 Bq/kg

89 Bq/kg
 

 
 

[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 福島工業高等専門学校における活動 
 

鈴木 茂和 1、實川 司朗 1、青柳 克弘 1、佐藤 正知 1、中村 隆行 1 

1 福島工業高等専門学校；ssuzuki@fukushima-nct.ac.jp 
 

１．緒言 
福島第一原子力発電所廃止措置は国家課題であり，中長期的な視点からの人材育成が求められて

いる．福島高専は福島第一原子力発電にもっとも近い国立の工学系高等教育機関であることから，廃止

措置に係る人材育成を積極的に行い，全国高専のハブとなる役割が求められている．平成 27 年度に文

部科学省の「国家課題対応型研究開発事業 英知を結集した原子力科学技術・人材育成推進事業 廃

止措置研究・人材育成等強化プログラム」の採択を受けて，「廃炉に関する基盤研究を通じた創造的人

材育成プログラム -高専間ネットワークを活用した福島からの学際的なチャレンジ-」を開始した． 
 
２．廃止措置人材育成高専等連携協議会 

「廃炉に関する基盤研究を通じた創造的人材育成プログラム」の開始に伴い，福島高専から全国の高

専や研究機関，大学に廃止措置に関する基盤研究と人材育成の連携を呼びかけた．その結果，２６高専

と協力体制を築くことができ，廃止措置人材育成高専等連携協議会を設立した．初代会長には中村福島

高専校長が就任した．2016 年 4 月現在で，高専 34 校，大学 9 校，自治体関係 3 機関，民間企業 6 社が

連携協議会に加盟している． 
 
３．廃炉創造学習プログラム 

政府及び東京電力は，「東京電力福島第一原子力発電所１～４号機の廃止措置等に向けた中長期ロ

ードマップ」に基づいて，各種の取組が進められてきている．その中長期ロードマップの中で，「中長期の

視点での人材育成及び大学・研究機関との連携」に取り組むことが記載されており，本教育プログラムは

それに対応している．また，本教育プログラムは，基盤研究，教育・人材育成，施設利用促進の 3 つの柱

で構成されている． 
2015 年には 3 年生対象の「廃炉と社会」と 4 年生対象の「廃炉工学」を開講した．2016 年には廃止措

置関連インターンシップと 2 年生対象の「放射線基礎」，3 年生対象の「廃炉ロボット概論」を開講し，2017
年には 1 年生対象の「原子力発電基礎」，5 年生対象の「原子力事故総論」を開講予定である． 

インターンシップは廃止措置関連企業と自治体の 2 箇所で実施する複合型で行っている． 
 
４．廃炉創造ロボコン 

ロボット製作を通じて学生に廃炉に関する興味を持たせると同時に学生の創造性教育に貢献し，課題

解決能力のみならず課題発見能力の養うことを目的として実施する．平成 28 年 12 月 3 日に日本原子力

研究開発機構楢葉遠隔技術開発センターを会場として開催する．競技フィールドには，モックアップ階段

と標準テストフィールドの何れかを各チームが選択する． 
単なるロボット製作だけで終わらせずに，廃炉についての理解や興味を高めるために，参加学生を対

象として楢葉サマースクールを 9 月 2 日，3 日に開催し，福島第一原子力発電所の視察と廃炉に関する

講義を行った． 
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2.5  
 

2.5.1 X  
 

 1,  2,  2,  3,  1,  1 

1 asanisimasa@kwansei.ac.jp 
2  

3 ( ) 
 

 

( )
SPring-8 X (DXAFS)

 
 
 
 
 

2.5.2  
 

  1   1   2   3   3   1 
1 eoy10812@kwansei.ac.jp 

2 ( ) 

3  
 

 

( )
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2.5.3  
 

  1   1   1 

1 s165048@syn.nagaokaut.ac.jp 
1 s165047@syn.nagaokaut.ac.jp 

1 takase@vos.nagaokaut.ac.jp 
 

 

 
 
 
 
 

2.5.4 PAR  
 

 
  1,   1,   1,   2 

 

1 s165047@syn.nagaokaut.ac.jp 
1 s165048@syn.nagaokaut.ac.jp 

1 takase@vos.nagaokaut.ac.jp 
2 hino.ryutaro@jaea.go.jp 

 
 

4%
PAR
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2.5.5  
– - 

 
  1   1 

1 kurumada@fukushima-nct.ac.jp 
 

 

 
 
 
 
 

2.5.6  
 

  1   1 

1 10532@fsnct.com 
 

 
40

100  
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2.5.7  
 

  1   1   1   1 

1 yin.x.aa@m.titech.ac.jp 
 

 

(Na+, K+) 250
20% (Mg2+, Ca2+)

100%
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This is a blank page. 



国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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乗数 名称 名称記号 記号乗数



国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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