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1. Approach to Research & Development 
Background and purpose of research & development

É It is necessary to understand the properties of solid waste, such as nuclide composition and 

radioactive concentration, so as to study its treatment and disposal.

É The solid waste generated shall be stored and managed safely and rationally in accordance 

with its properties.

É To ensure safety in the storage and management of solid waste, a system for rationally selecting 

treatment (preceding processing) methods for waste stabilization and solidification shall be 

developed, and preceding processing methods shall be selected based on the developed system 

before determining the technical requirements for disposal.

É Research and development (R&D) projects related to characterization, treatment, and disposal of 

solid waste shall work in close cooperation to promote efficient R&D on the treatment and disposal 

of solid waste. R&D is promoted by sharing progress and issues of the study among the R&D 

teams, obtaining an overview of all activities pertaining to solid waste management, and 

identifying necessary R&D tasks.

By around FY2021

Basic policies of waste management in the Mid- and Long-Term Roadmap*

Technical prospects of treatment and disposal measures, and their 

safety are indicated.

*Mid- and Long-Term Roadmap Toward the Decommissioning of TEPCOôs Fukushima Daiichi Nuclear Power Station (September 26, 2017), experts from 4-5, partly reworded.
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1. Approach to Research & Development
Goals for achieving the milestones of the mid- and long-term roadmap

* 3.2.2.4. in Technical Strategic Plan 2019 for Decommissioning of the Fukushima Daiichi Nuclear Power Station of Tokyo Electric Power Company Holdings, Inc. (Nuclear Damage 

Compensation and Decommissioning Facilitation Corporation, September 9, 2019)

Â The following specific goals for the milestones to be achieved until around FY2021 are indicated in the 

strategic plan* of the Nuclear Damage Compensation and Decommissioning Facilitation Corporation 

(hereinafter referred to as NDF). R&D initiatives are undertaken to contribute to the attainment of the goals.

Specific goals related to technical prospects

1. Safe and rational disposal concepts shall be formulated based on the properties and amount of solid waste 

generated at the Fukushima Daiichi Nuclear Power Station (hereinafter referred to as 1F) and the treatment 

technologies that can be used for such solid waste. In addition, safety assessment methods reflecting the 

properties of the disposal concept shall be developed based on examples from various foreign countries.

2. The analysis and evaluation methods for characterization shall be clearly specified.

3. Treatment technologies that are expected to be introduced in actual conditions for stabilization and 

solidification of waste with disposal in mind for various important waste streams (e.g., secondary waste 

generated from water treatment) shall be clearly specified. 

4. A system for the rational selection of treatment (preceding processing) methods for stabilization and 

solidification shall be established based on No. 3 above before the determination of the technical requirements 

for disposal.

5. With respect to solid waste for which treatment technology that considers disposal is not clearly specified, 

establishment of treatment and disposal measures using the series of methods developed prior to FY2022 

shall be foreseeable.

6. The challenges pertaining to storage management of solid waste until waste conditioning and corresponding 

measures shall be clearly specified.
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ÅStudy and evaluation of 

storage and management 

methods

ÅTechnological development of 

contamination evaluation for 

sorting solid wastes

1. Approach to Research & Development
Goals of R&D

ÅWith regard to solid waste management at the Fukushima Daiichi Nuclear Power Station, 

solid waste shall be stored and managed safely and rationally in accordance with its 

properties.

ÅA system for rationally selecting methods of preceding processing shall be developed.
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* Goal excerpted from ñ2. Contents of Projectò of Guidelines for applying to the ñProject of Decommissioning and Contaminated Water 

Management (Research and Development of Processing and Disposal of Solid Waste)ò (March 4, 2019)
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Feedback to studies2

Reflection on the storage and 

management methods of 1F

1: Process composition of treatment 

technology, operating conditions, etc.

2: Conditions for a more rational system 

such as specifications of waste 

packages and nuclides of focus*

3: Combination of applicable disposal 

concepts and treatment technologies

* In this research, 27 types of accident wastes that cover a wide range of wastes were selected, and focus was given to 67 nuclides (e.g., C-14 and Pu-239) that 

were deemed probable in the statistical inventory study.
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1. Approach to Research & Development
Reflection of R&D results to decommissioning

Waste management
(project)

R&D

Generation of waste

Storage

Stabilization

Storage

Treatment*

Disposal

Milestones
(waste)

Present

2019

2020

2021

Indicate treatment 

and disposal 

measures and their 

technical prospects 

pertaining to safety

ÅStudy and evaluation of 

storage and management 

methods

ÅTechnological development 

of contamination evaluation 

for sorting solid wastes

ÅEstablishment of 

selecting advance 

treatment methods

ÅEfficient characterization

ÅDevelopment of sampling 

technology

ÅIntegration of 

research results

ÅStudy on disposal methods appropriate for solid waste classifications

ÅCollection and organization of information for the development of safety 

evaluation method

ÅMethod for assessing the impact of affecting substances, etc., on disposal

*Classify waste according to the results of treatment and disposal study and then undergo waste conditioning and storage process
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Input into this project

ID

Implementation items and specific 

details

(use of information)

Required information Timing Source Remarks

1
Identification of storage conditions of high-

level radioactive waste that will be studied 

for waste management

Consumables of equipment used for fuel debris 

retrieval, specifications of water treatment and air-

conditioning equipment, and specifications of retrieval 

containers

As needed
Debris Retrieval 

project

Exchange information 

as necessary

2
Identification of storage conditions of high-

level radioactive waste that will be studied 

for waste management

Specifications of equipment used for collecting, 

transferring, and storing fuel debris canisters
As needed Canister project

Exchange information 

as necessary

3

Identification of fundamental knowledge 

concerning study on waste streams and 

study on approach to treatment technology 

applicability assessment

Information on high-temperature treatment 

technologies
As needed Some proposers

Coordinate through 

MRI

Output from this project

ID
Implementation items and output 

details
Use at output destination Timing Destination Remarks

1
Research results of the subsidized project 

so far

Grasping of information as basic data for study on 

high-temperature treatment technologies
As needed Some proposers Coordinate via MRI

2
Sharing of storage management results and 

regulation of conditions for coordination

Verification of conformance with the debris retrieval 

process
As needed

Debris Retrieval 

project

Exchange information 

as necessary

3
Confirmation of conditions for the 

evaluation of the amount of hydrogen 

generated

Comparison with the evaluation of the amount of 

hydrogen generated by fuel debris
As needed Canister project

Exchange information 

as necessary

1. Approach to Research & Development 
Association with other research

(Note) Debris Retrieval project: Development of Technology for Further Increasing the Scale of Retrieval of Debris and Internal Structures project  

Canister project: Development of Technology for Collection, Transfer, and Storage of Fuel Debris project
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1. Approach to Research & Development
Implementation schedule (1/4)

Details of implementation
FY2019 FY2020

First half Second half First half Second half

Planned 

schedule

Actual 

schedule

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

(b) Technological development of contamination 

evaluation for sorting solid wastes

Study on the storage methods appropriate for the properties of wastes

Organization of preconditions and investigation of previous research and existing technologies

Study on the requirements of filter vents

Study on the requirements of storage 

containers and transport casks

Study on the basic functions of the 

drying treatment facility

Study on the concept of the drying treatment facility

Study on the measurement methods

Improvement of prototypes

Study on the measurement facilities

Study on the rational shape of inner containers

Study on the concepts (scenarios) of filter vents, storage containers, and transport casks

a. Storage management

Study on the measures for long-term storage of high-level radioactive wastes

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Organization of the latest information on high-level radioactive wastes

Study on the handling process of high-level radioactive wastes

Study on the requirements of the drying treatment facility

Organization of the measurement requirements

Study on the measurement items

Element tests, preliminary tests for systemization, and designing of the measurement system

Development of the measurement system

Mockup tests, performance evaluation

b. Concepts of treatment and disposal, and development of safety evaluation methods

(a) Establishment of selecting advance treatment methods

[1] Low-temperature treatment technologies

i. Acquisition and evaluation of data on low-temperature treatment technologies that contribute to the identification of technologies

Study on the methods for examining the possibility of solidification by low-temperature treatment (verification by means of carbonate slurry)

Acquisition of data on the properties of solidified cement and AAM in the slurry (carbonate slurry)

Study on the revision and streamlining of examination methods 

(verification by means of iron coprecipitation slurry)

Acquisition of data on the properties of solidified cement and AAM in the slurry (iron coprecipitation slurry)

Investigation on special cement (bibliographic survey, base material performance evaluation)

Investigation on special cement (identification of the scope of application using simulated waste)
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1. Approach to Research & Development
Implementation schedule (2/4)

ii. Investigation related to the degradation of 

solidified substances

ii. Acquisition of data related to facility configuration, 

etc., of treatment technologies

iii.Investigation related to Cs volatilization volume 

during high-temperature treatment and its control

[2] Development of techniques for assessing impact of 

affecting substances, etc. on disposal

- Investigation of fundamental data

Details of implementation
FY2019 FY2020

First half

Investigation and study related to the configuration, etc., of treatment facilities

Investigation and study related to configuration, etc., of treatment facilities 

(supplementation of data on economic efficiency, etc.)

Bibliographic survey related to Cs volatilization volume and organization of engineering test results

Study on the conceptual image of waste packages

Specification of data acquisition conditions, investigation, and acquisition of data (focusing on actinide nuclides)

Specification of data acquisition conditions, investigation, and acquisition of data (focusing on transition metals)

Specification of conditions for acquiring internal test data, acquisition of data through testing (boric acid)

Investigation and development of 

impact assessment methods

Planned 

schedule

Actual 

schedule Second half
Investigation into the degradation of solidified substances by heating, etc. (bibliographic survey, base material performance evaluation)

First half Second half

(b) Proposal of disposal methods and development of safety evaluation methods

[1] Study of disposal methods in accordance with classification of solid waste and collection & consolidation of information for establishing safety assessment techniques

Organization of characteristics of wastes and study on disposal concepts and safety assessment methods (wastes selected in FY2019)

Study on the requirements for the process from disposal to waste conditioning

Organization of characteristics of wastes and study on disposal concepts 

and safety assessment methods (wastes selected in FY2020)

Measurement of volume of Cs volatilization due to high-temperature 

treatment and evaluation of volatilization control effect

Specification of conditions for acquiring internal test data, acquisition of data through testing 

(supplementing boric acid)

- Investigation of impact assessment methods Specification of parameters based on data acquired in FY2019

Investigation and development of impact assessment methods 

(supplementary investigation and trial run by means of data acquisition)

Evaluation of the relationship between the inventory of Cs, etc., and the temperature 

of solidified substances (OPC model trial analysis, etc.)

Investigation into and evaluation of factors influencing long-term degradation 

(study on changes in the mineral phase of carbonate slurry, etc.)

[2]Study on the approach for evaluating the applicability of treatment technologies
i. Investigation and study related to the impact of waste 

composition, etc., on the performance of solidified substances

Investigation into the degradation of solidified substances by heating, etc. 

(acquisition of missing data and verification of performance evaluation)

Evaluation of the relationship between the inventory of Cs, etc., and the temperature of solidified 

substances (AAM model trial analysis, etc.)

Investigation into and evaluation of factors influencing long-term degradation 

(study on the changes in the mineral phase of iron coprecipitation slurry, etc.)

Acquisition of data on vitrification tests and analysis based on the characteristic model (evaluation of waste-filling density)

Verification of properties by glass-melting test

Evaluation of filling density when multiple 

types of waste are mixed
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1. Approach to Research & Development
Implementation schedule (3/4)

Details of implementation
FY2019 FY2020

First half

Planned 

schedule

Actual 

schedule Second halfFirst half Second half

Evaluation and management of analysis data (operation and maintenance of database)

c. Efficient characterization

(a) Efficient characterization

[1] Establishment of a characterization method through a combination of analysis data and evaluation data based on migration models

Identification of contamination mechanism (study on target contaminants and case study)

Identification of contamination mechanism (study on applicability to target wastes, etc.)

Evaluation related to the representativeness of the analysis data (organization of properties of data on wastes and their relationship with the analysis data)

Evaluation related to the representativeness of the analysis data 

(review of method for classifying data on wastes and evaluation of representativeness)

Evaluation related to the representativeness of the analysis data 

(organization of properties of data on wastes and their relationship with the analysis data)

Investigation related to the characteristics of the analysis data (study on contamination distribution of wastes and storage facilities)

Investigation related to the characteristics of the analysis data (study on contamination distribution of storage containers)

Investigation related to the characteristics of the analysis data (study on the development of 

model that shows the uneven distribution of contamination in different forms of storage)

Statistical inventory estimation method (study on the application of statistical methods and typification of waste)

Statistical inventory estimation method (study on estimation method and evaluation of applicability)

[2] Facilitation, acceleration, etc., of analysis method

i. Development of sampling technology

ii. Study on the streamlining of separation process

Evaluation and management of analysis data (study on the applicability of the Bayesian estimation)
Evaluation and management of analysis data (proposal of analysis planning method for 1F waste)

Acquisition of analysis data (sampling, transportation, and analysis)

Tests for the identification of optimal conditions and designing of mockup equipment

Study on sampling method

Manufacturing of mockup test equipment

Mockup test

Tests using simulated samples (radioactivity measurement method, non-actinide)

Tests using simulated samples (radioactivity measurement method, actinide)

Organization of separation methods

Proposal of rational analysis methods

Proposal of calibration methods

Tests using simulated samples (ICP-MS method, non-actinide)

Tests using simulated samples (ICP-MS method, actinide)



©International Research Institute for Nuclear Decommissioning 10

1. Approach to Research & Development
Implementation schedule (4/4)

Details of implementation
FY2019 FY2020

First half

Planned 

schedule

Actual 

schedule Second halfFirst half Second half

iii. Development of automation technology

iv. Establishment of standard analysis methods

(b) Development of sampling technology

d. Integration of research results

Extraction separation test(non-actinide)

Extraction separation test(actinide)

Feasibility evaluation test (radioactivity measurement method, non-actinide)

Feasibility evaluation test (ICP-MS method, actinide)

Designing of element test equipment

Manufacturing of element test equipment

Element test

Manufacturing of simulated absorption towers, etc.
Study on the element test procedures

Study on options based on treatment and disposal (ideal storage conditions, etc.)

Organization of concepts of narrowing down treatment options (establishment of waste streams)

Feasibility evaluation test (ICP-MS method, non-actinide)

Feasibility evaluation test (radioactivity measurement method, actinide)
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1. Approach to Research & Development 
Project organization chart

Tokyo Electric Power Company Holdings, Inc. International Research Institute for Nuclear Decommissioning

ÅFormulation of overall plan and technical management (a - e)

ÅTechnological management such as progress of technological 

development (a - e)

ÅCoordination related to technological development (a - e)

FY2020

Japan Atomic Energy Agency

ÅManagement of technological 

development (a to d)

ÅDevelopment (b, c)

ÅOperational assistance (d, e)

Hitachi-GE Nuclear Energy, Ltd.

ÅDevelopment (a - d) 
Toshiba Energy Systems & 

Solutions Corporation

ÅDevelopment (a, b, d)

Mitsubishi Heavy 

Industries, Ltd.

ÅDevelopment (a)

Atox Co., Ltd.

ÅDevelopment (b, c)

QJ Science Co., Ltd. A4 (b. (b))

Investigation and analysis of method for 

assessing the impact of a variety of affecting 

substances that accident wastes contain on 

nuclide migration

Tokyo Nuclear Services Co., Ltd. A5 (b. (b))

Acquisition of basic data on the sorption of 

nuclides under coexistence with affecting 

substances that accident wastes contain

Kaken Co., Ltd. A3 (b. (a) [2])

Acquisition of data on the sorption of elements 

that are subjects of evaluation to barrier materials 

under the existence of materials coexisting with 

accident wastes

Central Research Institute of Electric Power 

Industry (b. (a))

Acquisition and organization of data used for study 

on evaluation approach (outsourced research)

Taiheiyo Consultant Co., Ltd. (b. (a) [1])

Acquisition of data on the formulation of cement 

solidification technology and long-term behavior 

(outsourced research)

Hokkaido University (b. (a) [1])

Study on the evaluation of long-term behavior of 

alkali-radio-activated materials (AAM) (outsourced 

research)

Japan Chemical Analysis Center (c. (a) [2])

Research on a simplified and speedy analysis 

method for the treatment and disposal of solid 

wastes at the Fukushima Daiichi Nuclear Power 

Station (outsourced research)

ST Lab Co., Ltd. (c. (a) [2])

Manufacturing of mockup equipment related to 3D 

radiation mapping equipment

Unica Co., Ltd. (c. (a) [2])

Manufacturing of mockup equipment related to 

equipment used for taking samples from solid 

waste

JGC Japan Corporation (b)

Proposal of disposal methods and development 

of safety evaluation methods

Tokyo Power Technology Ltd. (c)

Organization of information and investigation 

related to the waste list

Hitachi, Ltd. (c. (a) [1])

Inspection and calibration of radiation measuring 

equipment in FY2020

Chiyoda Technol Corporation (c. (a) [1])

Inspection and calibration of APD in FY2020

Nuclear Development Corporation (c. (a) [1])

Execution of radioactivity analysis on accident 

wastes, etc. in FY2020

Hitachi, Ltd. (c. (a) [1])

Inspection and calibration of GM measuring 

equipment in FY2020

Hitachi Transport System East Japan Co., Ltd. 

(c. (a) [1])
Transportation of analysis samples from Fukushima 

Daiichi Nuclear Power Station to the analysis facility

Nuclear Engineering Co., Ltd. (c. (a) [1])

Contract job of operation and maintenance 

related to building for the development of 

backend technologies

Mitsubishi Materials Techno Corporation (c. (a) [1])

Inspection and maintenance of power receiving 

equipment at building for the development of 

backend technologies

Ascend Co., Ltd. (c. (a) [1])

Service contract concerning analysis and testing 

related to the investigation of properties of 

secondary waste generated from contaminated 

water treatment in Fukushima

Sanwa Co., Ltd.

ÅProduction of achievement summary booklet 

(English version)

Tokiwa Copy Co., Ltd.

ÅPrinting and bookbinding of the IRID design 

review material collections 27 and 28

Inspection Development Company Ltd. (c. (a) [1])

Service contract concerning ɓ-nuclide analysis 

and compilation of results regarding contaminated 

water in Fukushima and secondary waste 

generated from contaminated water treatment

Nippon Nuclear Fuel Development Co., Ltd. 

(c. (a) [1])
Analysis and evaluation of highly contaminated 

substances related to the accident at Fukushima 

Daiichi Nuclear Power Station

E&E Techno-Service Co., Ltd. (c. (a) [1])

Execution of test related to the evaluation of 

contamination distribution using samples from 

1F (Fukushima Daiichi Nuclear Power Station)

National Nuclear Laboratory (UK) (c. (a) [1])

Statistical sampling of wastes at Fukushima 

Daiichi Nuclear Power Station and development 

of analysis plan (outsourced research)

Central Research Institute of Electric Power 

Industry (c. (a) [1])
Research on the sophistication of statistical inventory 

estimation method (outsourced research)

General Engineering Co., Ltd. (d)

Assistance in the organization of information related to 

the study on waste streams

Hamamatsu Photonics K.K. (a)

Designing and manufacturing of fluorescent detector of 

surface Ŭ contamination detector

Showa Optronics Co., Ltd. (a)

Designing and manufacturing of optical system of 

surface Ŭ contamination detector

Triterm Co., Ltd. (a)

Designing and manufacturing of circuit of surface Ŭ 

contamination detector

Toshiba Plant Systems & Services Corporation (a)

Execution of onsite test of surface Ŭ contamination 

detector at 1F

Toshiba Power Systems Radiation Techno-Service Co., 

Ltd. (a)

Management of radiation at site and radiation monitoring 

using surface Ŭ contamination detector at 1F

Orano ATOX D&D Solutions Co., Ltd. (c)

Designing and manufacturing of element test 

equipment

Kyoyei Co., Ltd. (c)

Manufacturing of simulated absorption towers, etc.

FitTeck Co., Ltd. (c)

Collection of samples from inside the premise of 1F

Kubota Kasui Corporation (b)

Inspection and maintenance of filter press equipment

Legend indicating the work for which the organization is 

responsible

a. Storage management

b. Concepts of treatment and disposal, and development of 

safety evaluation methods

c. Characterization

d. Integration of research results

e. R&D Management

As of March 1, 2021

ÅCoordination from the perspective of onsite 

application 

(coordination of the reflection of 

decommissioning status of the site, etc.)

96 

persons
16 

persons
8 

persons

3 

persons

20 

persons
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2. Project Details

a. Storage management

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study 

on the methods of storing high-level radioactive waste

[2] Study on the requirements of containers and storage facilities

(b) Technological development of contamination evaluation for 

sorting solid wastes
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ההה

ÅInformation on waste properties: no direct 

information

ÅScope of fuel debris and waste: TBD

ÅMethod and size of cutting: several options under 

study

Information on 

wastes

Process 

requirements

ÅRequirements for transfer inside the premise: 

TBD

ÅRequirements for acceptance at waste storage 

building: TBD

ÅMaterial accountancy policy: TBD

ÅSorting: TBD
ההה

Examples of input necessary for study

To list down multiple possible scenarios of the handling process of wastes 

generated by fuel debris retrieval as typical high-level radioactive wastes of 

the Fukushima Daiichi Nuclear Power Station based on the latest 

information on wastes.

(a) Study and evaluation of storage and management methods

FY2017: The study started.

ÅInformation on wastes

ÅProcess requirements

The process flow was studied based 

on the safety requirements, and the 

primary proposal was presented.

The concepts of equipment and facilities were concretized.

The preconditions were specified again 

based on the latest information.

­ The primary proposal on the scenario is 

regarded as the starting point of this study.

The collection, transfer, and storage flow was reviewed.

Study of process in FY2018 

(example of lid closing and transfer inside the premise)

ÅInner container

ÅStorage container with vent filter

ÅTransport cask

ÅDrying equipment

ÅMeasuring equipment

ÅThe latest information on other projects was collected, and 

information on wastes was updated.

ÅThe preconditions were specified again, and concretization 

of concepts of equipment and facilities was reflected.

ÅConsistency throughout the entire process was verified.

Identified through 

studies up to the last 

fiscal year

Progress of the study on high-

level radioactive waste 

generated by fuel debris retrieval

FY2019: This subsidized project started.

* The study in FY2018 mentioned in this 

material is the study conducted by FY2016 

Supplementary Budgets ñProject of 

Decommissioning and Contaminated Water 

Management (Research and Development 

of Processing and Disposal of Solid Waste).ò

Work 3. Collection of inner container in a storage container, closing of lid 6. Transfer inside the premises

Workflow

Specifications

- Prevention of contamination of carrying-in/carrying-out cell

- Contamination of the carrying-in/carrying-out cell is 

prevented by the double-door system built between the 

maintenance cell and carrying-in/carrying-out cell.

- Specifications of storage container

- The container has a shielding function.

- The container has a filter vent.

- The container can be placed inside a transport cask by remote 

control.

- The lid can be closed by remote control.

- The container has corrosion resistance (during storage).

- A dolly or conveyor belt is used inside the carrying-in/carrying-

out cell to transport waste containers (details under study).

- Transfer inside the premises

- The transfer cask has a fall prevention function and a structural 

strength that prevents the contents of the waste container from leaking 

in case the container falls.

- Carrier

- The carrier has a function that prevents the storage container from 

tipping over.

Safety 

functions

Equipment and facilities
Safety 

functions

Equipment and facilities

Storage container
Maintenance cell, carrying-

in/carrying-out cell
Storage container Transfer cask Transport vehicle

Major 

events

Spread of 

contamination, 

internal exposure

Confinement

ÅFine particles are confined by 

the use of anti-dispersing 

agent and filter vent.

ÅThe cells have a confinement 

function.

ÅExhaust is controlled by using 

HEPA filter, etc.

Structural 

strength
-

ÅThe transport cask has a 

structural strength that 

eliminates the possibility 

of breakage when it falls.

-

Confinement

ÅThe container has a 

confinement 

function that 

prevents the 

contents from 

spilling.

ÅThe container has a 

sealing function.
-

External exposure Shielding

ÅThe container has a shielding 

function attributable to a thick-

shielding material.

- Shielding -

ÅThe cask has a 

shielding function 

attributable to a thick-

shielding material.

ÅWastes with high dose 

shall be transported 

without drivers.

Fire

Measures 

against 

hydrogen

ÅThe container has a filter vent. ÅThe cell is ventilated.

Measures 

against 

hydrogen

-

ÅTime shall be managed 

so that the hydrogen 

concentration is less 

than the lower explosion 

limit.

-

Industrial 

accidents
Operability

ÅThe container has operability 

such that it can be handled 

easily and safely.

- Operability -
ÅThe cask has a fall 

prevention function.

ÅThe vehicle has a fall 

prevention function.

Issues

ÅCollection in containers by remote control

ÅClosing of lid by remote control

ÅPrevention of contamination of carrying-in/carrying-out cell by the double-door 

system

ÅDevelopment of filter vent

ÅEnhancement of throughput in transportation without drivers

Maintenance cell Carry-in/carry-out cell

Lid

Storage container

Filter vent

Transportation by truck with driver

Transportation by forklift without driver

The preconditions of the 

study were specified.
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FY2014 Supplementary Budgets ñProject of Decommissioning and 

Contaminated Water Management (Project of Upgrading Approach and 

System for Retrieval of Fuel Debris and Internal Structures)ò

Waste classification Generated waste
Estimate of amount generated 

(per reactor)
Estimated dose

Removed wastes 

(the reactor internals, etc.)

Shield plug, PCV head, RPV heat 

insulation material, RPV head, 

steam-dryer, separator, etc.

ÅTop-access debris retrieval: 670 

ton

ÅSide-access debris retrieval: 67 

ton

3.4E+12 to 1E+16 

Bq/t

Retrieval equipment Drill, manipulator, camera, etc.
TBD

(depends on the retrieval method)
ˈ

Air-conditioning and water 

treatment system wastes
HEPA filter, water treatment filter, 

waste adsorbent, etc.

ˈ ˈ

(a) Study and evaluation of storage and management methods

Results of studies so far [1]: example of specification of preconditions; information on wastes

Example of past study

Organization of information on wastes (edited based on FY2018 Final Report)

Basic concept of items treated as waste (provisional)

[1] Removed wastes

Structures above the fuel loading position (shroud head to shield plug) 

and outside the pedestal

[2] Other wastes

Wastes that retain their original form and will unlikely reach criticality

Study on the basic concept of waste while carrying-

out discussions with related projects (held 23 times 

between FY2017 and FY2019) with past study as the 

starting point.

Extraction of information on wastes from the 

study results of relevant projects and 

organization of such information

[1] Requirements for transfer inside the premises

ÅSurface dose rate of transport cask: 30 mSv/h or less

--- Specified by reference to the present transfer of waste inside the premises at 1F

ÅTransport cask: sealed type

--- From the viewpoint of preventing spread of Ŭ contamination

[2] Requirements for acceptance at the storage building

ÅSurface dose rate of storage container: 10 Sv/h or less

--- Specified by reference to the operation of solid radioactive waste storage facility No. 9

ÅWeight of storage container (including shielding and contents): 7.5 ton or less

--- Specified by reference to the operation of solid radioactive waste storage facility No. 9

These information needs to be updated 

in step with the progress on the study 

conducted by relevant projects.

In this subsidized project, information 

on wastes shall be updated based on 

the reports on the latest method.

Examples of other preconditions (specified provisionally based on the current status of the management of wastes at 1F)

Shield plug

RPV head

Top guide

RPV bottom

PCV head

RPV heat insulation 

material

Steam-dryer

Shroud head

Reactor core

Section inside 

the pedestal

Section outside 

the pedestal

Waste5 Classification1

Shield plug Solid radioactive waste

PCV head Solid radioactive waste

RPV heat insulation material Solid radioactive waste

RPV head Solid radioactive waste

Steam-dryer Solid radioactive waste

Shroud head Solid radioactive waste

Top guide Fuel debris

Shroud Fuel debris

Jet pump Fuel debris

Fuel debris inside the reactor core Fuel debris

Fuel debris at the bottom of the RPV Fuel debris

Fuel debris adhered to the CRD 

housing and the lower part of the RPV
Fuel debris

Structures inside the pedestal Fuel debris

CRD exchanger Fuel debris

Fuel debris inside the pedestal Fuel debris

Structures outside the pedestal Solid radioactive waste

Fuel debris outside the pedestal Fuel debris
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Identification of major issues

ÅPrevention of nuclide dispersion 

(ensure sealability)

ÅRelease of hydrogen gas 

(ensure permeability)

Measures to achieve balance 

between these contradicting safety 

function requirements are needed.

Results of studies so far [2]: study on safety functions and measures against hydrogen

(a) Study and evaluation of storage and management methods

Study on safety functions
(excerpts from the FY2018 Final Report)

Focusing on dry storage that does not require pools to be secured or managed 

and taking into account the results of investigation into overseas case studies 

on filter vents, the ñdry, without ventò and ñdry, with ventò storage methods were 

chosen as candidates.

Safety functions were 

studied based on the 

preconditions.
Storage 

method

Measures against 

hydrogen

Examples of major 

applications
Issues in application

Dry, without vent
Dry and sealed storage 

container
ÅZion (USA)

ÅDevelopment of drying technology

ÅScale of drying equipment and 

drying time

Dry, with vent* Exhaust through filter vent ÅTMI-2 (USA) ÅDevelopment of suitable filter vent

Wet, without 

vent

Flooded and open storage 

container

ÅShroud replacement 

work, etc. 

(in Japan)

ÅContamination of pool

ÅNecessity for the provision of pool

and water treatment system

Wet, with vent Vent pipe or compensator ÅPaks-2 (Hungary)
ÅDevelopment of vent pipe

ÅProvision of pool

Investigation into the cases of storage of high-level radioactive waste in and 

outside Japan
(edited based on the FY2018 Final Report)

In this subsidized project, concretization of concepts of the filter vent system and drying

method suitable for wastes from fuel debris retrieval shall be studied.

(Study on measures against the generation of gas and drying treatment for item (a) [2])

Dried waste

Dust 

(including Ŭ)

Storage container

Reduction of 

hydrogen 

generation

Waste

Dust 

(including Ŭ)Hydrogen

Filter vent

Storage container

Conceptual image of the storage method 
(left: dry and with vent, right: dry and without vent)

* Waste is packed in a sealed transport cask (overpack) for transfer inside the 

premise, and the amount of hydrogen generated is managed by time.

Spread of 

contamination

Internal exposure

External exposure

Fire

Industrial 

accidents

Confinement

Corrosion 

resistance

Structural strength

Shielding

Measures against 

hydrogen

Operability

Primary factor

Secondary 

factor

Possible major 

accidents

Safety function 

requirements
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(a) Study and evaluation of storage and management methods

Results of studies so far [3]: study on process flow

Process flow of wastes generated by fuel debris retrieval up to storage

(example in which measures against hydrogen is implemented by using a storage container with a vent filter in the side-

access retrieval method PLAN-B)
(edited based on the FY2018 Final Report)

Concept

ÅStorage containers with vent filters shall be used as a measure against hydrogen during storage.

ÅA sealed transport cask shall be used for transfer inside the premises to prevent the spread of Ŭ contamination. Hydrogen concentration shall 

be managed by time during transfer.

ÅThe areas shall be classified into three or more categories (red, yellow, green) based on the level of contamination to prevent the spread of 

contamination and to reduce exposure during operation.

Retrieval, collection in container, delivery, 

transfer inside premises

Acceptance at storage building, 

treatment, storage

Scope of study by the 

Debris Retrieval project Conceptual image of storage container

ÅFour levels of shielding (no 

shielding to 180 mm) are used 

according to the dose of the 

waste.

ÅMaximum weight: 7.1 ton

ÅEstimated number of containers: 

approx. 2,000 (for 3 reactors)

: High contamination area

: Medium contamination area

: Low contamination area
: Process under study for its 

necessity

Legend

In this subsidized project, the 

conceptual study on the main 

equipment and facilities shall be 

worked on, and the results of such 

study shall be reflected to the 

collection, transfer, and storage flow 

for review.

Study on rational inner 

container shape and operation

(study on inner containers for 

item (a) [2])

Study on measurement 

wastes and methods

(study on measurement for 

item (a) [2])

Study on storage container with 

vent filter and transport cask

(measures against generation of 

gas for item (a) [2])

Study on drying treatment

(drying treatment for item 

(a) [2])

Reactor 

building

Fuel debris 

retrieval 

equipment

Fuel debris

Inner container

Access 

tunnel

Inner container 

transfer 

equipment

Lifting 

machine
Addition Lifting machine

Waste 

treatment cell

Dose level measurement

Manipulator

Waste container 

handling cell

Surface dose 

measurement

Storage container lid 

closing equipment

Delivery cell

Delivery 

confirmation 

(including surface 

dose measurement)

Transport cask lid 

closing equipment

Transfer inside the 

premises

Draining equipment Radioactivity, etc., 

measuring equipment

Equipment for measuring the 

amount of hydrogen (gas) 

generated

Sample 

container
Transfer to analysis 

facility Storage 

container with 

filter vent

Storage container 

transfer equipment

Transfer cask

Transport cask transfer equipment Transfer rack Transfer vehicle

Lifting machine

Carry-in area

Carry-in and receiving 

confirmation

Transfer cask

Transport cask lid 

opening equipment

Transport cask transfer equipment

Drying area

Storage container 

receiving confirmation

Storage container lid 

opening equipment

Manipulator

Storage container transfer equipment Sample container Transfer to analysis 

facility

Drying 

equipment

Equipment for 

measuring the 

amount of 

hydrogen (gas) 

generated

Storage container lid 

closing equipment

Gate

(Lifting machine) Storage area

Area monitor

Vent

Ventilation 

system
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(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on 

the methods of storing high-level radioactive waste

Å Investigation and evaluation of information on wastes

Å Evaluation of the amount of hydrogen generated

Å Study on the concept of long-term storage

Å Study on the storage methods appropriate for the properties of 
wastes

[2] Study on the requirements of containers and storage facilities

Å Study on the rational shape of containers

Å Study on measures against generation of gas

Å Study on drying treatment

Å Study on measurement methods and measurement equipment

¸ Reviews of the collection, transfer, and storage flow
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(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for storing high-level radioactive wastes 

Overview
Â Achievements up to FY2019

¹ Methods for safely collecting, transferring, and storing high-level 

radioactive wastes generated by fuel debris retrieval were 

studied, and a plan for a process flow up to storage was 

proposed.

¹ The latest information on wastes was organized, and high-level 

radioactive wastes were evaluated for the amount of hydrogen 

generated. (FY2019 model)

¹ The latest information on wastes was organized, and the 

requirements for containers and storage facilities were studied, 

after which the flow was updated.

Â Goal of FY2020

¹ Storage methods based on the latest information on wastes are 

proposed.

Â Details of implementation

¹ Achievements of H1 FY2020

Å Wastes were evaluated for the amount of hydrogen generated 

considering the shape of the wastes, etc.

Å The concept of long-term storage was studied.

¹ Implementation plan for H2 FY2020

Å The storage methods appropriate for the properties of wastes 

will be studied.

Â Indicators for the achievement of goal

¹ Handling process appropriate for the properties of typical high-

level radioactive wastes based on the latest information (e.g., 

types and quantities of high-level radioactive wastes) is 

proposed.
Figure 2. Conceptual image of the external appearance of the storage container 

(proposal of lightweight container)

(refer to p. 40)

[1] Measurement of 

inner container

Figure 1. Example of high-level radioactive waste (the reactor internals) storage and 

management flow (outline)

[2] Collection of storage 

container into transport 

cask, verification of delivery

[3] Transfer inside the 

premises and carry-

in to the building

[4] Removal of storage 

container and temporary 

storage

1.00 m

1.42 m

1.42 m

Vent filter

Contaminated area (high-surface dose):

Retrieval cell

Measuring equipment (sampling equipment)

Contaminated area 

(medium-surface dose):

Contaminated area 

(low-surface dose):

Storage container 

handling cell

(maintenance cell)

Carrying-in/

carrying-out cell

Lid

Waste transport cask

Dolly

Contaminated area (low-surface dose):

Waste storage building

Carry-in area

Acceptance inspection equipment

Contaminated area (medium-surface dose):

Waste storage building

Drying area Temporary storage area

Ventilation system Monitoring equipment
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Ŗeports on relevant projects that were investigated

I̧nvestigation items

ÅFY2016 Supplementary Budgets ñProject of Decommissioning 

and Contaminated Water Management (Advancement of 

Fundamental Technologies for the Retrieval of Fuel Debris and 

Internal Structures)ò

ÅWaste classification (removed wastes, retrieval equipment, secondary wastes in liquid phase, 

secondary wastes in gas phase)

ÅName of equipment and wastes

ÅProperties of wastes (material, shape)

ÅAmount generated

ÅDose, etc.

Mainly collected information 

on removed wastes and 

retrieval equipment

Mainly collected information 

on secondary wastes in 

liquid or gas phase

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Investigation and evaluation of information on wastes (1/3)

Investigation and evaluation of information on wastes

ÅFY2016 Supplementary Budgets ñProject of Decommissioning and 

Contaminated Water Management (Advancement of Retrieval 

Method and System of Fuel Debris and Internal Structures)ò

M̧ain items updated based on the investigation

ÅEstimated amount of removed wastes (organized by method)

ÅShape of removed wastes after cutting

ÅName of retrieval equipment as wastes (concretized)

ÅName of secondary wastes in liquid or gas phase as waste (concretized)

ÅAmount of a portion of the generated secondary wastes in liquid phase

Ȩvaluation item

ÅHydrogen generation rate of the removed wastes
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Classification of 

generated waste
Main wastes generated Method of generation Shape

Estimated amount 

generated*

(per reactor)

Estimated 

dose

Removed 

wastes

Items 

removed 

from the 

floor

Wastes removed from 1st floor Side-access retrieval
Plate (sum of length and width: 260 to 

500 mm)

1 ton (PLAN-C) 

24 ton (PLAN-A, B)
ˈ

Items 

removed 

from 

containment 

vessels and 

pressure 

vessels

Shield plug

DS slot plug
Top-access retrieval Plate (1,800 Ĭ306 mm)

91 tons (Route A)

792 tons (Route B)

4 Sv/h 

PCV head, RPV heat 

insulation material, RPV head, 

steam-dryer, separator

Top-access retrieval

ÅPlate (sum of length and width: 108 to 

500 mm)

ÅTube (diameter: 150 mm)

4 to 400 

Sv/h

Structures outside the 

pedestal  
Side-access retrieval

ÅPlate (sum of length and width: 108 to 

500 mm)

ÅTube (diameter: 150 mm)

38 ton (PLAN-A)

157 ton (PLAN-B, C)
ˈ

Retrieval equipment
Pit, cutter, wire, grip claw, 

cable, sealing material

Top-access retrieval, 

side-access retrieval
ˈ ˈ ˈ

Secondary wastes in 

liquid phase
Filter material, packing  

Top-access retrieval, 

side-access retrieval
ˈ

ˈ

(a portion of the wastes 

estimated based on 

element test)

ˈ

Secondary wastes in 

gas phase
Filter material, packing

Top-access retrieval, 

side-access retrieval
ˈ ˈ ˈ

Table 1. Overview of the organized information on wastes associated with fuel debris retrieval

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Investigation and evaluation of information on wastes (2/3)

Common preconditions of studies mentioned from 

the next page onward

Organization of information on wastes associated with debris retrieval

* PLANS A to C and Routes A and B are names of methods studied in FY2016 Supplementary Budgets ñProject of Decommissioning and 

Contaminated Water Management (Advancement of Fundamental Technologies for Retrieval of Fuel Debris and Internal Structures)ò
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Items
Metal waste 

(top-access retrieval)

Concrete waste 

(top-access retrieval)

Metal waste 

(side-access retrieval)

Concrete waste 

(side-access retrieval)

Amount of radioactivity 

(per unit weight) (Bq/t)
Cs-137 1.90E+15 3.40E+12 3.40E+12 3.40E+12

Capacity of storage container (t) 0.6 2.08 1.3 2.08

Amount of radioactivity 

(Bq)
Cs-137 1.1E+15 7.1E+12 4.4E+12 7.1E+12

Energy release (MeV/s) 1.3E+15 7.9E+12 4.9E+12 7.9E+12

Hydrogen generation rate (m3/d) 1.8E-02 1.1E-04 7.1E-05 1.1E-04

(Reference)

Conceivable wastes
Dryer Shield plug

Item removed from 

outside the pedestal

Item removed from 

outside the pedestal

Table 1. Hydrogen generation rate (indicates the maximum value of metal and concrete wastes retrieved by access from the top or side)

* In FY2019, measures against the generation of gas for item (a) [2] were studied based on 

the results of this evaluation.

The evaluation model was revised in FY2020 based on the results of the study.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Investigation and evaluation of information on wastes (3/3)

Input conditions of measures against the generation of gas for item (a) [2]*

Evaluation of the amount of hydrogen generated with regard to typical wastes

ÅIn the evaluation performed in FY2019, a large amount of hydrogen was generated, and there were concerns that excessive 

requirements for the containers would be imposed as a result. (Trial calculations suggested that when the hydrogen generation

rate is 1.82E-2 (m3/d), 3.25 m3 of void is needed inside the transport cask to keep the hydrogen concentration below the lower 

explosion limit during transfer.)

ÅWastes were evaluated for the amount of hydrogen generated considering the shape of the wastes, etc., in 1H FY2020.
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Hydrogen generation rate = (decay heat ³G value ³rate of absorption into water)

i, j 

FY2019 model: ÅThe amount of radioactivity is estimated based on the weight of wastes per storage container and the amount of 

radioactivity per unit weight.

ÅThe energy of ɓ-ray is calculated by maximum energy.

ÅNuclide i, ray type j: no changes
- Nuclide is represented by Cs-137

- Ray types are ɔ and ɓ

ÅDecay heat: revised ÅG value: no changes
- Number of hydrogen molecules 

generated per 100 eV

- ɔ- and ɓ-rays shall both be 

0.45 [/100eV]

ÅRate of absorption into water: revised

Decay heat

Rate of absorption into water

FY2020 model: ÅWaste cutting and situation concerning the collection of wastes in inner containers studied by the Debris Retrieval 

project* are taken into consideration.

ÅThe situation concerning the collection of inner containers in storage containers is taken into consideration based on the 

study on inner container shapes conducted in FY2019.

ÅThe ɓ-ray energy is spectrally given and calculated by PHITS.

FY2019 model: ÅBoth ɔ- and ɓ-rays are calculated as 1 for a conservative approach.

FY2020 model: ÅThe shape of the wastes and situation concerning collection are taken into consideration.

ÅThe change in the absorption rate caused by the change in amount of moisture is taken into consideration.

ÅThe absorption rates of ɔ- and ɓ-rays are calculated separately by PHITS.

*Advancement of Fundamental Technologies for the Retrieval of Fuel Debris and Internal Structures

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Evaluation of the amount of hydrogen generated (1/6)

PHITS: Monte Carlo simulation code that uses nuclear reaction 

models and nuclear data to simulate radiation behavior in materials

Ф
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Water screen

ÅThe weight of waste per storage container is estimated at approximately 0.6 t.

(Inner capacity of container: 0.76 m3, collection rate: 10%, specific gravity (metal): 7.8 t/m3)

ÅThe amount of radioactivity is estimated based on the amount of radioactivity per unit 

weight (1.90 Ĭ1015 Bq/t) (dryer).

FY2019 model

FY2020 model

ÅBy reference to the study of the Debris Retrieval project, the shape of the wastes (dryer) after cutting is specified 

as 480 mm in total in length and width and 12.7 mm in thickness. It is assumed that seven pieces of cut pieces 

will be stored in an inner container.

ÅThe amount of radioactivity is estimated based on the amount of radioactivity per unit area (1.30 Ĭ109 Bq/cm2) 

(dryer)1.

ÅIt is assumed that eight inner containers can be stored in a storage container based on the study on the shape of 

the inner container.

ÅTo observe the change in the rate of absorption into water caused by the change in the amount of moisture, 

calculations were made by changing the thickness of the water screen2 on the surface of cut pieces between 

0.05 to 13.2 mm.

1: The value used is the value provided in the Final Report of FY2014 Supplementary Budgets ñProject of Decommissioning and 

Contaminated Water Management (Project of Upgrading Approach and System for Retrieval of Fuel Debris and Internal Structures).ò

2: The condition in which the thickness of the water screen is 13.2 mm is equivalent to when the inside of the storage container is 

completely filled with water.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Evaluation of the amount of hydrogen generated (2/6)

Vent
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ü Storage container

Å8 inner containers (no casing)

Note: inner container

Å7 processed dryer pieces

ÅWaste: SUS316L equivalent

ÅNo container case

É Computational model (per storage container)
ü Radiation source

ÅNuclide: Cs-137

ÅDistribution of radiation source: 

Surface contamination

ÅSource intensity: 

1.30 Ĭ109 Bq/cm2

ü Volume of water

ÅWater layer thickness: 

0.05, 0.5, 5.0 mm

13.2 mm (= submerged*)

* Distance between the processed 

dryer pieces: 26.4 mm

7 pieces

Length and width 500 mm, height 300 mm

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Evaluation of the amount of hydrogen generated (3/6)

Conceptual image of storage container

Vent
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Water capacity ratio 

(against waste)
2.662 0.863 0.083 0.008

Water layer thickness 

(mm)

13.2 5 0.5 0.05

Water absorption rate 0.326 0.243 0.173 0.067

Waste absorption rate 0.569 0.620 0.658 0.728

Outside the container 0.104 0.136 0.166 0.189

Water capacity ratio 

(against waste)
2.662 0.863 0.083 0.008

Water layer thickness 

(mm)

13.2 5 0.5 0.05

Water absorption rate 0.592 0.592 0.541 0.215

Waste absorption rate 0.408 0.408 0.434 0.656

Outside the container 0.000 0.000 0.017 0.076

Water capacity ratio 

(against waste)
2.662 0.863 0.083 0.008

Water layer thickness 

(mm)
13.2 5 0.5 0.05

Water absorption rate 0.210 0.090 0.011 0.001

Waste absorption rate 0.640 0.713 0.757 0.760

Outside the container 0.150 0.196 0.232 0.238

É ɔ-ray (total energy: 31.9 W)

É ɓ-ray (total energy: 14.2 W)

É ɔ-ray + ɓ-ray
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ü Absorption rate evaluation results (in the case of one storage container)

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Evaluation of the amount of hydrogen generated (4/6)

Outside the container: the ratio of energy that are not absorbed in the 

container and are released from the container

Water 

Waste

Outside the 

container

Water 

Waste

Outside the 

container

Water 

Waste

Outside the 

container
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ü ɔ-ray, ɓ-ray flux (per storage container)

Water layer thickness: 0.05 mm Water layer thickness: 5 mm

ɔ-ray

ɓ-ray

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Evaluation of the amount of hydrogen generated (5/6)
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Decay heat

(MeV/s)

G value Rate of absorption 

into water

(ɓ-ray & ɔ-ray)

Hydrogen 

generation rate

(m3/d)

FY2019 model 1.27 Ĭ1015 0.45 1 1.84 Ĭ10-2

FY2020 

model

Water screen:

0.05 mm

2.88 Ĭ1014 0.45 0.067 2.80 Ĭ10-4

0.5 mm 2.88 Ĭ1014 0.45 0.173 7.28 Ĭ10-4

5 mm 2.88 Ĭ1014 0.45 0.242 1.02 Ĭ10-3

13.2 mm 2.88 Ĭ1014 0.45 0.326 1.36 Ĭ10-3

Comparison of evaluation on hydrogen generation rate per storage container (target removed item: dryer)

Å Decay heat estimated based on the form of waste collection, and ɓ-ray energy spectrum reduced to 

approximately 5/22.

Å As a result of calculation based on PHITS with consideration to the form of collection in containers, 

the rate of absorption into water was 0.067 to 0.326. (Water layer thickness: 0.05 to 13.2 mm)

Å As a result, the maximum hydrogen generation rate of the FY2020 model was 1.36 Ĭ10ī3 m3/d.

(Approximately 1/13.5 of the FY2019 model)

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Evaluation of the amount of hydrogen generated (6/6)

Incorporate results to the study on measures against the generation of gas of the 

study on the requirements of containers and storage facilities
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(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the concept of long-term storage (1/5)

Background

Objective

Ştudy procedures

The necessity of measures for integrity and against decline of safety functions ñwhen wastes are stored 

over the long-termò has been pointed out.

1. Among typical high-level radioactive wastes, those that are expected to be stored for around 30 to 100 years are 

investigated regarding the measures taken at storage from the viewpoint of long-term storage.

2. Possible events during long-term storage are organized based on the investigation results.

3. Concepts for ensuring safety with regard to the possible events are organized based on the investigation results.

To organize events that are generally expected when wastes are stored over the long-term and 

concepts for ensuring safety with regard to such events based on the safety functions for temporary 

storage that have been studied so far and results of investigation into examples of storage of high-

level radioactive waste in and outside Japan.
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Examples of long-term storage of typical high-level radioactive waste (e.g., the reactor internals)

Target waste Equipment and facilities 

that have safety functions

Storage 

period

Examples Outline of major measures for long-term storage

L1 waste Å Ductile cast iron (FCD-27) 

radiation shielding container

ÅStorage facility

20 years 

or longer

(past 

record)

ÅWaste Storage 

Facility No. 2 

of Japan 

Atomic Energy 

Agency

The facility stores L1 wastes generated when 

dismantling JPDR (Japan Power Demonstration 

Reactor). The radiation shielding container has a drain 

hole, and the head has a vent hole. The sealing 

boundary is sealed with packing and fixed with bolts.

GTCC

(USA)

ÅSealed storage container 

(stainless-steel cask)

ÅConcrete pad (ISFSI)

ÅDrying equipment (including 

gas injection equipment)

ÅPressure monitoring 

equipment

Up to 20 

years

(estimate)

ÅZion Nuclear 

Power Station

The waste is not intended for long-term storage that 

exceeds 20 years. As with spent fuel, the waste is 

stored in a stainless-steel cask. Generation of gas and 

corrosion are prevented by vacuum drying and helium 

gas substitution. The internal pressure is monitored. 

The waste is stored inside a concrete structure called 

ISFSI.

Class C (USA) ÅStorage container with a 

vent filter (or sealed 

container)

ÅDrying equipment

Up to 20 

years

(estimate)

ÅZion Nuclear 

Power Station

The waste is generally stored in a 55-gallon drum with a 

vent filter. It is dried through a simplified procedure and 

stored. The hydrogen gas generated is released 

through the vent.

ILW

(intermediate-

level radioactive 

waste in the UK)

ÅDuctile cast iron container 

(DCIC) (container with vent 

filter or sealed container)

Or

ÅStainless-steel container 

(container with vent filter or 

sealed container)

ÅStorage facility

100 to 

150 years

(estimate)

ÅBradwell This type of waste does not require consideration of 

production of heat. Hydrogen gas that is generated is 

released through the vent. Even if stainless-steel 

containers are used, soft iron and chlorine need to be 

removed from the surface, and the temperature and 

humidity need to be controlled by the buildingôs air-

conditioning system if the storage period exceeds 100 

years.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the concept of long-term storage (2/5)
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Target waste Equipment and 

facilities that have 

safety functions

Storage 

period

Examples Outline of major measures for long-term storage

High-level 

radioactive liquid 

waste

ÅSolidified glass

ÅStainless-steel container

(canister)

ÅSolidified glass storage 

facility

30 to 50 

years

(estimate)

ÅTokai 

Reprocessing Plant

ÅHigh-Level 

Radioactive Waste 

Storage Center 

(Rokkasho Village)

The waste is stored for 30 to 50 years for cooling. Storage buildings can 

be cooled through the air-cooling method or water-cooling method. The 

air-cooling method is regarded as advantageous in terms of cost. 

Generation of gas and dispersion of fine particles are prevented by 

vitrification.

Spent fuel ÅDry cask

ÅConcrete module

ÅDrying equipment

ÅSurface temperature 

monitoring equipment

ÅPressure monitoring 

equipment

ÅPatrol inspection

40 to 50 

years

(estimate)

ÅTokai No. 2 Power 

Station

ÅInterim spent fuel 

storage facility in 

Mutsu (plan)

ÅFukushima Daiichi 

Nuclear Power 

Station (temporary 

storage facility)

The temperature of the outer surface of the cask is 40 ÁC to 50 ÁC, and 

heat is dissipated by natural convection. Stainless-steel casks are used. 

Generation of gas and corrosion are prevented by vacuum drying and 

helium gas substitution. Internal pressure and temperature are monitored. 

Casks are fixed to the building with bolts. Deterioration is identified at an 

early stage by patrol inspection. Consumables are replaced.

Fuel debris

(TMI-II)

ÅCanister (stainless-steel)

ÅCask (carbon steel)

ÅHorizontal silo (concrete)

ÅHot air-drying

ÅVent filter (HEPA)

ÅHydrogen measurement

20 years or 

longer

(past 

record)

ÅIdaho National 

Laboratory

After debris is collected in a stainless-steel canister, the canister is placed 

in a carbon steel cask which is then fixed in the silo. Generation of gas is 

prevented by hot air-drying. Hydrogen that is generated is released 

through the HEPA filter. In addition, the amount of hydrogen generated is 

measured regularly.

1F fuel debris ÅStorage canister 

(stainless-steel, with 

vent filter)

ÅPool

ÅDrying equipment

ÅDry cask (with vent filter)

ÅStorage facility

Up to 100 

years

(estimate)

Long-term storage is studied in the Canister project*. Debris is collected 

in a stainless-steel storage canister. The debris is expected to be stored 

(dry) over the long-term for a maximum of 50 years after it has been 

stored temporarily for up to 50 years. Pool storage and dry storage are 

studied for temporary storage. Measures against corrosion and drying for 

the prevention of hydrogen generation are implemented before dry 

storage. The hydrogen gas generated is scavenged to the gas treatment 

facility through vent pipes. When consumables such as packing of 

storage canisters are damaged, confinement is ensured by the cask.

Example of long-term storage of high-level radioactive waste, fuel debris, etc.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the concept of long-term storage (3/5)

* FY2016 Supplementary Budgets ñProject of Decommissioning and Contaminated Water Management 

(Development of Technologies for Containing, Transportation and Storage of Fuel Debris)ò
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Conceivable events during long-term storage and their measures

Conceivable 

events
Action policy Proposed measures

A. Damage to the 

container due to 

corrosion

Use corrosion-resistant 

materials

ÅUse stainless-steel containers (e.g., SUS316L)

ÅUse ductile cast iron containers

Conduct treatment before 

storage

ÅDry the waste

ÅRemove dissimilar metals, chlorine, etc., from the surface of the 

container before storage

Manage the atmosphere ÅControl the temperature and humidity by the buildingôs heating, 

ventilating and air conditioning system

B. Generation of 

gas (hydrogen) 

over the long-term

Conduct treatment ÅConduct solidification treatment

ÅDry the waste, inject inert gas in the container, and store the waste in 

an airtight container

Release gas through the vent ÅDry the waste through a simplified procedure and release hydrogen 

through the vent

Use occlusion materials, etc. ÅUse hydrogen occlusion materials

Monitor the generation of gas ÅMonitor the stored waste

ÅConceivable events (A to D) were specified with reference to examples of long-term storage of high-level radioactive waste.

ÅThe proposal of measures against such events was identified based on the investigation results. It is assumed that the actual

measures that will be taken against high-level radioactive wastes associated with fuel debris retrieval will be determined by 

sorting and combining the proposals based on the properties of wastes, etc.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the concept of long-term storage (4/5)
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Conceivable 

events

Action policy Proposed measures

C. Occurrence of 

external events 

(e.g., earthquakes)

Protect the storage container 

from external events by 

structures

ÅStore containers in a facility that takes measures against external 

events, such as seismic resistance

ÅCollect storage containers in concrete modules

Prevent falls in the event of 

an earthquake

ÅFix storage containers to the building with bolts

Use containers with high 

structural strength

ÅUse containers with structural strength that takes into account falls 

and inspect and repair containers as necessary

D. Deterioration of 

consumables 

(filters, seal, etc.)

Address wear and tear by 

monitoring, inspection, and 

maintenance

ÅMonitor airtightness by monitoring the pressure (if sealing 

measures are taken after drying)

ÅFind wear and tear at an early stage by patrol inspection, and work 

toward maintaining the function (replace worn parts)

Reduce the number of 

consumables

ÅAdopt a structure that does not require consumables, or weld the 

lid to the storage container

Use overpack ÅEnsure confinement by overpack when consumables are damaged

Conceivable events during long-term storage and their measures

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the concept of long-term storage (5/5)

Based on the results of the evaluation on the amount of hydrogen generated, the maximum calorific value per storage container is 50 W 

or less, and heat can likely be dissipated by natural convection. For this reason, long-term heat generation is excluded from the 

conceivable events. (Reference: calorific value of spent fuel put into dry cask storage is approximately 12 kW per cask (in the case of a 

large cask for BWR fuel))
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Ştudy procedures

1. Waste classifications and canisters used for dismantling JPDR (Japan Power Demonstration Reactor) are investigated 

as a preceding case in Japan, in which wastes including reactor internal structures went through the processes of 

dismantling to storage (published documents available).

2. The assumption of the current condition inside the reactor vessel and the method of handling wastes associated with 

fuel debris retrieval in the Debris Retrieval project are organized and compared with the conditions of JPDR.

3. The provisional classifications and categories are specified based on the current information on wastes associated 

with fuel debris retrieval. In addition, the method of storage and issues of the provisional categories are provided based 

on the results of the study conducted so far in this project.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (1/12)

ÅThe study conducted so far took the approach of studying the collection, transfer, and storage flow that is feasible for 

wastes that need to meet the strictest safety function requirements compared with the wastes that are generated by fuel 

debris retrieval.

ÅAlthough this approach guarantees the feasibility of the flow for all of the wastes generated by fuel debris retrieval, the 

safety function requirements may be excessive depending on the properties of the waste, and there is room for 

improvement in terms of streamlining.

ÅIt is necessary to specify rational classifications and study handling methods appropriate for the properties of the 

wastes.

Ź

ÅProvisional classifications and categories of high-level radioactive wastes associated with fuel debris retrieval shall be 

specified through comparison with preceding cases.
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Material Weight
Number of items necessary

Radiation shielding 

container

3 m2 square steel 

container

1 m2 square steel 

container
200-L drum Packaging

Metal 889 34 26 271 1,982 728

Concrete 301 0 16 9 778 224

Secondary 

waste
319 0 1 111 477 0

Total 1,509 34 43 391 3,237 952
Reference: ñManagement of JPDR Dismantling Waste,ò 

Journal of the RANDEC No.15, 1996.

Waste classification in JPDR*

ÅAt JPDR, large amounts of radioactive wastes were 

contained in containers safely and efficiently and 

classified by material, property, and radioactivity level 

to enable treatment and disposal in the future.

Classification by material

- Metal

- Concrete

- Secondary waste

Classification by property (radio-activated, 

contaminated)

- Neutron-activated metal

- Neutron-activated concrete

- Contaminated metal

- Contaminated concrete

Classification by radioactivity level

- Radioactivity levels I to IV

ÅThe high-level radioactive equipment inside the 

pressure vessel is classified as radioactivity level I 

and was collected in a radiation shielding container.

Radioactivity of 4 Ĭ105 Bq/cm2 or greater is 

classified as radioactivity level I 

Wastes of radioactivity 

level I are neutron-

activated items.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (2/12)

Radioactivity level I

Neutron-activated 

concrete 

5%
Radioactivity level I

Neutron-activated 

metal 

3.5%

Radioactivity level II

Neutron-activated 

concrete 

0.7%

Radioactivity level II

Neutron-activated metal 

3.5%
Radioactivity level II

Contaminated metal 

0.07%

Radioactivity level III

Neutron-activated concrete 

4.8%

Radioactivity level III

Neutron-activated metal 

0.3%

Radioactivity level III

Contaminated concrete 

1.8%

Radioactivity level III

Contaminated metal 

4.0%

Radioactivity level IV

Neutron-activated concrete 

2.3%

Radioactivity level IV

Neutron-activated metal 

0.13%

Radioactivity 

level IV

Contaminated 

metal 

63.2%

Radioactivity 

level IV

Contaminated 

concrete 

10.7%

Cumulative 

amount of 

radioactive 

waste generated: 

1,190 tons

*Excluding secondary wastes

As of the end of March 1992

Classification of 

radioactivity level

Unit of radioactivity level

I II III IV

A(1) Bq/g

(ɛCi/g)

4 × 103 or 

greater

(10-1)

4 × 101 or 

greater

(10-3)

and less than 4 

× 103

(10-1)

4 × 10-1 or 

greater

(10-5)

and less than 

4 × 101

(10-3)

Less than 4 

× 10-1(10-5)

B(2) Bq cm2

(ɛCi/cm2)

4 × 105 or 

greater

(101)

4 × 103 or 

greater

(10-1)

and less than 4 

× 105

(101)

4 × 101 or 

greater

(10-3)

and less than 

4 × 103

(10-1)

Less than 4 

× 101(10-3)

1: Neutron-activated metal and concrete wastes

2: Contaminated metals

*JPDR: Japan Power Demonstration Reactor
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Radiation shielding container A Radiation shielding container B Radiation shielding container C
Radiation shielding container 

CR

Radiation shielding container 

PL

Radiation shielding container 

PC

Outline 

drawing

Collected 

waste

Shroud of reactor core

In-core monitor tube, etc.

Pressure vessel (center section)

Hold-down frame

Channel box, etc.

Pressure vessel (top and bottom 

ends)

The reactor internals of low 

radioactivity level

Control rod Plug

Neutron source

Poison curtain

Inner 

capacity

Material Spheroidal graphite cast iron (FCD-37) Spheroidal graphite cast iron (FCD-37) Spheroidal graphite cast iron (FCD-37)
Spheroidal graphite cast iron 

(FCD-37)

Spheroidal graphite cast iron 

(FCD-37)

Spheroidal graphite cast iron 

(FCD-37)

Weight of 

container
15.0 tons 13.4 tons 4.7 tons 16.4 tons 17.7 tons 17.0 tons

Shielding 

thickness

Radiation 

dose

Dose 

equivalent 

rate of 

waste

Number of 

wastes 

stored

Reference: ñManagement of JPDR Dismantling Waste,ò Journal of the RANDEC No.15, 1996.

ÅSix types of radiation shielding containers were used to suit the different shapes of reactor internal structures.

ÅContainers with different shielding thicknesses were used according to the radioactivity level. (The radioactivity level of the 

wastes are all I.) 

* The number of wastes stored is 

the value as of March 1992.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (3/12)

*
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Conditions of wastes associated with the retrieval of debris at 1F

ÅDebris is retrieved by robots at 1F, so after the reactor internal structure is cut into a size that fits inside an inner container, it is 

collected in an inner container and delivered to the waste-handling facility. The shape of the inner containers are restricted so that it is 

of a size that can fit through the opening of equipment of each method or smaller and is of a weight that is no greater than the weight 

limit of the retrieval robot.
(Reference: Final Report of FY2016 Supplementary Budgets ñProject of Decommissioning and Contaminated Water Management (Advancement of 

Fundamental Technologies for Retrieval of Fuel Debris and Internal Structures)ò)

ÅThe radiation inside the reactor well at 1F is high due to contamination caused by the accident. (Compared with neutron-activated 

items that are mainly composed of Co-60, contaminants that are mainly composed of Cs-137 is likely to have high radiation over a

long-term.)

(Refer to the next page.)

ÅThe maximum dose of reactor internal structures of JPDR (Japan Power Demonstration Reactor) is approximately 10 Sv/h, whereas 

the estimate of the maximum dose of wastes generated by debris retrieval at 1F is 400 Sv/h.

Å1F has a large amount of radioactive waste as it is a commercial reactor and is contaminated due to the accident. 

Handling of retrieval container by retrieval equipment

(Reference: Advancement of Fundamental Technologies for Retrieval of Fuel 

Debris and Internal Structures)

Retrieval 

container

(equivalent to 

inner container)

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (4/12)

Fuel debris

Reactor 

building

AdditionLifting machine

Inner 

container
Fuel debris 

retrieval 

equipment

Inner 

container 

transfer 

equipment

Draining 

equipment

Radiation 

measuring 

equipment

Scope of study of the Debris 

Retrieval project
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State of contamination inside the reactor at 1F

(Reference)

Final Report of the FY2014 Supplementary Budgets 

ñProject of Decommissioning and Contaminated 

Water Management (Project of Upgrading Approach 

and System for Retrieval of Fuel Debris and Internal 

Structures)ò

ÅSurface contamination density inside the reactor well at 1F is estimated to be 1.20 Ĭ108 Bq/cm2.

(Equivalent to or greater than the radioactivity level I at JPDR (Japan Power Demonstration Reactor))

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (5/12)

Surface contamination density and its dose contribution

[1] Contribution from floors and walls on operation floors, etc., is excluded from the 

contamination density.

(It is difficult to make an estimate as it is performed before rubbles are removed.)

[2] The dose equivalent rate shall be contribution from surface contamination in the 

working area (inside the reactor well, inside the PCV head, etc.).

(Neutron-activated equipment shall be those provided in the right column and shall 

be excluded.)

Surface contamination classification

Inside the reactor well (A)

ÅSurface contamination density: 1.20E+08 Bq/cm2

ÅDose equivalent rate: 4.0E+00 Sv/h

ÅKey nuclides: Cs-137, Cs-134

Inside the PCV head (B)

ÅSurface contamination density: 1.20E+08 Bq/cm2

ÅDose equivalent rate: 4.0E+00 Sv/h

ÅKey nuclides: Cs-137, Cs-134

Inside RPV (C)

(1) Inner surface of RPV

ÅSurface contamination density: 1.30E+09 Bq/cm2

ÅDose equivalent rate: 3.0E+01 Sv/h

ÅKey nuclides: Cs-137, Cs-134

(2) Dryer

ÅSurface contamination density: 1.30E+09 Bq/cm2

ÅDose equivalent rate: 4.0E+02 Sv/h

ÅKey nuclides: Cs-137, Cs-134

(3) Separator

ÅSurface contamination density: 1.30E+09 Bq/cm2

ÅDose equivalent rate: 2.0E+02 Sv/h

ÅKey nuclides: Cs-137, Cs-134

Figure 4.1.1.2-1. Unit 1 plant information

Activation classification

Degree of activation and its dose contribution

Å The degree of activation is for estimating the value that takes into 

consideration attenuation based on values in the reference documents. 

The value is converted by multiplying the ratio of the dose rate.

(Rough evaluation)

Top guide

ÅDose equivalent rate: 1.0E+03 Sv/h (contribution by 

activation)

ÅKey nuclide: Co-60

Shroud in the upper portion

ÅDose equivalent rate: 3.5E+02 Sv/h (contribution by 

activation)

ÅKey nuclide: Co-60

Core support plate (assuming that it is equivalent to the shroud in 

the upper portion)

Å Dose equivalent rate: 3.5E+02 Sv/h (contribution by activation)

Å Key nuclide: Co-60

Shroud in the lower section

ÅDose equivalent rate: 2 Sv/h (contribution by activation)

ÅKey nuclide: Co-60

Fuel debris

ÅDose equivalent rate: 1.5E+02 Sv/h

(contribution by decay of fission products)

ÅKey nuclides: FP nuclide, actinide nuclide

Å Total amount of contaminated radioactivity (assumption): 

approx. 3.1E+16 Bq

Å Inside PRV: approx. 3.0E+16 Bq (1/10 of the amount of Cs generated)

Å Inside reactor well and PCV head: approx. 1.0E+15 Bq

(estimated by multiplying the contamination density by area)
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Wastes associated with the dismantling of 

JPDR (Japan Power Demonstration Reactor)

Wastes associated with the fuel debris 

retrieval at the Fukushima Daiichi 

Nuclear Power Station

Amount of waste As JPDR is a demonstration reactor, it has less 

waste than commercial reactors. The amount of 

waste overall is approximately 1,200 tons, 

approximately 100 tons of which are classified as 

radioactivity level I.

Reactors at 1F have a large amount of 

waste as they are commercial reactors and 

had an accident. The amount of waste 

associated with fuel debris retrieval alone 

from three reactor cores is 1,500 tons or 

greater (depends on the method of fuel 

debris retrieval).

Ratio of high-level 

radioactive waste

Only a small fraction of the wastes are classified as 

radioactivity level I (8.5%).

Different container shapes are used for wastes 

classified as radioactivity level I according to their 

dose.

All of the wastes have a dose equivalent to 

or greater than the wastes of JPDR 

classified as radioactivity level I.

Ratio of activation and 

contamination

Approximately 80% of the wastes are 

contaminants, and the remaining 20% are neutron-

activated items.

All of the radioactivity level I wastes are neutron-

activated items.

The wastes are mainly contaminants.

Maximum dose Approx. 10 Sv/h Approx. 400 Sv/h

Material Metal and concrete

(excluding secondary wastes)

Metal and concrete

(excluding secondary wastes)

Shape of high-level 

radioactive waste

The shape is close to the original shape. There are 

long wastes and relatively small wastes. Storage 

containers appropriate for the shape are used.

Aside from some of the large wastes, 

wastes are cut to a size that can be 

collected in an inner container and 

transported in the inner container.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (6/12)
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Dose classification [1] [2] [3]

Range of dose < 10 Sv/h 10~40 Sv/h 40~400 Sv/h 

Reason behind the setting ÅNot more than the provisional 

requirement for acceptance at 

storage building (surface dose rate of 

storage container: 10 Sv/h)

ÅWastes that do not require additional 

shielding in storage containers

ÅAssumption that wastes in great 

quantities (e.g., shield plug, DS slot 

plug, wastes removed from 1st floor) 

are included

ÅAssumption that wastes with a 

dose of around 30 Sv/h (e.g., 

RPV head) are included

ÅWastes that require additional 

shielding (60 mm) in storage 

containers to satisfy the 

provisional requirement for 

acceptance at storage building

ÅAssumption that wastes with the 

highest level of dose (e.g., dryer and 

shroud head) are included

ÅWastes that require additional 

shielding (140 mm) in storage 

containers to satisfy the provisional 

requirement for acceptance at 

storage building

Classification by material

ü The wastes shall be separated into three classifications in the same manner as those of JPDR (Japan Power Demonstration 

Reactor): metal (M), concrete (C), and secondary waste1.
(1: including secondary waste in liquid or gas phase)

Classification by property (radio-activated, contaminated)

ü Contamination is the main property, and all the wastes are contaminants2. Therefore, classifications by property shall be removed 

from the provisional classification.
(2: including items activated before the accident)  

Classification by shape

ü Wastes shall be classified into waste that fits in an inner container and large waste.

Classification by radioactivity level

ü All of the wastes will fall under radioactivity level I if the same classification used for JPDR is applied. Therefore, wastes shall be 

separated into classifications of higher radiation.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (7/12)

Concepts for the provisional classifications of wastes associated with fuel debris retrieval at 1F

Dose classification of wastes associated with fuel debris retrieval at 1F (provisional)



©International Research Institute for Nuclear Decommissioning 40

Shielding 

thickness

(lining)

Weight of 

container 

(t)

Inner 

capacity

(m3)

Dose of 

contents (Sv/h)

Total weight (t)

(container and 

waste)

Estimated number 

of containers 

required

(for three 

reactors)

180 mm
7.1 0.33 400 to 1,000 7.3 Approx. 40

140 mm
6.0 0.46 40 to 400 6.4 Approx. 400

60 mm
3.2 0.77 10 to 40 3.8 Approx. 300

0 mm
0.35 1.19 Less than 10 1.3 Approx. 1300

Â Storage container (proposal of lightweight container)

ÅThe containers are lighter than the current storage container dimension type studied in 

FY2017.

ÅThe dimensions of containers with maximum shielding are specified so as not to exceed the 

strictest weight limit (7.5 t) of handling of waste that is currently imposed for the collection of 

waste.

ÅFour shielding thicknesses are prepared for the different dose levels of wastes.

The shielding thickness is specified so that the surface dose rate is less than 10 Sv/h when 

wastes of maximum dose of each dose level are collected.

Reference: other storage 

container proposals

1.00 

m

1.42 m

1.42 m

Vent filterStudy on equipment specifications

Table 1. Weight of the lightweight container and trial calculation of the number of containers required  

1. Current storage container 

dimension type

ÅDimensions: 2.1 Ĭ2.1 Ĭ1.49 m

ÅShielding thickness: 0, 60, 140, 

180 mm

ÅMaximum total weight: 23.7 t

ÅStorage container with vent filter

2. L1 disposal container type

ÅDimensions: 1.6 Ĭ1.6 Ĭ1.6 m

ÅShielding thickness: 50, 100, 

150, 200 mm

ÅMaximum total weight: 20.3 t

ÅSealed container

Achievements of FY2018 (study on the shape of storage containers)Reference

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (8/12)
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Classifications and categories of removed wastes (provisional)

Conceivable removed wastes of top-access debris retrieval 

method (top-access retrieval Route B method)

Name of 

wastes

Amount

(ton)

Shape

(after cutting)

Estimated 

dose

(Sv/h)

Material 

classification

Shape 

classification

Dose 

classification

Category
(Material classification ïShape 

classification ïDose classification)

Shield plug 465 Length and width 

1,800 mm Ĭheight 306 mm
4

Concrete (C) Large (L)

[1]

C-L-[1]
DS slot plug 121 Length and width 

1,800 mm Ĭheight 306 mm
4

PCV head 48 Length and width 

480 mm Ĭheight 30 mm
4

Metal (M)

Size that fits 

in an inner 

container (S)

M-S-[1]
RPV heat insulation 

material, piping

13 Length and width 

480 mm Ĭheight 6 mm
-*

RPV head 66 Length and width 

480 mm Ĭheight 90 mm
30

[2] M-S-[2]

Dryer 31 Length and width 

480 mm Ĭheight 12.7 mm
400

[3] M-S-[3]
Shroud head

(including steam 

separator)

48 Length and width 

480 mm Ĭheight 7 mm
200

*As it is not provided in the reference, it is hypothesized as being equivalent to dose classification [1].

Dose classification [1] [2] [3]

Range of dose < 10 Sv/h 10ï40 Sv/h 40ï400 Sv/h 

(Reference: Final Report of FY2016 Supplementary Budgets 

ñProject of Decommissioning and Contaminated Water 

Management (Advancement of Fundamental Technologies 

for Retrieval of Fuel Debris and Internal Structures)ò)

ÅOrganization of latest information on high-level radioactive wastes in 1H FY2019 based on reports of other projects in FY2018

Provisional classification Provisional category

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (9/12)



©International Research Institute for Nuclear Decommissioning 42

*As it is not provided in the reference, it is hypothesized as being equivalent to dose classification [1].

Dose classification [1] [2] [3]

Range of dose < 10 Sv/h 10ï40 Sv/h 40ï400 Sv/h 

(Reference: Final Report of FY2016 Supplementary Budgets 

ñProject of Decommissioning and Contaminated Water 

Management (Advancement of Fundamental Technologies 

for Retrieval of Fuel Debris and Internal Structures)ò)

ÅOrganization of latest information on high-level radioactive wastes in 1H FY2019 based on reports of other projects in FY2018

Conceivable removed wastes of side-access debris retrieval 

method (side-access retrieval PLAN-B method)

Name of 

wastes

Amount

(ton)

Shape

(after cutting)

Estimated 

dose

(Sv/h)

Material 

classification

Shape 

classification

Dose 

classification

Category
(Material classification ïShape 

classification ïDose classification)

Items removed 

from 1st floor

24.2 Length and width 

389 mm Ĭheight 20 mm
ˈ* Concrete (may 

contain metal) 

(C)

Size that fits 

in an inner 

container 

(S)

([1])

C-S-[1]

CRD rail 0.9 Length and width 

389 mm Ĭheight 10 mm
ˈ*

Metal (M)

M-S-[1]
Structures outside 

the pedestal

156 Length and width 

389 mm Ĭheight 40 mm
ˈ*

Metal (M)

Provisional classification Provisional category

Classifications and categories of removed wastes (provisional)

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (10/12)
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Collection of inner containers of each category in storage containers

Top-access retrieval Route B & side-access retrieval PLAN-B (dimensions of the inner containers used: length 

and width 450 mm Ĭheight 272 mm)
Category

(Material classification ïShape 

classification ïDose classification)

Thickness of 

shielding inside the 

storage container*

(mm)

Number of inner 

containers collected 

per storage container

Amount per 

category (ton)

Number of storage 

containers necessary

(per one unit)

C-L-[1] 0 27 586 346

C-S-[1] 0 27 24.2 15

M-S-[1] 0 27 218 207  

M-S-[2] 60 8 66 211

M-S-[3] 140 8 79 252

Based on the study on the rational shape of inner containers (conducted in 1H FY2019)

When 27 inner containers are 

stored in a storage container

When 8 inner containers are 

stored in a storage container

* Value calculated so that the surface dose rate of storage containers is equivalent to the standard of acceptance on the second floor in the basement of solid 

radioactive waste storage facility No. 9 (< 10 Sv/h)

(study on the outline specifications of equipment (FY2018))

Inner container

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (11/12)

**

**Trial calculation when the waste is cut to a size that fits in the inner container
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Category

Estimated1

amount

(ton)

Material of 

the storage 

container2

Thickness of 

shielding inside 

the storage 

container3

(mm)

Number of inner 

containers 

collected per 

storage 

container4

Measures against hydrogen based on the FY2020 model5

(measures against hydrogen based on the FY2019 model)*

Drying method 

before storage6
Type of vent 

filter***

Number of 

vent filter

Required volume of void 

in a transport cask

(m3)

C-L-[1] 586

Ductile cast 

iron

(or stainless-

steel)

0 27 (NF016L) (1) (0.02)

Convection (static) 

method or conduction 

(static) method

C-S-[1] 24.2 0 27 (NF016L) (1) (0.02)

M-S-[1] 218 0 27 (NF016L) (1) (0.01)

M-S-[2] 66 60 8
NF019**

(NF016S)

2**

(2)

0.24**

(3.25)

M-S-[3] 79 140 8
NF019

(NF016S)

2

(2)

0.24

(3.25)

Summary of storage methods for provisional categories

Dose classification [1] [2] [3]

Range of dose < 10 Sv/h 10~40 Sv/h 40~400 Sv/h 

*Water screen: 13.2 mm (assumption)

**Measures against hydrogen for M-S-[2] shall be included in the measures 

against hydrogen for M-S-[3].

***NFxxx is a model of a filter used in nuclear facilities in the USA.

ÅAs a preceding case in Japan, waste classifications and canisters used for dismantling JPDR (Japan Power Demonstration Reactor) were 

investigated and compared with the conditions of wastes associated with the retrieval of debris at 1F, after which the provisional classifications 

were specified.

ÅAlong with the future progress in grasping the condition inside the reactor vessel and studying the fuel debris retrieval methods, these 

classifications will likely be updated or changed.

ÅSecondary wastes (including secondary wastes in liquid phase and gas phase) need to be studied in the future, including characterization.

(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Study on the storage methods appropriate for the properties of wastes (12/12)

(1)...Results of Investigation and evaluation of information on wastes 

(conducted in FY2019)

(2)...Results of study on the concept of long-term storage 

(conducted in FY2020)

(3)...Results of study on the shape of storage containers 

(conducted in FY2018)

(4)...Results of study on the rational shape of inner containers 

(conducted in FY2019) 

(5)...Evaluation of the amount of hydrogen generated and study on measures 

against the generation of gas (conducted in FY2019 and FY2020)

(6)...Study on drying treatment (conducted in FY2019 and FY2020)
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Â Achievements up to FY2019

¹ Measures against hydrogen gas for high-level radioactive wastes taken in foreign countries 

were investigated, and measures against the generation of hydrogen and concepts such 

countries take or have were organized.

¹ The shape of storage containers and the rational shape of inner containers that can be used 

with multiple shielding thicknesses were studied.

¹ Measures against hydrogen were studied based on the results of evaluation on the amount of 

hydrogen generated performed in FY2019.

¹ Drying treatment technologies were studied.

Â Goal of FY2020

¹ To list down the requirements of containers and storage facilities required for the collection, 

transfer, and storage of high-level radioactive wastes.

Â Details of implementation

¹ Achievements of H1 FY2020

Å Measures against hydrogen were studied based on the results of evaluation on the amount 

of hydrogen generated performed in FY2020.

Å Requirements and study policy of vent filters were organized.

Å Drying treatment methods were compared, and basic functions were studied.

Å Policy of investigation of measurement methods and equipment was studied.

¹ Implementation plan for H2 FY2020

Å Requirements of storage containers and transport casks will be studied.

Å The concept of the drying treatment facility will be studied.

Å Measurement methods and equipment will be investigated.

Â Indicators for the achievement of goal

¹ A rational inner container that can be used for multiple shielding thicknesses is presented. 

Requirements of storage containers with filter vents and transport casks are presented. 

Requirements of equipment for drying treatment, etc., are presented. Measurement methods, 

requirements of measuring equipment, measuring locations, measuring timing, etc., are 

presented.

Figure 1. Example of a typical transport cask used 

for high-level radioactive wastes

(TRUPACT-II)

Figure 2. External appearance of a remote 

control filter vent attachment system 

(DVS: drum venting system)

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Overview

Transport cask: a container in which storage containers are collected for transfer inside the premises
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the rational shape and operation of inner containers (1/3)

Studies so far: In the process flow studied until FY2018, it was tentatively assumed 

that one inner container will be collected in one storage container

(Figure 1).

Background and purpose

Figure 1. Processes up to storage

(excerpts of sections related to inner containers)

B̧ackground

Inner container: primary container for collecting waste cut from inside the PCV

Examples of functions: [1] Wastes cut off are collected.

[2] The mesh structure allows water to be drained.

[3] Waste can be collected efficiently in the storage container.

I̧ssues

[1] Storage containers use different shielding inside appropriate for the dose of the waste 

and therefore requires the use of inner containers of different sizes.

[2] The dimensions of an inner container suitable for the equipment of each retrieval method

was later reported by the Debris Retrieval project (Table 1).

The dimensions were smaller than those estimated in the previous fiscal year, and 

several inner containers are assumed to be collected in one storage container.

P̧urpose

To present the primary proposal of the shape and usage method of inner containers suitable for 

the storage and management of waste.

Ştudy procedure: The number of storage containers required is compared with the evaluation index.

[1] Estimate the number of storage containers needed based on the latest retrieval method.

[2] Study the shapes of inner containers so as to efficiently reduce the number of storage containers 

needed.

[3] Study the usage methods so as to efficiently reduce the number of storage containers needed.

[4] Study the rational inner container shapes and usage methods based on the studies above.

Table 1. Dimensions of inner containers for 

different methods in the Debris Retrieval project

Evaluation from the viewpoint of 

storage and management

Method
Retrieval container 

dimensions

Side-access retrieval 

PLAN A
-

Side-access retrieval 

PLAN B

ū550 ³400

(ū390 ³400)

Side-access retrieval 

PLAN C
ū400 ³810

Top-access retrieval 

Route A
ū400 ³400

Top-access retrieval 

Route B
ẽ 500 ³300

Reactor 

building

Fuel debris 

retrieval 

equipment

Fuel debris

Inner 

container

Access 

tunnel

Inner 

container 

transfer 

equipment

Draining 

equipment

Lifting machine
Addition Lifting machine

Waste 

treatment cell

Dose level measurement

Radioactivity, 

etc., 

measuring 

equipment

Drying 

equipment

Equipment for 

measuring the 

amount of 

hydrogen (gas) 

generated

Sample 

container

Transfer to 

analysis facility Storage 

container

Manipulator
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the rational shape and operation of inner containers (2/3)

Study results [1]: study on the dimensions of inner containers

Case Name of study case Details of study*

Number of inner 

containers 

required

(per reactor)

Number of storage 

containers 

required(per 

reactor)

1

Provisional proposed method

(example of top-access retrieval 

Route B)

When top-access retrieval Route B and inner containers 

of the latest retrieval method (length and width of 500 Ĭ

height 300 mm) are used
10016 1425

2 Study on inner container dimensions

When the dimensions (length, width, and height) of the 

inner containers are changed (following are examples of 

three patterns that require the least number of storage 

containers)

[1] Length and width 335 mm Ĭheight 272 mm

[2] Length and width 450 mm Ĭheight 272 mm

[3] Length and width 535 mm Ĭheight 272 mm

[1] 27,216 [1] 807

[2] 14,612 [2] 867

[3] 10,180 [3] 956

Changing the 

dimensions can cut 

the number of 

containers by up to 

43%.

Waste storage rate of inner 

container

Metal waste: 10%

Concrete waste: 50%

Container thickness 

(6.4 mm) + 

shielding 

thickness1 + 

gap (25 mm)

1: 3 types 

(0, 60, and 140 mm)

Containers can be filled 

up to 85% of the height 

with consideration to the 

gap (25 mm)

Inner container size

Retrieval container: length and width 500 mm Ĭheight 300 mm

Inner container with modified size: length and width Ĭmm Ĭ

height Y mm

Table 1. Method of calculating the number of storage 

containers and inner containers (reference)

Figure 1. Conceptual image of study on the retrieval container and 

inner container of modified size

The assumed 

method delivers low 

storage efficiency 

and requires many 

storage containers.

*Container dimensions are outer dimensions.

Metal filling 

rate: 10%

STEP Calculation details Calculation formula Conceptual image of study

[1]

Calculation of the inner 

dimensions of the storage 

container

Inner dimension (length or width) of the storage container (m) = outer dimension (length or 

width) of the storage container - 2 × (shielding thickness + storage container thickness + 

gap)

Inner dimension (height) of the storage container (m) = [outer dimension (height) of the 

storage container - 2 × (shielding thickness + storage container thickness) - gap] × 85%

The inner dimensions are calculated by 

subtracting the shielding thickness, container 

thickness, and gap from the outer dimensions 

of the storage container (assuming that the 

container can be used up to 85% of the height 

with the lid closed).

[2]

Calculation of the inner 

dimensions of the inner 

container

Case 1: value obtained by subtracting the inner container thickness from the inner 

dimensions of the storage container

Cases 2, 4, 5: value obtained by subtracting the container thickness from the outer 

dimensions of the retrieval container for top-access retrieval Route B

Case 3: value determined based on the results of evaluation in which the dimensions of the 

inner container are used as parameters

Although the value differs by case, the inner 

dimensions shall be, in principle, the value 

obtained by subtracting the container thickness 

(assuming 2 mm) from the outer dimensions of 

the inner container.

[3]

Calculation of the number 

of inner containers that 

can be collected per 

storage container

Length: inner dimension (length) of the storage container / outer dimension (length) of the 

inner container = X inner containers (round down to the nearest 1)

Width: inner dimension (width) of the storage container / outer dimension (width) of the inner 

container = Y inner containers (same as above)

Height: inner dimension (height) of the storage container / outer dimension (height) of the 

inner container = Y inner containers (same as above)

Number of inner containers that can be collected per storage container = XYZ containers

The inner dimensions of the storage container 

is divided by the outer dimensions of the inner 

container to figure out how many inner 

containers can fit in the width, length, and 

height directions.

[4]

Calculation of the amount of 

waste collected per inner 

container (m3/container)

Amount of waste collected in a single inner container (m3/container) W = inner dimension 

(length) of the inner container (m) × inner dimension (width) (m) × inner dimension (height) 

(m) × waste-filling rate (metal: 10%, concrete: 50%)

The amount of waste that can be collected per 

inner container is calculated by multiplying the 

inner capacity of the inner container by the 

filling rate of each material.

[5]

Calculation of the amount of 

waste collected per storage 

container (m3/container)

Amount of waste collected in a single storage container (m3/container) = amount of waste that 

can be collected in the inner container (m3/container) W × XYZ containers

The amount of waste that can be collected per 

storage container is calculated using the 

number of inner containers that can be 

collected in a storage container and the amount 

of waste that can be collected in an inner 

container.

[6] Amount of waste (m3) Use the setting value of top-access retrieval Route B ˈ

[7]
Calculation of the number of 

storage containers
[6] / [5] ˈ

[8]
Calculation of the number of 

inner containers
[7] × [3] ˈ
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the rational shape and operation of inner containers (3/3)
Study results [2]: study on the usage method

More storage 

containers are 

used in the case 

of refill only.

Figure 1. Conceptual image of study on the retrieval container and inner container of modified size

Case Name of study case Details of study

Number of inner 

containers 

required

(per reactor)

Number of storage 

containers 

required(per 

reactor)

1

(For comparison) Provisional 

proposed method

(example of top-access retrieval 

Route B)

ÅWhen top-access retrieval Route B and inner 

containers of the latest retrieval method (length 

and width 500 Ĭheight 300 mm) are used.

ÅNo refill

10016 1425

2 Refill

ÅWaste is refilled into storage containers.

ÅAll inner containers are discarded.

ÅIt is assumed that waste inner containers* shall 

be discarded after collected them in a storage 

container with shielding thickness of 0 mm.

10016 1786

3 Refill, compression

ÅIt is assumed that waste inner containers can be 

compressed to 30% its height under the same 

conditions as in Case 2.

10016 952

4 Refill, reuse of inner container

ÅIt is assumed that waste inner containers are 

returned to the inside of the PCV and reused 10 

times under the same conditions as in Case 2.

1002 660

Compression or 

reuse depends on 

the method.

Collected in 

storage container

(refill)

To the transfer 

and storage 

process

Inside the PCV Outside the PCV

Waste

Reused Compressed

W
a
s
te

 in
n
e
r 

c
o
n
ta

in
e
r

Waste Shredded
Collected 

in inner 

container

Legends for the process of waste inner container

: Case 2 : Case 3 : Case 4

Case 2

Case 3Case 4

: Common

Summary and consideration
As preconditions (e.g., amount of wastes per dose) are revised 

continually, quantitative comparisons of optimal dimensions and 

number of storage containers used are not deemed significant.

The important knowledge are as follows:

[1] Changes in the dimensions of inner containers will likely change 

the number of storage containers drastically and have a great 

impact on storage. However, it is not realistic to fix the dimensions 

of the inner containers at the present time. It is desirable that the 

design is somewhat flexible to change.

[2] If it is difficult to optimize the dimensions, there is a prospect of 

alternative usage methods. However, study on refill equipment, 

reuse route (route for returning to PCV), etc., is necessary. It is 

also necessary to ensure traceability of the wastes.

Exchange of views was conducted with the Debris Retrieval 

project, and the results of the study have already been 

incorporated.

* Waste inner container: An inner container that was used to store wastes and is empty after 

the wastes have been transferred to a storage container.
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (1/9)

Assumed cases

Metal waste 

(top-access 

retrieval)

Concrete waste 

(top-access 

retrieval)

Metal waste 

(side-access 

retrieval)

Concrete waste 

(side-access 

retrieval)

Material Metal Concrete Metal Concrete

Hydrogen generation rate 

(m3/d)

(restated)
1.8E-02 1.1E-04 7.1E-05 1.1E-04

[1] Minimum hydrogen 

release rate @4 vol%

(mol/s/mol fraction)

2.3E-04 1.5E-06 9.2E-07 1.5E-06

Type of vent filter NF016S NF016L NF016L NF016L

[2] Hydrogen diffusion 

performance of vent filter 

(T = 2 C̄)

1.43E-04 3.22E-06 3.22E-06 3.22E-06

Minimum number of 

vent filters required
2 1 1 1

Volume of void inside 

the transport cask

3.25 m3 or 

more
0.02 m3 or more 0.01 m3 or more 0.02 m3 or more

Evaluation conditions

Å The type of vent filter was tentatively selected from those with a proven track record in the USA and that satisfy the hydrogen diffusion performance.

Å It is known that the hydrogen diffusion performance of the vent filter depends on the temperature: the lower the temperature, the lower the performance. 

Therefore, the temperature was corrected at 2 ÁC, which is the minimum design temperature of the storage facility.

Å The maximum transfer period of waste inside the premises was 7 days (in accordance with the assumed conditions when spent fuel is transferred).

The hydrogen release rate required to maintain the hydrogen 

concentration inside the storage container below 4 vol% is 

calculated using the following formula. (Based on the results of 

the investigation carried out in FY2018 on measures against 

hydrogen taken in the USA) [1]

Ὕ
ὗ Ὃ

ὔ ὔ ὢ
Ὕ: hydrogen release rate (mol/s/mol fraction)

ὗ: decay heat (Joule/s)

Ὃȡvalve (molecules/100eV)

ὔ : Avogadro constant (molecules/mol)

ὔ conversion constant (Joule/eV)

ὢ : hydrogen concentration inside cask (4 vol%)

Number where [2] > [1]

Volume of void required to maintain the 

hydrogen concentration inside the transport 

cask under 4 vol% for 7 days

Table. Results of evaluation on the number of vent filters required and the 

volume of void required in the transport cask

The hydrogen diffusion performance (catalog value*) of the vent 

filter was temperature-corrected using the following formula. 

(Based on the results of the investigation performed in FY2018 

on measures against hydrogen taken in the USA) [2]

Ὕȟ Ὕȟ ᶻ
Ὕ

Ὕ

Ȣ

TD,T = hydrogen diffusion performance at temperature T 

(mol/s/mol fraction)

T0 = temperature at known hydrogen diffusion performance 

(K)
*Results of tests at 21 ÁC (294 K)

Study results [3]-1: number of vent filters needed and volume of void in the transport cask

The number of vent filters that need to be installed to maintain the hydrogen concentration in the storage container below 4 vol% and 

the volume of void required to maintain the hydrogen concentration in the transport cask (sealed) below 4 vol% were evaluated.



©International Research Institute for Nuclear Decommissioning 50

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (2/9)

Object to be removed Steam-dryer

Case Water screen: 0.05 mm Water screen: 0.5 mm Water screen: 5 mm Water screen: 13.2 mm

Hydrogen generation rate (m3/d)

(restated) 2.80E-04 7.280E-04 1.02E-03 1.36E-03

[1] Minimum hydrogen release 

rate necessary @4 vol%

(mol/s/mol fraction)

3.62E-06 9.40E-06 1.32E-05 1.76E-05

Type of vent filter NF019 NF019 NF019 NF019

[2] Hydrogen diffusion 

performance of one vent filter 

(T = 2 C̄)

1.61E-05 1.61E-05 1.61E-05 1.61E-05

Minimum number of vent 

filters required
1 1 1 2

Volume of void inside the 

transport cask
0.05 m3 or more 0.13 m3 or more 0.18 m3 or more 0.24 m3 or more

Table. Results of evaluation on the number of vent filters required and the volume of void required in the transport cask

Study results [3]-2: number of vent filters required and volume of void required in the transport cask for different water layer thicknesses based 

on the evaluation of the amount of hydrogen generated

The number of vent filters required and the volume of void required in the transport cask were calculated in the same manner as the previous 

page using the results of the evaluation on the amount of hydrogen generated for different water layer thicknesses (0.05 to 13.2 mm) in the 

case where the dryer is the target item of removal.

In this table, only one type of vent filter was used so that the changes in the number of vent filters needed according to the water layer 

thickness can be detected. Other evaluation conditions are the same as the study results [3]-1.
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Work step
During transfer 

(including transfer inside the premises)
During temporary (long-term) storage

Illustration of the 

operation

Vent filter events 

that need to be 

considered

(1) Clogging of the vent filter

The contents stir up during the transfer, clog 

the vent filter, and prevent the release of 

hydrogen.

(2) Contamination due to dispersion of contents

Fine particles or gas components released from 

the vent filter contaminate the inside of the 

building and that of the transport cask.

(3) Corrosion and deterioration of the vent filter

The vent filter corrodes or deteriorates due to long-

term storage and ceases to satisfy the hydrogen 

diffusion performance (the side where the opening 

narrows). Or, the contents are more likely to 

disperse (the side where the opening widens).

(4) Performance degradation due to filter 

condensation

Moisture inside and outside the container condenses 

on the vent filter part and blocks the vent filter. As a 

result, the vent filter ceases to satisfy the hydrogen 

diffusion performance.

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (3/9)

Study results [4] (1/2): study on vent filter events that need to be taken into consideration as well as the proposal of 

measures against such events with reference to the process flow studied in FY2019

Table. Work steps and vent filter events that require consideration (1/2)

Contaminated area (low-surface dose):

Building

Carrying-

in/carrying-out cell

Pre-delivery inspection equipment

Contaminated area (medium-surface dose):

Temporary waste storage building

Drying area Temporary storage area

Ventilation 

system
Monitoring 

equipment
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Work step During transfer During temporary (long-term) storage

Proposed 

measures*

(1) Clogging of the vent filter

Å Install multiple vent filters (multiplexing) so that even if one 

clogs, hydrogen can be released through the others.

Å Make the mounting structure of the vent filter like a labyrinth 

so that the contents do not directly reach the vent filters.

Å As it is assumed that the vent filter gets clogged due to the 

contents stirring up during transfer, use a lid with a vent filter 

that is exclusively used during transfer (when storing the 

container, replace the lid with a lid having a vent filter, which is 

exclusively used during storage).

Å Evaluate the impact on the storage container in the event of 

an explosion at the expected hydrogen concentration.

(2) Contamination due to dispersion of contents

Å For fine particles, require a particle collection efficiency 

equivalent to that of HEPA (99.97% particle collection rate for 

0.3 ɛmparticles).

Å Develop area classifications (red, yellow, green) based on the 

assumed dispersion from vent filters to control contamination.

Å Inspect the storage container for surface contamination 

(decontaminate if necessary) before transfer inside the 

premises and before storage.

(3) Corrosion and deterioration of the vent filter

Å Select SUS316L or carbon composite materials 

that are corrosion-resistant in atmospheric 

environment for the vent filter media (sintered 

porous filter).

Å Confirm corrosion resistance with test pieces of 

the same material under the same conditions (or 

harsher conditions).

(4) Performance degradation due to filter 

condensation

Å Control the temperature and humidity using 

ventilation system of the storage facility to 

prevent condensation.

Å If the ventilation system of the storage facility 

stops functioning and condensation occurs, it is 

critical to restore the ventilation system and 

eliminate condensation before the hydrogen 

concentration in the storage container exceeds 

4 vol%. Ensure that the hydrogen concentration 

inside the storage container does not exceed 4 

vol% within the estimated time that is required 

for restoring the ventilation system. If it exceeds 

4 vol% (the time margin cannot be secured), 

ensure that the ventilation system is running at 

all times by multiplexing the ventilation system 

or by preparing an emergency power supply.

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (4/9)

*These examples are only proposals, and not all the measures are provided in the table.

Study results [4] (2/2): study on vent filter events that need to be taken into consideration and proposal of measures against 

such events with reference to the process flow studied in FY2019

Table. Work steps and vent filter events that require consideration (2/2)



©International Research Institute for Nuclear Decommissioning 53

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (5/9)

Study results [5]-1 (1/2): organization of requirements and study policy of vent filters

The requirements of vent filters when storing waste in a storage container with a vent filter and the policy of study are organized as follows.

No. Function Requirements of vent filters Policy of study on vent filters Remarks (issues, concerns, etc.)

Safety aspects

1

Confinement

Gas shall be removed, and leakage of 

radioactive materials from the storage 

container shall be prevented.

The applicability of HEPA filter, 

which is well proven in foreign 

countries and for secondary 

waste generated from water 

treatment, shall be evaluated 

and vent filters (mesh size and 

structure of filter), that can 

provide both hydrogen release 

performance and confinement 

function shall be studied.

Å The design condition of the amount 

of hydrogen generated needs to be 

established to specify the mesh size 

of the vent filter (or the size of the 

vent filter).

ÅThe contents that pass through the 

vent filter need to be evaluated on 

the amount released and the amount 

of exposure dose resulting from the 

release.

2

The leakage of radioactive materials 

associated with the release of gas from the 

vent filter shall be appropriately reduced.

3

The leakage of radioactive materials shall 

be appropriately reduced, even in the event 

of a fall, which is an event that should be 

envisioned.

4 Criticality
ˈ

(Not applicable)

ˈ

(Not applicable)

Å It is a premise that there is no 

possibility of criticality.

5 Shielding
ˈ

(No requirements)

The vent filter shall not have a 

shielding function.

Å Measures such as placing a cover 

(unsealed) with a shielding function 

on the top section of the vent filter 

need to be taken.

6
Hydrogen 

explosion

The design used shall be able to maintain 

the hydrogen concentration inside the 

container below the design value.

A vent filter that can keep the 

hydrogen concentration in the 

storage container below 4 vol% 

in reaction to the amount of 

hydrogen generated shall be 

selected.

Å It is necessary to study how much 

margin shall be given for the 

flammability limit of hydrogen (4 

vol%).

Table. Requirements and study policy of vent filters (1/2)
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (6/9)

Table. Requirements and study policy of vent filters (2/2)

No. Function Requirements of vent filters Policy of study on vent filters Remarks

Handling aspects

1 Remote control

If the vent filter requires 

replacement, it shall be possible to 

detach and attach the vent filter 

through simple actions by remote 

control.

(If the vent filter does not need 

replacement, remote control does 

not need to be considered.)

Å If the vent filter needs replacement, it 

shall have a structure that enables 

easy attachment and detachment by 

remote control.

Å In the event the vent filter comes 

to need replacement, it is 

necessary to reflect the design to 

the lid of the container.

2

Drying 

treatment 

(when waste 

undergoes 

drying 

treatment in a 

storage 

container)

Å The vent filter shall exhibit heat 

resistance that can withstand the 

drying temperature.

Å It shall be possible to place a lid 

on the vent section.

Å The material of the vent filter shall be 

equivalent to those of the containers.

Å The container shall have air supply 

and exhaust nozzles attached and 

have a structure in which the vent filter 

can be closed with a cap. Or, the vent 

filter shall be attachable to and 

detachable from the lid of the storage 

container.

Å The dispersion of solid waste 

during drying needs to be dealt 

with by the exhaust gas treatment 

system of the drying equipment.

3
Condensation 

during storage

Condensation during storage shall 

be dealt with by the building 

(ventilation and air-conditioning).

It is necessary to confirm whether 

condensation causes lower 

performance of vent filters.

ˈ

Study results [5]-1 (2/2): organization of requirements and study policy of vent filters

The requirements of vent filters when storing waste in a storage container with a vent filter and the policy of study are organized as follows.
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (7/9)

Study results [5]-2: organization of requirements and study policy of containers

With regard to the requirements of containers when storing waste in a storage container with a vent filter, the study policy is organized as 

follows with reference to the technical requirements (Atomic Energy Society of Japan Standard) of L1 containers.

No. Function
Technical elements of L1 

containers
Technical requirements of L1 containers

Study policy of 1F 

containers

Measures for preventing spread of contamination

1

Evaluation method 

(container design 

specifications, lid 

attachment 

methods)

1) Appropriate container 

specifications (structures 

and materials) shall be 

adopted.

2) Appropriate specifications 

of joint between the 

container and its lid 

(structures and materials) 

shall be adopted.

3) Appropriate method for 

attaching the container 

and its lid shall be 

adopted.

1) Specifications of container

1.1) Quality of materials used

1.2) Overall structure of container

2) Specifications of the container and its lid

2.1) Structure of the joint between the lid and 

container

2.2) Material of joint (physical properties)

2.3) Conditions for the attachment of lid

3) Method for attaching the container and its lid

3.1) Management items for the method of 

attaching the container and lid

3.2) Items for inspection when attaching the lid

ÅConformity to the storage 

of solid waste at 1F shall be 

confirmed.

(e.g., rubbles with dose that 

exceeds 30 mSv/h shall be 

stored1 on the second floor 

in the basement of solid 

radioactive waste storage 

facility No. 9)

2

Margin 

(requirements that 

should be 

managed during 

manufacturing of 

containers)

The management requirements 

for manufacturing containers 

that enables the container to 

maintain its sealability shall be 

pointed out explicitly.

1) Inspection and management at container 

manufacturing stage

2) Management during the attachment of lid

ÅManagement that suits the 

properties of the waste is 

needed.

(e.g., secondary waste 

generated from water 

treatment (such as slurry 

generated by multi-nuclide 

removal system) shall be 

stored in a container with a 

vent filter)

Table. Requirements and study policy of storage containers (1/2)

1: ñ2.1 Management of radioactive wasteò of Fukushima Daiichi Nuclear Power Station Specified Nuclear Facility ImplementationPlan
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (8/9)

Study results [5]-2: organization of requirements and study policy of containers

With regard to the requirements of containers when storing waste in a storage container with a vent filter, the study policy is organized as 

follows with reference to the technical requirements (Atomic Energy Society of Japan Standard) of L1 containers.

No. Function
Technical elements 

of L1 containers
Technical requirements of L1 containers

Study policy of 

1F containers

Physical stability (strength to withstand load): in the case of providing stability with the container

3

Evaluation 

conditions (load 

conditions that 

should be taken into 

account)

1) The load 

conditions that 

should be taken 

into account 

shall be 

indicated.

1) Load conditions

1.1) Hoisting load

1.2) Stacking load

1.3) Load for filling inside pit

ÅStrength that can 

withstand the stacking load 

during storage, strength 

that can withstand a fall 

from an imaginable height 

(stacking is also adopted at 

the 1F solid radioactive 

waste storage facility)

4

Evaluation method 

(container design 

specification and 

strength evaluation 

model)

1) Design 

specifications of 

the container 

(material quality, 

manufacturing 

specifications) 

shall be explicitly 

pointed out.

2) An analysis shall 

be conducted 

using a strength 

evaluation model 

appropriate for 

the waste.

1) Requirements regarding container design 

specifications

1.1) Quality of the materials used (physical 

properties, limit of stress intensity)

1.2) Container manufacturing specifications

- Container structure

- Container dimensions

- Requirements of the container manufacturing 

method

2) Analysis of waste using strength evaluation model

2.1) Design events and development of the 

evaluation model for the stress created

2.2) Calculation method

2.3) Calculation results (state of deformation, 

distribution of stress, etc.)

ÅContainer structure that 

takes into account nozzles 

for drying and vent filters

ÅContainer dimensions that 

take into account inner 

containers and storage 

facility

Table. Requirements and study policy of storage containers (2/2)
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measures against the generation of gas (9/9)

Summary

Achievements so far

Challenges

V The number of vent filters that storage containers require and the minimum volume of void 

necessary in the transport cask were evaluated based on the results of the evaluation on the 

amount of hydrogen generated. The results gave a prospect that measures against the generation 

of hydrogen can be taken without major changes based on the performance of existing equipment.

V Requirements of vent filters and containers were organized with reference to L1 containers and 

track record related to secondary waste generated from water treatment at 1F.

V The challenges are to study the process up to storage appropriate for the waste and to study the 

failure modes and method of evaluating the impact on the performance of vent filters.

V It is necessary to develop a concrete design considering the troubles that may occur in the future 

and measures against such events when the period of storage of the container becomes longer.
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(1) Results of investigation of existing drying treatment technologies

ü The preconditions concerning drying treatment (Table 1) were studied.

ü Eight methods were identified by combining heat transfer forms (four methods) and waste transportation (two methods) based on the 

basic principle of drying.

ü The above methods were compared1. It was confirmed that the convection (static) method and conduction (static) method may be 

applicable to existing technologies, and multiple heat transfer forms (convection, conduction, radiation) can be used together.

Table 2. Investigation results of existing technologies concerning the drying treatment

(results of comparative study on the eight identified methods)

*The comparison results of applicable methods are in bold.

Table 1. Preconditions concerning the drying treatment

1: Applicability with regard to bulky metal and concrete waste (considering the shape, moisture, and radiation), interaction with other studies (container, storage building), items to be studied for container 

corrosion countermeasures, and impact (dust, hydrogen) during the drying process

FY2019 implementation details

(1) Investigation of existing drying treatment technologies (including organization of conditions); 

(2) study on the requirements of the drying treatment facility

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on drying treatment (1/13) Investigation of existing drying treatment technologies

Major items
Minor 

items
Conditions

Properties 

of the 

wastes 

targeted

Status of 

raw waste

ÅRemoved wastes associated with debris retrieval

(wet due to the cooling water in the reactor; wastes 

are in bulks and are assumed to be drained)

Treatment 

for 

temporary 

storage

ÅThe raw wastes generated during debris retrieval 

is cut in the PCV to a size equal to or smaller than 

the inner container. It is drained by its own weight. 

and no treatment other than drying is performed 

before temporary storage.

Application 

to retrieval 

flow

ÅThe options of measures against hydrogen are 

complete drying method (sealed container) or 

vent method (unsealed container).

ÅThe drying treatment carried out at the storage 

building mainly contributes to the confinement in 

the container (measures against corrosion).

(Containers for wastes shall be refillable until the 

container corrosion measures during storage 

become feasible.)

Investigation items Investigation results
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Shape Inner 

container

Four forms (static): can be static or stationary inside the drying equipment

Conduction (transfer): cannot be stationary inside the drying equipment

Collected 

bulky waste

Convection (static, transfer), conduction (static), radiation (static): does not require additional processing and is 

applicable to bulky waste

Conduction (transfer): needs additional processing in addition to retrieval from the inner 

container

Radiation (transfer), microwave (static, transfer): requires retrieval from the inner container and additional processing as 

necessary

Applicable to bulky waste with no or slight water penetration

Moisture Reduction 

index

Absence of moisture: possible up to equilibrium moisture content

Presence of moisture: has a limit to the moisture content and a depth from the surface from which it can be irradiated for 

each method

Amount 

brought in

Four forms (static), convection (transfer), radiation (transfer), microwave (transfer): has no limitation

Conduction (transfer): has limitation

Considerations related 

to radiation

Four forms (static): requires shielding appropriate for the amount handled; requires maintenance for only a 

small number of sites as there are only few drive parts and interior parts inside the 

equipment

Four forms (transfer): requires shielding appropriate for the amount handled; requires maintenance for a large number of 

sites as there are many drive parts and interior parts inside the equipment
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Container Four forms (static): dimensions, structure, and transportation method of inner container

Convection (transfer), radiation (transfer), microwave (transfer): method of transfer inside the drying equipment in addition 

to the above

Conduction (transfer): method of retrieving wastes from the inner container, method of collecting waste in the inner 

container after drying

Storage building Common methods: air supply and exhaust systems, power (electric power) system

Study items required for 

container corrosion measures

Common methods: status of adhesion of free water on target waste (metal, concrete)

Corrosion margin based on the amount of residual water after the drying treatment
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Dust (solid) Common method: requires confinement (filtering) in the air supply and exhaust system, including the generation of 

airflow in the drying equipment

Hydrogen Convection (static, transfer), conduction (static), radiation (static): scavenge from the system by exhaust 

(including vacuum)

Conduction (transfer): requires confirmation on the complexity of the structure of the drying equipment (degree of 

difficulty of scavenging) and the possibility of controlling the temperature of the heat transfer part 

(hydrogen ignition prevention)

Radiation (transfer), microwave (static, transfer): requires confirmation on the possibility of controlling the temperature of 

the waste (hydrogen ignition prevention) even though hydrogen is 

scavenged from the system through the exhaust
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*2: The following seven matters were organized.

ÅConditions of the target waste to be considered Å Method of removing free water Å Method of drying free water Å Evaluation of appropriate removal or drying method

ÅRequirements for ensuring that the waste does not include a large amount of free water Å Adaptability to the procedures of the drying treatment for individual containers

ÅOperation management indicators and treatment conditions

Table 1. Comparison of the Atomic Energy Society of Japan Standard and concepts 

of drying treatment for wastes generated during debris retrieval (excerpt)

*1: The Atomic Energy Society of Japan Standard ñTechnical requirements and test 

method for manufacturing sub-surface industrial waste package: 2015ò (standard for operators to 

perform burial disposal of radioactive waste generated from nuclear power plants and reprocessing 

facilities by means of waste conditioning)

*3: Safety regulations related to the marginal depth disposal of low-level radioactive 

waste (January 2008, Advisory Committee on Energy and Natural Resources, Nuclear and Industrial 

Safety Sub-committee, Waste Safety Sub-committee)

*4: The Regulation related to the Project for Category 2 waste disposal resulting from 

nuclear fuel substances or from wastes contaminated by nuclear fuel substances (Burial Project 

Regulations)

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (2/13) Study on the requirements of the drying treatment facility (1/2)

Concept related to the drying treatment in the Atomic Energy 

Society of Japan Standard ñTechnical requirements and test 

method for manufacturing sub-surface industrial waste package: 

2015ò*1

Concept of the drying treatment 

for wastes generated during 

debris retrieval

Items

1 Scope of 

application
Methods used by operators to review conformance with 

requirements and technical standards during 

waste conditioning for marginal depth disposal.

(Excluding technical requirements from waste disposal facilities 

or pertaining to transportation)

Treatment from 

generation during retrieval 

up to temporary storage

(Not applicable to the treatment for 

waste conditioning)

4.1 Requirements

(Attachment D 

(reference))

Based on the marginal depth disposal report*3 and burial disposal 

project declaration*4 (Table D.1), it is interpreted that the removal 

of free water contributes to the ñsufficient strength of waste 

packagesò and ñmeasures to prevent the spread of contamination 

(airtightness of containers).ò

When using a sealed container for 

temporary storage, free water is 

removed beforehand to prevent 

the generation of 

hydrogen gas and 

corrosion (achieve 

airtightness of container).
(Excluding complete drying for the 

strength of waste packages or for 

disposal)

4.2.1 Removal of 

free water when 

enclosing in a 

container

If free water remains in the waste package, free water is removed 

before sealing the container (defined separately for ñvacuum-

dryingò and ñother than vacuum-dryingò). 

Table 2. Comparison of existing technologies and drying treatment requirements*5

*5: Below are the legends for the results of method comparison.

ǒ: can satisfy the conditions, ƶ: difficult to or cannot satisfy the conditions

M
e
th

o
d Form of heat transfer Convection Conduction Radiation Microwave

Transport of waste Static Transfer Static Transfer Static Transfer Static Transfer
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Conditions of target 

waste

Of the conditions of target wastes present in the PCV, a plan can be made for information on the types, shapes, and storage locations (the wastes are currently in 

the PCV as it is before retrieval). However, the state of the free water is uncertain.

Method of removing free 

water

ừ Free water can be removed by following the 

method.

ừ Time required for the removal depends on the 

amount of moisture brought in.

ừ Same as on the 

left.

Ỏ There are 

constraints.
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ừ Free water can be removed by 

following the method.

ừ Time required for the removal 

depends on the amount of moisture 

brought in.

Method of drying free 

water

ừ The existing 

technologies are 

applicable.

ừ The conditions 

and retention time 

can be specified.

Ỏ There are 

many sites 

that require 

maintenance 

in the 

equipment.

ừ Same as 

on the left.

ừ The existing 

technologies are 

applicable.

ừ Same as on 

the left.

Ỏ Additional 

processing is 

required.

Ỏ Transferring 

conditions are 

complex.

Ỏ The temperature of wastes needs to 

be measured remotely.

ừ The conditions and retention time can 

be specified.

Evaluation of appropriate 

removal or drying method

ừ Concepts in the existing AESJ Standard are 

applicable.

Ỏ The model for 

transfer inside the 

drying equipment is 

complex.

Ỏ It is difficult to apply the concepts of 

temperature in the existing AESJ 

Standard.

Requirements for 

ensuring that the waste 

does not include a large 

amount of free water

ừ The operation treatment conditions and necessary 

retention time can be specified.

Ỏ The specification of 

the time required for 

transfer inside the 

drying equipment is 

complex.

Ỏ The specification of operating 

conditions (temperature) is complex.

Adaptability to the procedures of 

the drying treatment for individual 

containers

ừ The method is 

adaptable.

*Same as on 

the left.

(Equipment for 

preventing the 

spread of 

contamination 

is upsized.)

*Same as on the 

left.

Ỏ The contents need 

to be taken out.

Ỏ The impact of containers on 

irradiation needs to be checked.
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Operating conditions
ừ The conditions 

can be specified.
Ỏ The specification of 

the time for transfer is 

complex.

Ỏ The specification of operating 

conditions (temperature) is complex.

Amount of residual water

Operation time

ừ The conditions 

can be specified.

Ỏ The impact of containers on 

irradiation during operation time 

(retention time) needs to be checked.

(2) Results of the study on the requirements of the drying treatment facility (1/2)

ü The Atomic Energy Society of Japan StandardñTechnical requirements and test method for manufacturing sub-surface industrial waste 

package: 2015ò*1 was referred to for the requirements of burial disposal of radioactive waste packages within Japan (Table 1), and the 

concepts of drying treatment for the wastes in this study were compared and organized*2 (Table 2).

ü As a result of the above study, it was confirmed that among existing technologies, the convection (static) and conduction (static) 

methods are expected to be applicable to the requirements of the drying treatment, response to procedures of the drying treatment for 

individual containers, and concept of operation management indicators.
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Table 1. Requirements of the drying treatment facility

(2) Results of the study on the requirements of the drying treatment facility (2/2)

ü The requirements for the drying treatment facility are set out by organizing the investigation results of existing technologies and 

requirements.

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (3/13) Study on the requirements of the drying treatment facility (2/2)

Items Requirements of the drying treatment facility Remarks
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Conditions of 

target waste

Specification of types, shapes, storage locations, and state of 

free water adhesion shall be possible.

(As it is difficult to conjecture the state of free water adhesion at 

this point in time, it is specified as management category I for 

metal wastes and management category I or II for concrete 

wastes (considering the moisture inside) based on the concepts in 

the existing Atomic Energy Society of Japan Standard 

(Attachment E).)

The concepts in the existing 

Atomic Energy Society of 

Japan Standard are 

applicable.

Measures for 

preventing spread 
of contamination

The confinement of radioactive substances in the container 

and at the drying treatment facility before and after the drying 

treatment should be possible.

Material: carbon steel SS material

Structure of the container: Attachment of a vent filter that can 

prevent the spread of contamination to a square-shaped container 

that is being used in the premises of 1F is being studied.

Substances that 

may compromise 
the soundness

The facility shall dry free water, which may impair the 

confinement function of sealed containers.
There shall not be any material that significantly promotes corrosion (waste acid: 

hydrogen ion concentration index of 2.0 or less, waste alkali: hydrogen ion 

concentration index of 12.5 or more) or generates significant amount of gas 

(pyrophoric substances, water-reactive substances).

Based on the properties 

specified for conceivable 

wastes

Method of 

removing free 

water, method of 

drying, and 
evaluation

It shall be possible to remove free water and evaluate the 

drying method using the methods of existing technologies.

(The time required for removal depends on the amount of 

moisture brought in along with the waste, and the conditions and 

retention duration can be specified.) 

The technology that can be 

applied to the requirements of 

the drying treatment shall be 

identified through 

investigation of existing 

technologies.

The concepts in the existing 

Atomic Energy Society of 

Japan Standard are 

applicable.

Requirements for 

ensuring that the 

waste does not 

include a large 

amount of free 
water

It shall be possible to specify the operation and treatment 

conditions and required retention time.
Same as above

Drying treatment for 

individual containers

The drying treatment shall be performed for individual 

containers after collecting radioactive substances (waste) in 

the container.
Same as above

Operation 

management 

index

Amount of 

residual 

water

Operating 

conditions

Operation 

time

It should be possible to specify the amount of residual water 

(representative value), operating conditions (pressure, 

temperature, amount of exhaust and ventilation), and 

operation time (retention time determined based on the tests) 

using the methods of existing technologies (vacuum-drying, 

those other than vacuum-drying) appropriate for the 

condition of radioactive waste (management classification).

Same as above

Items Requirements of the drying treatment facility Remarks

Applicability 

to the 

targeted 

waste

Shape, 

properties

It shall be possible to handle wastes associated with debris 

retrieval (bulky metal or concrete waste that is wet with 

reactor cooling water and drained) by storage containers 

(containing inner containers).

Based on the properties 

specified for conceivable 

wastes

It shall be possible to reduce the amount of free 

water brought in along with wastes associated with 

debris retrieval to a level where it can be temporarily 

stored.

Applicable technologies 

are identified by 

investigating existing 

technologies.

Considerations 

related to 

radiation

It shall be possible to have shielding appropriate 

to the amount of waste handled. The treatment 

facility shall not have any actuators or internal 

parts inside, or if it does have actuators or internal 

parts, their maintenance should be possible.

Same as above

Treatment for temporary 

storage

Raw wastes associated with debris retrieval shall be cut 

inside the PCV to the size of an inner container or 

smaller, drained by its own weight, and transported to and 

received by the drying treatment facility. In the drying 

treatment facility, the only treatment provided shall be the 

drying treatment before temporary storage.

Based on collection, transfer, 

and storage flow

Application to retrieval flow

Hydrogen measures shall be classified for 

sealed or non-sealed containers, and the drying 

treatment in the storage building shall mainly be 

performed for confinement in the container 

(measures against corrosion) 1.

1: Containers for wastes shall be refillable until the container 

corrosion measures during storage become feasible.

Studied based on the 

target waste

Compatibility 

with container 

and storage 

building

The container (dimensions, structure, transport 

method) and storage building (air supply and 

exhaust systems, power systems) shall be 

compatible.

Applicable technologies 

are identified by 

investigating existing 

technologies.

Impact 

during the 

drying 

treatment

Dust (solid), 

hydrogen

To prevent the spread of contamination, radioactive 

substances (dust) shall be removed (filtered) in 

the air supply and exhaust systems of the drying 

treatment facility.

The hydrogen generated during the drying 

treatment shall be scavenged from the system

without allowing it to remain inside the facility.

Same as above
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (4/13) Study on the basic functions of the drying treatment facility (1/4)

Precondition: The drying treatment shall be conducted after transferring the storage container to the storage building.

(3)-1 Comparative evaluation of the drying treatment methods

ü In FY2019, the convection (static) method and conduction (static) method were evaluated to be applicable.

ü The possible methods of carrying in target objects (wastes) into the drying equipment are the method of carrying in the storage 

container and the method of taking out and carrying in the inner containers. Both methods require the lid of the storage container to be 

opened for the drying treatment, and there are concerns about contamination spreading across a wide range of area. (When taking out 

the inner containers, placement of storage container outside the cell is considered.)

ü As a method that prevents the spread of contamination and conducts drying treatment on individual storage containers, there is a

method in which the container is connected to the drying equipment with a nozzle, and only the nozzle is decontaminated.

FY2020 implementation details

(3) Study on the basic functions of the drying treatment facility (4) Study on the concept of the drying treatment facility

Reactor building: 

generation and retrieval of 

wastes

Waste
Inner 

container Storage container Transfer cask

Drying 

equipment

Addition: collection and 

delivery of wastes

Storage building: acceptance 

and storage of wastes

[2] Study on the requirements of containers and 

storage facilities

: study on the rational shape of containers

[2] Study on the requirements of containers and storage facilities

: study on measures against the generation of gas

[2] Study on the requirements of containers and 

storage facilities

: study on the drying treatment

[1] Investigation and evaluation of information 

on wastes and study on methods for the 

storage of high-level radioactive wastes

[2] Study on the requirements of containers and 

storage facilities
: study on the measurement methods and measurement equipment

Overview of the study and evaluation of storage and management methods

1F premises: 

transfer inside the 

premises

Transport vehicle
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Drying treatment 

methods

A [1] Deliver storage container into the 

drying equipment

A [2] Remove inner container and place in 

the drying equipment

A [3] Attach nozzles to the 

storage container

Conceptual diagram 

of the methods

Necessity of the 

opening storage 

container lid

Needs to be opened Same as that on the left Does not need to be opened

Target of handling 

(control method)

Storage container (remote control) Inner container (remote control) Air supply and exhaust hoses 

(direct operation)

Range of 

decontamination

Outer surface of the storage container Lid of the storage container Connecting portion of the 

nozzles

Matters that need to 

be considered to 

prevent the spread 

of contamination

Requires installation of the entire drying 

equipment inside the cell

Same as that on the left

Ensure airtightness between the remote control 

cell and the outside of the cell

Prevent the dispersion of 

contamination when attaching/

detaching the nozzle connection

Issues

Å The drying equipment is large.

Å The range of decontamination is wide.

Å Remote control cell is required.

Å Passage of hot air into the storage container 

needs to be secured.

Å Residual moisture in the storage container needs to 

be treated.

Å There is no double seal function for the size of the 

storage container lid.

Å Remote control cell is required.

Å Nozzles need to be attached to 

the storage container.

Applicability Ĭ Ĭ ₃

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (5/13) Study on the basic functions of the drying treatment facility (2/4)

Table 1. Comparison of the drying treatment methods: convection (static) method

Storage container

Drying 

equipment

Hot air

Exhaust

(Open storage 

container lid)

Drying 

equipment

Inner container

Hot air

Exhaust

Hot air

Remote 

control cell

Remote 

control cell

*

*The method is likely applicable if the drying treatment is carried out immediately after retrieving the waste from the reactor building (after collecting in the inner container).

Outside the remote control cell

Exhaust
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (6/13) Study on the basic functions of the drying treatment facility (3/4)

Table 2. Comparison of the drying treatment methods: conduction (static) method

Drying treatment 

methods

B [1] Deliver storage container into the 

drying equipment

B [2] Remove the inner container and place 

in the drying equipment

B [3] Attach nozzles to the 

storage container

Conceptual diagram 

of the methods

Necessity of the 

opening storage 

container lid

Needs to be opened Same as that on the left Does not need to be opened

Target of handling 

(control method)

Storage container (remote control) Inner container (remote control) Air supply and exhaust hoses 

(direct operation)

Range of 

decontamination

Outer surface of the storage container Lid of the storage container Connecting portion of the 

nozzles

Matters that need to 

be considered to 

prevent the spread of 

contamination

Requires installation of the entire drying 

equipment inside the cell

Same as that on the left

Ensure airtightness between the remote control 

cell and the outside of the cell

Prevent the dispersion of 

contamination when 

attaching/detaching the nozzle 

connection

Issues

Å The drying equipment is large.

Å The range of decontamination is wide.

Å Remote control cell is required.

Å Residual moisture in the storage container needs 

to be treated.

Å There is no double seal function for the size of the 

storage container lid.

Å Remote control cell is required.

Å Nozzles need to be attached to the 

storage container.

Applicability Ĭ Ĭ ₃

Storage container

Drying 

equipment

Exhaust

(Open storage 

container lid)

Drying 

equipment

Inner container

Exhaust

Remote 

control cell

Remote 

control cell

*

*The method is likely applicable if the drying treatment is carried out immediately after retrieving the waste from the reactor building (after collecting in the inner container).

Heater Heater

Exhaust

(Examples of vacuum)
Outside the remote control cell

(The image shows an example of 

vacuum; an air supply nozzle shall 

also be installed for atmospheric air 

supply and exhaust)
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (7/13) Study on the basic functions of the drying treatment facility (4/4)

(3)-2 Basic functions of the drying treatment facility

ü The basic functions (heating, exhaust, confinement, grasping of dryness) of nozzle connection methods that are applicable to 

convection (static) and conduction (static) methods are organized.

(As the storage container will be used without opening the lid, the shielding function can be ensured by the container.)

ü In addition to the above, methods for installing nozzles are provided as part of the container structure.

ü The conduction method of B [3] is separated into ñvacuumò and ñatmospheric air supply and exhaustò as necessary.

Drying treatment 

methods
Heating Exhaust Confinement

Grasping of 

dryness

Method of installing 

nozzle

A [3]: Convection (static) 

method, nozzles attached

Install a blower and 

heater to the air 

supply side and 

supply hot air
(dehumidified air or dry 

nitrogen is used)

Å Collect dispersed contents and dust

ÅCollect moisture

ÅExhaust through blower on the 

exhaust side

ÅInstall filter on 

the exhaust side
(take account of 

responses such as 

closing the vent 

filter with regard to 

the storage 

container with a 

vent filter)

ÅInstall a sealing 

lid on the 

connection 

coupler

Measure the humidity 

of the exhaust

[1] Attach the nozzle to 

the body of the storage 

container

[2] Attach the nozzle to 

the lid of the storage 

container (take into 

account the use of vent 

filter)

(Install a connection coupler 

to the nozzle connection)

B [3]: Conduction (static) 

method, nozzle attached

Heat the container 

from the bottom and 

sides of the storage 

container with 

heaters

Vacuum

ÅCollect dispersed contents and dust

ÅCollect moisture

ÅExhaust with a vacuum pump

Atmospheric air supply and exhaust

ÅCollect dispersed contents and dust

ÅCollect moisture

ÅExhaust through blower on the 

exhaust side

Same as above Vacuum

Measure the degree of 

vacuum

Atmospheric air supply 

and exhaust

Measure the humidity 

of the exhaust

Same as above

(vacuum: one for exhaust, 

atmospheric pressure: 

one for air supply and one 

for exhaust)

Table 1. Basic functions of the drying treatment facility

Hot air Exhaust

(Example of vacuum)

Exhaust

Heater



©International Research Institute for Nuclear Decommissioning 65

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (8/13) Study on the concept of the drying treatment facility (1/5)

(4)-1 Study on the method of nozzle installation

ü The introduction of hot air supply to the lower section of the inside of the container can heat and dry all of the inside of the container.

V If the hot air supply nozzle is attached to the container lid, it is difficult to insert the end where the hot air comes out to the lower section 

of the container.

V For this reason, the hot air supply nozzle shall be attached to the body of the container, and the end shall be placed at the lower section 

inside the container. (Refer to the diagram below for the placement plan.)

ü There are three possible exhaust nozzle installation methods as shown below. The method studied is [1], which does not require modification 

of the vent filter.

[1] Attach the exhaust nozzle to the container body (place a sealing lid on the vent filter section on the container lid)

[2] Attach the exhaust nozzle to the vent filter section on the container lid (use the vent filter for exhaust)

[3] Remove the vent filter from the container lid and attach the exhaust nozzle to the vent filter section

[1] Install an exhaust nozzle onto 

the body of the container

[2] Install the exhaust nozzle onto 

the vent filter section

[3] Remove the vent filter and install 

the exhaust nozzle

Hot air supply

Hot air supply

Vent filter

Sealing lid

Exhaust of 

off-gas

Storage 

container 

body

Lid of the storage 

container

Exhaust of 

off-gas

Sealing lid

Hot air 

supply

Hot air 

supply

Hot air 

supply

Hot air 

supply

Exhaust 

nozzle

Exhaust of off-gasExhaust nozzle

Vent filter

Exhaust nozzle

Exhaust of off-gasExhaust nozzle

Exhaust nozzle

(Side view) (Side view) (Side view)

(Top view) (Top view) (Top view)

End of hot air 

supply nozzle

End of hot air 

supply nozzle

End of hot air 

supply nozzle

End of hot air 

supply nozzle

End of hot air 

supply nozzle

End of hot air 

supply nozzle

Air supply 

nozzle
Air supply 

nozzle

Air supply 

nozzle

Air supply 

nozzle
Air supply 

nozzle

Air supply 

nozzle Exhaust 

nozzle
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (9/13) Study on the concept of the drying treatment facility (2/5)

(4)-2 Study on the method of hot air supply

ü With regard to hot air supply, there are cases where dry air is used and cases where dry inert gas (nitrogen) is used.

[1] An air supply system that uses atmospheric air as dry air can be used by combining a dehumidifier.

[2] Gas cylinders can be used to supply dry nitrogen if the amount used is small. (Blower may be eliminated.)

[3] If the amount of dry nitrogen used is large, there are options of using nitrogen generators (e.g., PSA* nitrogen generators) and 

recycling nitrogen.

[1] Dry air

Dehumidifier Blower Air supply heater

Storage 

container

Nitrogen cylinder

[2] Dry nitrogen (supply from cylinder)

Blower
Nitrogen generator

(separates hydrogen 

and moisture)

[3] Dry nitrogen 

(manufacturing of nitrogen)

NitrogenAir

Storage 

container

Storage 

container

*Pressure Swing Adsorption

It is likely possible that nitrogen can be supplied as part 

of the utility system as it is shared with canister drying. 

A nitrogen generator shall be installed as a utility 

equipment.

Air supply heater

Air supply heater

The different uses of dry air and dry nitrogen need to be determined by whether measures against fire and explosion are 

required. However, as it cannot be denied that hydrogen accumulates inside the storage container immediately after transfer to 

the storage building, therefore the method that uses dry nitrogen is selected.
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (10/13) Study on the concept of the drying treatment facility (3/5)

(4)-3 Study on the method of exhaust

ü The options of exhaust methods are atmospheric exhaust and decompression exhaust.
[1]Atmospheric exhaust is a method in which heated dry nitrogen is supplied from the air supply nozzle and exhausted from the 

storage container with the blower on the exhaust side.

A condenser for the collection of moisture and a filter for the prevention of the spread of contamination are installed on the 

exhaust side.

[2]Decompression exhaust is a method of exhausting air with a vacuum pump in the exhaust side while heating the storage 

container with a heater to raise the temperature and prevent freezing.

A prefilter to maintain the operation of the vacuum pump (active component), a vacuum pump necessary for decompression, a 

condenser to collect moisture, and a filter to prevent the spread of contamination are installed on the exhaust side.

Storage 

container

Storage 

container

Heater for storage 

container

Prefilter Condenser Filter

FilterCondenser Blower

[1] Atmospheric exhaust

[2] Decompression exhaust

Nitrogen gas supply

Vacuum pump

Connected to the off-

gas treatment system

Connected to the off-

gas treatment 

system
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (11/13) Study on the concept of the drying treatment facility (4/5)

(4)-4 Study on the outline of the overall system

ü The outline of the overall system was specified by combining the results of the study on the hot air supply method and exhaust method. The 

basic concept is as follows.

[1] Convection (static) method: This is advantageous for heating waste but requires time to raise 

the temperature inside the container.

Conduction (static) method: This raises the temperature inside the container faster but requires 

time to heat the waste inside.

[2] Drying operation shall be conducted while preventing the decline of the temperature inside the storage container caused by 

decompression exhaust using both the atmospheric air supply and exhaust method and the decompression exhaust method alternately.

V In atmospheric air supply and exhaust, the air supply valve is opened, and the nitrogen gas is exhausted by running a vacuum 

pump while supplying heated nitrogen.

V In the decompression exhaust, the air supply valve is closed, and the nitrogen gas is exhausted by running a vacuum pump 

while heating the container with a heater for storage containers.

[3] In atmospheric air supply and exhaust, nitrogen is supplied from the nitrogen generator (utility equipment). The blower is not installed in 

the air supply side to operate under minor negative pressure inside the storage container for reasons of confinement, and the system 

exhausts the gas with a vacuum pump.

[4] In the decompression exhaust, after the inside of the storage container is heated by atmospheric air supply and exhaust, the air supply 

valve is closed, and the heater for storage containers and vacuum pump is started, vacuuming air from the storage container.

Air supply heater

Nitrogen gas 

supply

Heater for storage container

Vacuum pump

Prefilter Condenser Filter

Exhaust of 

off-gas

Storage container

Air supply valve

The inside of the container 

is heated efficiently by 

combining both methods.
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (12/13) Study on the concept of the drying treatment facility (5/5)

(4)-5 Rough layout plan

Air supply 

heater

Storage 

container

Heater for 

storage 

container

Vacuum pump

Prefilter

Condenser

Filter

Air supply hose

Exhaust hose

Air supply 

valve

Prefilter

Nitrogen gas 

supply

Nitrogen gas 

supply

Exhaust of 

off-gas

Exhaust of 

off-gas

Storage container

Top view

Side view
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Achievements so far

Challenges

V With regard to the concepts of facility for the drying treatment, etc., it was confirmed that the convection 

(static) and conduction (static) methods are applicable to solid wastes based on the investigation on 

existing technologies. The technical requirements of the drying treatment of both methods were 

identified based on the Atomic Energy Society of Japan Standard.

V Regarding the requirement of facility for the drying treatment, the basic functions were organized from 

the viewpoint of preventing the spread of contamination. The concept of the drying treatment facility in 

case nozzles are attached to the storage container was formulated based on such functions. (Nozzle 

installation, air supply and exhaust method, overall outline system, outline layout plan) 

Summary

V There is a lack of information on the amount of moisture the waste holds after draining. Evaluating the 

time required for the drying treatment will be a challenge to be addressed moving forward.

V A structure in which air supply and exhaust nozzles are attached to the storage container and the end of 

the air supply nozzle where air flows out is placed inside the container is studied. This structure needs to 

be concretized in the future.

V In the engineering study phase of the drying treatment facility, the physical properties of the wastes, 

structure of the storage container, etc., need to be clarified, and the operating conditions of the drying 

treatment facility need to be specified.

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the drying treatment (13/13)
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on measurement methods and measurement equipment (1/10)

Study so far: It was assumed that measurements would be taken in the process flow studied until FY2018. The measurement 

items, methods, equipment, etc., were not studied.

Background and purpose

Figure 1. Process of study on the measurement methods and measurement equipment

B̧ackground

I̧ssues

[1]Inputs (waste properties, requirements of transfer inside the premises, storage requirements, etc.) are not determined.

[2]There are restrictions on the measurement time, space for equipment installation, etc., for making the entire fuel debris 

retrieval process feasible (quantitative design requirements are not determined).

[3]It is not practical to take measurements for all confirmation items. A logic for selecting the items is needed.

P̧urpose

To concretize the concept of the measurement equipment (listing the measurement method, requirements of the 

measurement equipment, measurement location, measurement timing, etc.).

Ştudy procedures

1. The requirements of verification items that may be 

measured or inspected in the process flow that was 

studied in FY2018 are organized.

2. The priority of measurements for the organized 

confirmation items are studied.

3. A primary proposal of the measurement flowchart is 

presented based on the priority of each measurement 

item.

4. The measurement methods and measurement 

equipment for high-priority measurement items are 

investigated.

5. The measurement flowchart is reviewed, and the 

requirements for each measurement are organized.
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (2/10)

1. The requirements of verification items that may be measured 

or inspected in the process flow that was studied in FY2018 

are organized.

Confirmation items

Dimensions, capacity, weight, 

condition of surface

Basic properties

Properties of waste (composition)
Material, water, organic matter, 

corrosive substance

Radiochemical properties
Surface dose rate, amount of 

radioactivity, amount of nuclear material

Heat generation characteristics

Hydrogen generation properties

External appearance

Weight

Surface dose rate

Surface contamination

Surface temperature

Sealing

W̧hen collecting in an inner container

W̧hen collecting in a storage container

W̧hen collecting in a transport cask

Organized requirements

Requirements for acceptance at the 

delivery facility

Requirements for transfer inside the 

premises

Requirements for acceptance at the 

storage building

Reflection to processes up to storage

Reflection to processes from storage 

and onward

Purpose and intent

Details and target of measurement

Timing of implementation

Place of implementation

Required value

Implementation method

Proposal for measurement technology

Conceivable issues

Potential ideas, issues

Assume that the revision of the 

preconditions will continue in the future and 

organize possible confirmation items 

comprehensively.

2. The priority of measurements for the organized 

confirmation items are studied.

Priority by purpose

Whether the item requires confirmation (e.g., 

requirements for acceptance by facility, 

requirements for transfer inside the premises)

Difficulty of measurement

Whether there is a chance in terms of technology 

that measurements can be made during the 

processes up to storage

Possibility of estimation based on other 

measurement values

Whether it is possible to make an estimate 

relatively easily based on alternative 

measurement items

Possibility of avoiding measurement by 

operation, evaluation, preliminary 

investigation, etc.
Whether it is possible to replace 

measurement by operation, etc.

Evaluate the confirmation items 

based on the information on 

wastes and status of study on 

methods at this point in time.

External appearance

Weight

Waste-filling rate

Surface dose rate

Surface contamination

Surface temperature

Hydrogen generation rate

Amount of nuclide emission
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.Lower a priority of items that could be estimated using other measurement valuesה

Example: Estimate the amount of radioactivity (ɔ, ɓ, Ŭ) based on the dose rate

.Lower a priority of items for which measurement can be avoided through operation, evaluation, preliminary investigation, etcה

Example: Ensure that the amount of nuclide emission is within the design value by confirming the lid closing

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (3/10)

Priority by purpose

Concept of identifying priority

ÅItems necessary in the collection, transfer, and storage flow of wastes shall have the highest priority as confirmation items.

V Requirements of transfer inside the premises: surface dose rate of transport cask, surface contamination of transport 

cask, etc.

V Requirements for the acceptance of wastes at storage building: surface dose rate of storage container, surface 

contamination of storage container, etc.

ÅItems necessary for the treatment and disposal in and after the storage process have a relatively low priority compared with the 

above as it is possible to take measurements in and after the storage process. However, a sample port shall be established as an

alternate solution so that samples for analysis can be collected.

Premise

Å As high-level radioactive waste associated with fuel debris retrieval is produced around the same time as fuel debris, the time 

and space required for collection, transfer, and storage could have an impact on the throughput of the entire fuel debris retrieval 

process.

ÅWith regard to the measurements taken in the collection, transfer, and storage flow, it is desirable that only measurements of a 

bare minimum are taken in the shortest time and smallest space possible.

Possibility of estimation based on other measurement values and possibility of avoidance of measurements
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (4/10)

3. A primary proposal of the measurement flowchart is 

presented based on the priority of each measurement item.

Presence of organic matter

Presence of corrosive substances

Amount of radioactivity (noble gas)

Confirmed at the time of planning

(Preliminary investigation and evaluation 

of the objects to be removed)

Confirmation based on external 

appearance (camera)

Dimensions/external appearance

Surface condition

Material (concrete/metal)

Ensured through draining

Presence of moisture content/

amount of moisture content

Confirmation using a 

measuring equipment

Weight

Surface dose rate

Estimated from the surface dose rate
(If an estimation method cannot be 

established, it is confirmed through 

measurement, etc.)

Calorific value/surface temperature

Amount of radioactivity (Ŭ, ɓ, ɔ)

Amount of nuclear material

Hydrogen generation rate

Confirmation using a 

measuring equipment

Amount of nuclide 

emission

External appearance

Amount of nuclide emission
(Are the lid and vent properly 

installed?)

Weight

Surface dose rate

Surface contamination

Confirmation using a 

measuring equipment

Weight

Surface dose rate

Surface contamination

External appearance

Sealing performance
(Is the lid properly installed?)

Fig. 1 Primary draft of measurement flowchart

Concept

If the number of measurement items increases, there is concern that the 

measurement time and equipment installation space will affect the overall plan for fuel 

debris retrieval.

Therefore, the policy shall be to avoid measurement as much as possible for items 

that can be estimated from other measurement results, items that are likely to be 

evaluated in advance, and items that can be confirmed based on their external 

appearance (camera).

ÅÅÅItems for which it is believed that measurement can be avoided through operation, evaluation, preliminary investigation, etc.

ÅÅÅItems that could be estimated from other measurement values

ÅÅÅItems that are believed to require confirmation using measuring equipment

Fuel debris retrieval 

equipment

Fuel debris

Inner container

Access 

tunnel

Inner container 

transfer equipment
Draining equipment

Reactor 

building

Addition
Lifting machine

Lifting machine

Waste 

treatment cell

Dose-level 

measurement

Radioactive 

substance, etc., 

measuring facility

Equipment for measuring 

the amount of hydrogen 

(gas) generated

Sample 

container
Transfer to analysis 

facility

Manipulator

Storage cask with 

filter vent
Storage container 

transfer equipment

Transfer cask
Transport cask transfer equipment

Transfer rack Transfer vehicle

Transfer inside the 

premises

Delivery cell

Transport cask lid 

closing equipment

Delivery confirmation

(including surface 

dose measurement)

Storage cask lid 

closing equipment
Surface dose 

measurement

Waste container 

handling cell

Confirmation based on external 

appearance (camera)

Confirmation based on 

external appearance 

(camera)
Ensured by means of 

vent filter design
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Items Proposal for measurement technology

Weight There are many existing technologies

Surface 

contamination

Å ZnS survey meter  Å GM survey meter

Å Gas flow meter  Å Smear method

Surface dose rate Å Ionization chamber survey meter  Å GM tube survey meter

Å Scintillation survey meter

Å Optical fiber dosimeter  Å Gammacamera

Calorific value Å Differential thermal analysis (DTA) 

Å Differential scanning calorimetry (DSC)

Å Thermogravimetry (TG) 

Å Thermomechanical Analysis (TMA)

Å Dynamic mechanical analysis (DMA)  Å Calorific meter

Surface 

temperature

Å Thermography הThermocouple

Amount of 

radioactivity

(Ŭ, ɓ, ɔ)

Å Ŭ ray spectrometer  Å Organic scintillator (ɓ)

Å Si(Li) semiconductor detector (ɓ)  Å Gas flow meter (Ŭ, ɓ)

Å ɔray spectrometer  Å Gamma camera

Å SPECT

Amount of 

nuclear material

Å Active neutron method  Å Passive neutron method

Å Active ɔray method  Å Passive ɔray method

Å X ray CT (multi-energy system)

Hydrogen 

generation rate

Å Gas chromatograph  Å Pressure measurement

Å Ultrasonic hydrogen concentration measurement

Excerpt from the table ñArrangement of Measurement and Inspection Items in the Processes until the Storage of Removed Itemsò prepared in FY2019

Items with high 

measurement 

priority

Items with high 

measurement 

priority when 

estimation from 

the surface dose 

rate is impossible

It is determined that the need for a detailed 

investigation is low since there are many 

existing technologies for weight 

measurement.

It is considered that the principle of 

detectors is the same as that of the system 

for the measurement of the amount of 

radioactivity (Ŭ, ɓ, ɔ).

Å Regarding ñcalorific valueò and ñsurface 

temperature,ò it is considered that one can 

be estimated from the other that has been 

measured.

It is considered that the temperature 

measurement on the surface is prioritized 

since it is difficult to conduct thermal 

analysis in the collection, transfer, and 

storage flow.

Å It is determined that the need for a 

detailed investigation is low since it is 

considered possible to measure the surface 

temperature using existing technologies, 

such as thermography and thermocouple.

Select four items (surface dose rate, amount of radioactivity (Ŭ, ɓ, ɔ), amount of nuclear material, hydrogen 

generation rate) as items for the investigation of measurement methods and measurement facilities.

4. The measurement methods and measurement equipment for 

high-priority measurement items are investigated.

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (5/10)
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Applicability evaluation items

Measurement 

method

Applicability study 

items
Overview

Common

(Surface dose rate, 

amount of 

radioactivity (Ŭ, ɓ, 

ɔ), amount of 

nuclear material, 

hydrogen 

generation rate)

Equipment size Does the size conform to the objects to be measured and the equipment characteristics?

Example:

Å The equipment can be operated by workers manually

Å The equipment can be mounted on a robot/manipulator

Å The equipment can be installed in an expanded building/storage building

Equipment weight Does the weight conform to the objects to be measured and the equipment characteristics?

Example:

Å The equipment can be operated by workers manually

Å The equipment can be mounted on a robot/manipulator

Å The equipment weight can fall within the load limit of the building floor

Radiation resistance Can the measurement be conducted under high background environment during the fuel debris 

retrieval at the Fukushima Daiichi Nuclear Power Station?

Possibility of remote 

measurement

Can the remote measurement be conducted for objects to be remotely measured?

Usage results Are there any usage results at the Fukushima Daiichi Nuclear Power Station or other nuclear-related 

facilities?

Measurement of 

the surface dose 

rate

Measurement range Å When the inner container is targeted, can it be determined to be one of the following ranges: [1] more 

than 400 Sv/h, [2] 31 to 400 Sv/h, [3] 10 to 30 Sv/h, or [4] less than 10 Sv/h? (provisional dose 

classification)

ÅWhen the storage cask is targeted, can it be determined to be 10 Sv/h or less? (provisional 

acceptance requirement for the storage building)

ÅWhen the transport cask is targeted, can it be determined to be 30 mSv/h or less? (provisional 

requirement for transportation inside the premises)

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (6/10)
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (7/10)

Applicability evaluation results

Surface dose rate

ה For the measurement of the surface dose rate of inner containers, only the semiconductor detectors (with Si diode) and 

optical fiber dosimeters have been rated as highly applicable since the measurement range of over 400 Sv/h is required.

ה For the measurement of the surface dose rate of storage casks, some of the GM tube survey meters have also been rated as 

moderately applicable in addition to the above detectors since the measurement range of up to approximately 10 Sv/h is 

required.

ה For the measurement of the surface dose rate of transport casks, many measuring instruments, such as the ionization 

chamber survey meter and the scintillation survey meter, have been rated as highly applicable since the measurement range 

of up to approximately 30 mSv/h is required.

Measurement of the amount of radioactivity (ɔ)

 Measuring equipment that has a proven track record of use at the Fukushima Daiichi Nuclear Power Station, such as a ɔrayה

spectrometer (CdTe semiconductor detector) and pinhole-type gamma camera (CdTe semiconductor detector), was regarded 

as highly applicable. However, the radiation resistance needs to be studied.

Measurement of the amount of radioactivity (Ŭ, ɓ)

 .Many measuring instruments have been rated as less applicable since most instruments are laboratory-based analytical onesה

Ŭray spectrometry analysis (thin diamond semiconductor detector) and alpha camera, which have been developed 

considering its partial application to the site at the Fukushima Daiichi Nuclear Power Station, have been rated as moderately

applicable*.

* Applicability for the collection, transfer, and storage flow of waste from the debris retrieval (in the inner container case).

It is considered that the above measuring equipment and ZnS survey meters are also applicable for the surface contamination measurement of 

storage and transport casks.
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Measurement of the amount of nuclear material

Measurement of hydrogen generation rate

(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (8/10)

 The applicability of candidate technologies, such as the passive/active neutron method, passive ɔray method, X rayה

transmission method, and cosmic-ray muon scattering tomography, needs to be studied. (They have been rated as moderately 

applicable provisionally)

 Since there are many relatively large components, there is a problem in their installation in the limited space of the expandedה

building during the fuel debris retrieval.

 Even if the component is too large to be installed in the expanded building, it may be possible to install it in the storage buildingה

if it is necessary to measure the amount of nuclear material from the viewpoint of treatment and disposal.

.The hydrogen generation rate is calculated from the time variation obtained by measuring the hydrogen concentrationה

As candidate technologies for the hydrogen concentration measurement, gas chromatographyה and ultrasonic measurement 

methods have been rated as moderately applicable after taking measures, such as pipe connection and gas flow.

.It is necessary to verify the applicability of radiation resistance and measurement rangeה

Applicability evaluation results
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (9/10)

Reference

Surface dose rate measurement technology

Name: Semiconductor detector (Si diode)

Measurement ray type: ɔray

Measurement range: 1 mSv/h to 1,000 Sv/h

Equipment size: ű2 cm Ĭ9.3 cm (size of detection probe)

Radiation resistance: 5 kSv/h

Operating temperature: ī30 ÁC to 50 ÁC

Pressure resistance: up to 0.8 MPa (based on the 

description ñUsable up to a water depth of 80 mò)

Remote measurement: Possible (50-m cable provided)

Usage results: 

Applicability: (Inner container) Applicable

Fig. 1 Semiconductor detector (with Si diode)

Reference: MIRION HP, ñSTHF-RÊ Ultra High Flux Gamma Probe,ò 

https://mirion.s3.amazonaws.com/cms4_mirion/files/pdf/spec-

sheets/c39078_sthf-r_super_spec_2.pdf?1562763882

Name: Optical fiber dosimeter

Measurement ray type: ɔray, X ray

Measurement range: 0.01 to 1E+05 (Gy/h)

Equipment size: ű4.0 cm Ĭ4.0 cm

(Detection area, element size: ű2 mm Ĭ2 mm)

Radiation resistance: 5 MGy (Co-60)

Operating temperature: Max. 300 C̄ (for 3.5 consecutive days)

Pressure resistance: up to 1 MPa

Remote measurement: Possible (up to approximately 300 m with 

optical fiber connection)

Usage results: Investigation on basement floor inside 1F-1PCV 

(B2 investigation) (FY2017)

Applicability: (Inner container) Applicable
Fig. 2 Optical fiber dosimeter

Reference: T. Tadokoro (2016), Development of Optical Fiber 

Based Radiation Monitor, the 60th Radiation Measurement 

Workshop

Ground 

state

Photon

Excited 

state

Excitation

Radiation

About ű40 mm ³40 mm

Add this line if necessary

Nd in the element is excited when radiation enters the element

LD control 

equipment

High΅speed 

measuring circuit

PC for data 

collection/analysis/display
Optical filter

Optical fiber

Ÿ Photons of 1064-nm wavelength are emitted 

during the transition period from the 4F3/2 excited 

state to the 4l11/2 excited state

Ÿ Photons are detected one by one while being 

transmitted through optical fiber (Photon 

counting)

Ÿ The counting rate is measured while converting 

to electrical signals

Ÿ The dose rate is measured by measuring the 

counting rate
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(a) Study and evaluation of storage and management methods

[2] Study on the requirements of containers and storage facilities

Study on the measurement methods and measurement equipment (10/10)

Measurement of the amount of radioactivity (Ŭ)

Reference

Name: Ŭray spectrometry analysis (thin diamond semiconductor detector)

Measurement ray type: Ŭray

Measurement range: 

Equipment size: assumed to be approximately several cm3

Radiation resistance: BG 350 Sv/h (confirmed in the laboratory test)

Operating temperature: 

Pressure resistance: 

Remote measurement: It can be mounted on a robot, etc., with a payload of 

approximately 20 kg if a small preamplifier can be 

applied

Usage results: 

Applicability: Not preferable

Reference: K. Ueno, Y. Nagumo, Y. 

Kometani (2019), Diamond semiconductor-

Based Ŭ-Particle Detector for High Radiation 

Environment, Proc. of 2019 IEEE Nuclear 

Science Symposium and Medical Imaging 

Conference, 26 Oct.- 2 Nov. 2019, 

Manchester, UK, No.1110.

Name: ɔray spectrometer (CdTe semiconductor detector)

Measurement ray type: ɔray

Measurement range: 

Resolution: 12.9 keV (@662 keV)

Equipment size: 8.5 kg (including the shield weight when used inside PCV)

Radiation resistance: BG 19.4 Sv/h

Operating temperature: 

Pressure resistance: 

Remote measurement: Possible (remote measurement while mounting on 

ROV is planned)

Usage results: (planned to be used for detailed investigation inside 

1F-1PCV)

Applicability: Applicable

Measurement of the amount of radioactivity (ɔ)

Reference: IRID (2019), ñSubsidy Project of Decommissioning 

and Contaminated Water Management in the FY2017 

Supplementary Budgets Development of Technology for 

Detailed Investigation inside PCV: Research Reportò

Preamplifier
Composite cable

Power supply/signal 

processing unit

CdTe semiconductor 

detector

Improved compact B-10 

detector

Tungsten shield with collimator and water-seal container

Collimator

CdTe semiconductor 

detector

Shield

Winch

B-10 detector
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(a) Study and evaluation of storage and management methods

Review of collection, transfer, and storage flow (1/4)

PCV 

retrieval

Measuring equipment

High surface dose/Contaminated site:

Retrieval cell

(Sampling 

equipment)

Inner container

Retrieval cell

High surface dose/

Contaminated site:

Medium surface dose/

Contaminated site:

Storage container 

handling cell

(maintenance cell)

Measuring equipment

Lid

Filter vent

Storage 

container

Dolly

1. Acceptance of inner containers/various measurements 

(for inner containers)

2. Storage of inner containers into storage casks/various 

measurements (for storage casks)

ÅAccept inner containers containing the waste generated from the fuel debris 

retrieval work and perform various measurements.

<Major renewal points>

ÅInner container specifications (provisional)

Reasonable profile is set considering the collecting efficiency in the storage 

containers with multiple shield thicknesses

(Provisional: 450 mm square Ĭ272 mm high)

Å The dose rate is measured to determine a provisional dose classification

(Candidates: Semiconductor detector or optical fiber dosimeter)

[1] > 400 Sv/h, [2] 30 to 400 Sv/h, [3] less than 10 to 30 Sv/h, [4] < 10 Sv/h  

ÅEstimate data such as the amount of radioactivity (ɔ, ɓ, Ŭ) and the hydrogen 

generation rate based on the dose rate. Take measurements if it is difficult to 

estimate and can be measured

Å Conduct the sampling for analysis as necessary

ÅStore an inner container into the storage cask with a shield thickness 

appropriate to the provisional dose classification

<Major renewal points>

Å Candidate material of storage casks (ductile cast iron or stainless steel)

Å Additional (inner lining) shield thickness of storage casks for each provisional 

dose classification

[1] /(none) , [2] /60 mm, [3] /140 mm

ÅNumber of inner containers per one storage cask for each provisional dose 

classification

[1] /27 pieces, [2] /8 pieces, [3] /8 pieces

ÅRequired number of bent filters of storage casks for each provisional dose 

classification

[1] /1 piece, [2] /1 piece, [3] /2 pieces

ÅConfirm the acceptance requirement for the storage building by measuring the 

surface dose rate of the storage cask (provisional value: < 10 Sv/h)

(Candidates: Semiconductor detector, optical fiber dosimeter, or GM tube 

survey meter)

ÅConfirm the surface contamination using the smear method, ZnS survey 

meter, etc.

(Candidates: Ŭray spectrometry analysis (thin diamond semiconductor 

detector), alpha camera, scintillation survey meter, smear method)

Retrieval 

from 

PCV
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(a) Study and evaluation of storage and management methods

Review of collection, transfer, and storage flow (2/4)

3. Storage of storage casks into transport casks/lid closure of the 

transport casks

4. Delivery confirmation and loading of transport casks/transportation 

of casks to the premises

ÅStore the storage cask into the sealed-type transport cask.

ÅSet the pore volume of the transport cask so that the hydrogen concentration in 

the transport cask does not reach the lower explosive limit during the transfer 

period inside the premises (assumed to be up to 7 days).

<Major renewal points>

ÅRequired pore volume of the transport cask

3.25 m3 or above (based on the FY2019 model for the evaluation of the 

amount of hydrogen generated)

Ź

0.24 m3 or above (based on the FY2020 model for the evaluation of the 

amount of hydrogen generated)

ÅConduct the delivery confirmation of the transport cask

ÅConduct the visual inspection

ÅAssume that unmanned transportation should be conducted at night in case the 

dose rate exceeds 30 mSv/h

<Major renewal points>

ÅBy measuring the surface dose rate of the transport cask, confirm the requirement 

for transportation inside the premises (provisional value: <30 mSv/h)

(Candidates: Semiconductor detector, optical fiber dosimeter, GM tube survey 

meter, ionization chamber survey meter, scintillation survey meter, etc.)

ÅConfirm the surface contamination using the smear method, survey meter, etc.

(Candidates: Ŭray spectrometry analysis (thin diamond semiconductor detector), 

alpha camera, scintillation survey meter, smear method)

To the storage 

building

Medium surface dose/

Contaminated site:
Low surface dose/

Contaminated site:

Carrying-in/

carrying-out cell
Storage container 

handling cell

(maintenance cell)

Lid

Waste transport 

cask

Dolly

Pre-delivery inspection equipment

Carrying-in/

carrying-out cell

Building

Low surface dose/

Contaminated site:
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5. Acceptance test of transport casks/carrying-in of casks to the 

storage building

6. Lid removal of transport casks/Carrying-in of storage casks

ÅConduct the inspection of the transport cask

ÅConduct the visual inspection

ÅPerform various measurements as necessary

<Major renewal points>

ÅCandidates for measurement: surface dose rate of the transport cask

(Candidates: Semiconductor detector, optical fiber dosimeter, GM tube survey 

meter, ionization chamber survey meter, scintillation survey meter, etc.)

ÅCandidates for measurement: surface contamination of the transport cask

(Candidates: Ŭray spectrometry analysis (thin diamond semiconductor 

detector), alpha camera, scintillation survey meter, smear method)

ÅRetrieve the storage cask from the transport cask to conduct the acceptance 

test

ÅConduct the visual inspection

ÅPerform various measurements as necessary

ÅAssume that unmanned and/or remote operation should be conducted when 

storage casks are handled inside the storage building

<Major renewal points>

ÅCandidates for measurement: surface dose rate of the transport cask

(Candidates: Semiconductor detector, optical fiber dosimeter, or GM tube 

survey meter)

ÅCandidates for measurement: surface contamination of the transport cask

(Candidates: Ŭray spectrometry analysis (thin diamond semiconductor 

detector), alpha camera, scintillation survey meter, smear method)

(a) Study and evaluation of storage and management methods

Review of collection, transfer, and storage flow (3/4)

Reactor 

building

Storage building

Low surface dose/Contaminated site:

Carry-in area

Acceptance inspection equipment

Low surface dose/

Contaminated site:

Medium surface dose/

Contaminated site:

Storage building

Carry-in area Drying area

Measuring equipment

Lid
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(a) Study and evaluation of storage and management methods

Review of collection, transfer, and storage flow (4/4)

7. Drying treatment 8. Temporary storage

ÅTake measures against corrosion of containers during storage and perform 

drying treatment to reduce the amount of hydrogen generated

<Major renewal points>

Drying apparatus specifications (provisional)

ÅShould combine the convection (standing) method with the conduction 

(standing) method

ÅThe apparatus comprises a nitrogen supply system, air supply heater, heater 

for storage casks, intake valve, pre-filter, vacuum pump, condenser, and 

filter.

ÅAir supplied to the storage cask should be passed through the nozzle 

installed in the storage cask to prevent scattering

ÅTemporarily store storage casks

ÅPrevent the increase in hydrogen concentration by ventilation in the storage 

building or hydrogen treatment facility

ÅMonitor the hydrogen concentration, radiation, etc.

<Major renewal points>

ÅMeasures for long-term storage

Å Conduct the treatment before storage as necessary (such as container 

cleaning)

ÅManage the air conditioning of the building as necessary to prevent a 

corrosive environment

(such as temperature, humidity, and salinity)

Å Take measures to prevent storage casks from tipping over during an 

earthquake, or set the structural strength assuming a fall from a high place

Å Replace worn parts after monitoring and/or inspection

ÅConduct the measurement supporting treatment and disposal as necessary

Å Candidate technologies for measuring the amount of nuclear material 

(such as the passive/active neutron method, passive ɔray method, X ray 

transmission method, and cosmic-ray muon scattering tomography)

Storage building

Medium surface dose/Contaminated site:

Drying area

Drying equipment

Drying area Temporary storage area

Ventilation 

system

Monitoring 

equipment

Medium surface dose/Contaminated site:

Storage building
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(a) Study and evaluation of storage and management methods

[1] Investigation and evaluation of information on wastes and study on methods for the storage of high-level radioactive wastes

Achievements so far

Challenges

V The latest information such as the type, quantity, and cutting profile of waste generated from the fuel debris retrieval work was 

presented by investigating the reports of projects related to fuel debris retrieval.

V On the basis of waste information obtained through the investigation, the evaluation of the amount of hydrogen generated for 

removed wastes, which would be an input of ñStudy of measures against gas generation,ò was conducted. At this time, the 

absorption rate of radiation into water was evaluated in consideration of the waste storage profile, and sensitivity was also

evaluated while the amount of water was changed.

V Considering the scenario of long-term storage, investigation was conducted on measures during the storage of radioactive 

materials such as domestic and foreign reactor internals and spent nuclear fuel. On the basis of the results of the investigation, 

four assumed events during long-term storage (damage of containers due to corrosion, long-term gas generation, occurrence 

of external events such as earthquake, and deterioration of consumables) have been selected, and multiple action policies and

proposed measures have been presented.

V Provisional classification (material, profile, and dose) was set through comparison with waste generated from fuel debris 

retrieval in JPDR (Japan Power Demonstration Reactor) and Fukushima Daiichi Nuclear Power Station cases, which are 

precedent examples of dismantling and storage of in-core equipment to present the storage method for each provisional 

classification.

Summary

V Since the report of the debris retrieval-related project at this stage is used as the input, it is necessary to rearrange the waste 

information and, if necessary, review the classification of waste generated during the fuel debris retrieval when the input 

information is updated because of the understanding of the future condition inside the reactor vessel and/or the progress of 

the study for the fuel debris retrieval method.

V After the concept of the (liquid and gas phase) safety system for fuel debris retrieval is established, it is necessary to 

rearrange the type, property, and generated amount of the liquid- and gas-phase secondary waste.
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(a) Study and evaluation of storage and management methods

[2] Study on container and storage facility requirements

Achievements so far

Challenges

V Reasonable inner container dimensions that can correspond to multiple shield thicknesses were presented (Provisional: 450 mm 

square Ĭ272 mm high)

V On the basis of the evaluation of the amount of hydrogen generated, there is a prospect that containers can be handled in the

same way as the existing general storage and transport casks for high-dose waste by presenting the number of vent filters 

required for storage casks and the required pore volume of transport casks.

As a result of the study on the container based on the technical requirements of the L1 container, there is no major difference from 

the existing adsorption towers for secondary waste generated from water treatment and the domestic and foreign general storage 

casks for high-dose waste.

V Regarding the concept of equipment for drying treatment, the technical requirements for drying treatment in the convection 

(standing) and conduction (standing) methods were identified.

In addition, regarding the requirement of equipment for drying treatment, the basic functions were organized and the concept of 

equipment was prepared from the viewpoint of preventing the spread of contamination.  (Nozzle installation, air supply and 

exhaust method, overall outline system, outline layout plan) 

V The measurement items and methods in the collection, transfer, and storage flow were presented. It was confirmed that there is a

technology with high applicability to the flow regarding the surface dose rate and ɔ rays (gamma rays).

Summary

V For vent filters and containers, it is necessary to consider the failure modes and the problematic events that may occur when

storage is prolonged.

V It is necessary to consider coming up with details for the drying time and the structure of the drying apparatus into practice as 

soon as the information on the waste properties is obtained.

V A method for estimating the amount of radioactivity (Ŭ, ɓ), the amount of nuclear material, etc., from the measurement results of 

the surface dose rate and ɔray is required. If the estimation method is not established, it is necessary to consider the 

measurement method.
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(b) Technological development of contamination evaluation for sorting solid wastes 
- Overview -

Â Actual schedule

¹ In FY2019, a prototype (Fig. 1) was developed as a measuring 

equipment that can measure Ŭcontamination remotely (alpha camera) 

keeping in view the on-site environment and an element test was 

performed. Issues related to this method were identified on the basis of 

the element test results, and the applicable range was specified.

Â Goals

¹ To develop a measuring system with the pan/tilt mechanism of alpha 

camera to scan the shooting area as a system for measuring Ŭ

contamination attached to the building concrete and the surface of the 

equipment and the image synthesis function for preparing three-

dimensional (3D) contamination distribution To design and develop 

systems for on-site application and conduct functional verification 

testing In addition, to conduct mock-up test for Ŭ-contaminated 

equipment on the site and carry out performance evaluation

Â Details of implementation

¹ In FY2019, the prototype was improved on the basis of the FY2018 

element test results, and element tests continued to be performed. In 

addition, preliminary systemization test was conducted, and the data 

required for designing the measuring system were collected. (Fig. 2)

¹ In FY2020, a system based on the design will be developed and 

functional verification test for the system will be performed. Also, a 

mock-up test will be conducted for Ŭ-contaminated equipment on the 

site, and performance evaluation will be carried out.

Â Goal achievement index

¹ The data required for design completion should be acquired. (FY2019)

¹ Performance evaluation should be conducted by means of a mock-up 

test. (FY2020)

Fig. 1 Developed prototype

Fig. 2 Image of Ŭray contamination measuring system

Am-241 source

Synthesize 

contamination 

distribution in 

camera image

Receiver of signals 

(ultraviolet rays) 

produced by Ŭrays

Power supply unit for 

alpha camera

Control unit of 

transport trolley 

equipment

Alpha camera

Pan 

mechanism

Tilt 

mechanism

(Tilt drive motor) (Wire type potentiometer)(Pan drive motor)
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(b) Technological development of contamination evaluation for sorting solid wastes
- Current status of Ŭ-contaminated waste management and issues thereof -

¸ Requirements pertaining to waste segregation technology
ü Identify the surface contamination distribution of the target objects before dismantling.

ü Reduce the measuring time and reduce the exposure dose associated with measurement.

Ŭcontaminated 

area

Ŭsurface contamination 

density distribution on 

the surface of the 

equipment (metals, etc.)

Ŭsurface contamination 

density distribution on 

building concrete surface

Contamination distribution 

measurement

Surface contamination density 

(Bq/cm2) distribution

Below lower limit of detection

Image of distribution meas

urement

¸ Current status of Ŭ-contaminated waste management
When smear measurement detects Ŭnuclide contamination at surface contamination density Ó0.4Bq/cm2, 

the waste has been segregated and stored in a storage cask. However, decommissioning work will 

commence on a full scale in the future, and a large amount of waste will be produced. Hence, it is not 

realistic to carry out smear measurement and segregate all waste after dismantling, considering the time 

required for measurement and radiation exposure to workers.

¸ Purpose of this Project
To examine its applicability to site and develop a technology that can measure the object (or area) to be 

dismantled before dismantling in an exhaustive manner and also within a short period of time

Fig. 1 Image showing distribution measurement using alpha camera
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(b) Technological development of contamination evaluation for sorting solid wastes
- Concept for identification of contamination distribution of building to be dismantled -

Investigation of 

environment
(Dose rate, Ŭ

measurement, 

etc.)

Identification of 

structures

(Pictures and 3D models)

Shielding and 

decontamination plans

Study of the shielding and 

decontamination methods

Shielding and 

decontaminati

on works

Main 

construction 

work

By qualitatively identifying the Ŭcontamination distribution in the work area and performing 

appropriate management, it can be expected to prevent exposure of workers, reduce Ŭcontamination 

waste, and prevent the spread of contamination.

Plan for Ŭdecontamination

Ŭ

decontamination

Figs. 1ï7 Currently estimated work flow

[1] Prevention of workers' exposure to radiation (Radiation safety)
Because the workers must evacuate when the dust concentration may exceed the standard value of 4Ĭ10ī6[Bq/cm3]*, it is necessary 

to identify the contaminated area before work and take decontamination or anti-scattering measures.

*4 Ĭ10ī6[Bq/cm3]: Equivalent to the case where Ŭ-contaminated substances of approximately 108 [Bq] are scattered in a space of 

3 Ĭ3 Ĭ3 m3 Assuming that contamination of 108 [Bq] is concentrated at one position, it is equivalent to approximately 1 Bq/cm2 

(standard area 100 cm2).

[2] Controlling useless waste generation
It may be possible to reduce the amount of waste stored as Ŭ-contaminated waste if it is possible to identify and decontaminate the area 

with Ŭsurface contamination that may exceed 0.4 Bq/cm2, which is the site control standard. It is best to be able to quantify the Ŭ

surface contamination of 0.4 Bq/cm2, which is the control standard, but it has the effect of suppressing the amount of Ŭ-

contaminated waste generated by only identifying the location with high-concentration contamination.

[3] Prevention of spreading contamination
By decontaminating the Ŭ-contaminated area obtained with the measurement, it has the effect of suppressing the spread of Ŭ

contamination in the dismantling work and reducing the Ŭ-contaminated waste.
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Measurement for 

solid waste 

segregation

Contamination 

inspection during 

the item 

transportation

Contamination 

inspection of 

building to be 

dismantled

Identification of 

contamination 

distribution of building 

to be dismantled

Presence of debris 

attached on the 

surface of dismantling 

waste

Purpose Measurement for 

determining the 

treatment and 

disposal method

Confirmation of 

absence of 

contamination

Confirmation of 

absence of 

contamination

Understanding of 

contamination status for 

work planning 

preparation

Determination of debris 

and solid waste

Objects to 

be 

measured

General waste Canister and 

equipment for waste, 

etc.

Building and 

equipment to be 

dismantled

Building and equipment 

to be dismantled

Dismantling waste

Measurem

ent items

Radioactivity 

concentration by 

nuclide (Bq/kg)

Surface 

contamination density

(Bq/cm2)

Surface contamination 

density

(Bq/cm2)

Quantitative 

measurement

ÅContrast of surface 

contamination density

ÅQualitative evaluation

Presence of debris

Equipment 

movability

Fixed type can be 

also used.

Fixed type can be 

also used.

Required Required Fixed type can be also 

used.

Mapping 

function

Not required Not required Required Required Desirable

(b) Technological development of contamination evaluation for sorting solid wastes
- Requirements of Ŭray measurement and items to be studied in this project -

Å The applications for remote measurement technology of Ŭcontamination (with alpha camera) have been arranged by purpose.

Å In this project, verification of the technical feasibility of the alpha camera and development of equipment for identifying the 

contamination distribution of building to be dismantled for events, such as debris retrieval preparation work, that are about to be 

applied will be carried out.

Main purpose of this project
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(b) Technological development of contamination evaluation for sorting solid wastes
- Principle of alpha camera -

Light emission in the 

ultraviolet range

Emission spectrum

Cited from J.Sand ñRemote Optical Detection of Alfa 

Radiationò (IAEACN-184/23)

Measurement principle

[1] Reaction takes place with nitrogen within Ŭradiation 

range (several cm) to produce several 100 photonic 

ultraviolet rays.

[2] These ultraviolet rays are focused and imaged with a 

lens, and the distribution of Ŭrays is measured from the 

distribution of the number of photons reaching the light 

detector.

[3] PMT (Photomultiplier Tube) is shielded as it is likely to 

be affected by Cherenkov light or others when ɔ rays 

enter PMT.

Lens

MirrorDetector

(PMT)

Shield for ɔrays

Ultraviolet rays

Light emission

Ŭrays

Uranium, etc.

Visible-light filter

Example of presentations made in connection with 

the alpha camera
1. IEEE2013 NSS, Remote Detector of Ŭray Using Ultraviolet Ray Emitted by 

Nitrogen in Air

2. ICONE-23, REMOTE DETECTION OF RhADIATION USING UV PHOTONS 

EMITTED BY NITROGEN

3. Spring meeting of Atomic Energy Society of Japan in FY2013, Technology for 

remote measurement of Ŭradiation

4. Autumn meeting of Atomic Energy Society of Japan in FY2014, Technology for 

remote measurement of Ŭradiation - Application to lighting environment -

Fig. 1 Pattern diagram showing principle

Fig. 2 Nitrogen emission spectrum
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(b) Technological development of contamination evaluation for sorting solid wastes
- Development history -

Items FY2018 (*1) FY2019 (*2) FY2020 (*2) FY2021

Environmental condition setting

Measurement 

system

Alpha camera 

alone

Systemization

(with functions of 

pan/tilt, raising/

lowering, and 3D 

distribution 

preparation)

*1: FY2018 Supplementary Budgets ñSubsidy Project of Decommissioning and Contaminated Water ManagementR&D for 

Treatment and Disposal of Solid Radioactive Waste (R&D for Preceding Processing and Analytical Methods)ò

*2: FY2019 Supplementary Budgets ñSubsidy Project of Decommissioning and Contaminated Water ManagementR&D for 

Treatment and Disposal of Solid Radioactive Wasteò

Improvement

Design/development Test

Design Test

Development
Performance 

verification test

Test

Improvement

Environmental 

condition setting

Evaluation of 

environmental conditions 

for detector alone

Å In FY2018, target specifications taking into consideration the on-site environmental conditions were 

set. Since FY2018, the design, development, testing, and improvement of the alpha camera unit and 

system corresponding to the target specifications have been carried out.

Å For each result, the overview is shown on the following pages.

Evaluation of material to be 

measured and measurement 

performance of Ŭsurface 

contamination

Performance evaluation as Ŭה

camera

 Verification of 3D distributionה

preparation functions

Table 1 Development history

Identification of factors from 

measurement principle/Setting 

of required specifications
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(b) Technological development of contamination evaluation for sorting solid wastes
- Factors influencing the measurement with alpha camera alone -

Lens
Mirror

Detector

(PMT)

Shield for ɔrays

UV propagation

Light 

emission

Ŭrays

Visible-light filter

Light emission by Ŭrays:
ÅChange in release rate due to surface profile (roughness) to be 

measured

ÅIncrease in self-absorption due to amount of water to be measured

UV propagation:
ÅAbsorption of ultraviolet rays due to powdery dust 

concentration, light reduction due to scattering, etc.

ÅLight reduction due to humidity

Lens:
ÅChange in sensitivity due to increase/decrease in aperture (solid 

angle) (Lens aperture)

ÅReduction of peak intensity due to blur (Lens profile)

Light emission by radiation other than Ŭrays
ÅMisdetection of UV emission by ɔrays (ɓand ɔsurface contamination 

density)

ÅMisdetection of UV emission by ɓrays (ɓand ɔsurface contamination 

density)

Shield:
Misdetection of light generated by the incident ɔray on the lens and 

detector after transmitting through the shield (e.g., Cherenkov light)

(Air dose rate, shield profile)

Visible-light filter:
ÅDecrease in light transmission rate in the UV range 

(filter thickness)

ÅShielding of lighting, environmental light (visible light) (lighting)

Detector:

ÅIncrease in heat noise caused by temperature rising of the detector 

(temperature)

ÅIncrease in noise caused by electric noise

ƴIdentification of factors for setting of environmental conditions
ה Identify factors affecting the amount of signals and factors causing noise (in black bold text) according to the measurement principle 

of the alpha camera.

ה Add the design parameters of the alpha camera out of the identified factors (in blue bold text) to the evaluation items.

Factor mainly 

causing noise

Factor mainly 

affecting the 

amount of signals

Fig. 1 Pattern diagram showing principle of alpha camera
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Items Required specifications Remarks

Factors 

causing noise

Air dose rate
About 50 mSv/h

(Max: approximately 150 mSv/h)
Set according to environmental conditions on the operation floor of Unit 2

Environmental 

temperature
ī5ÁC to 35ÁC

Set according to annual maximum and minimum temperature data in Hirono-

machi, Fukushima Prefecture

Lighting Lighting is required in some cases. Assume the worst conditions.

ɓand ɔsurface 

contamination density
Max: 300 kBq/cm2  Measurement values on the operation floor of Unit 2

Factors 

affecting the 

amount of 

signals

Measuring distance 3 m
Set as a distance that can measure walls, floors, and ceilings considering the 

lifting function of the trolley

Profile of object to be 

measured

Spherical, concaveïconvex, and 

plane surface
Set assuming the wall, floor, and pipes (cylinders)

Environmental humidity Max: 100% Assume the worst conditions.

Powdery dust Same as the amount of outdoor dust
Application location is assumed to be inside the building, but the dust level may 

be almost the same as that in an outdoor environment in the worst case.

Items Target values Remarks

Ŭray 

measurement 

performance

Quantitativeness

None

Being able to identify the distribution 

at order level

Set in consideration of application to prevent exposure of workers and suppress 

the generation of Ŭ-contaminated waste

Lower limit of detection (Approximately 4 Bq/cm2)
Equivalent to the surface density limit for Ŭradioactivity in the standard for the 

transferring items from the controlled section

Position resolution 10 cm
Set as a value equivalent to the standard range of 10 cm Ĭ10 cm for general Ŭ

surface contamination density

(b) Technological development of contamination evaluation for sorting solid wastes
- Setting of required specifications -

Table 1 Required specifications for environmental conditions and target values for Ŭray measurement performance

ü Among the factors affecting the measurement identified on the previous page, the required specifications are set as environmental 

conditions for factors other than the design parameters of the alpha camera.

ü As a method of applying the evaluation technology of Ŭcontamination distribution, target values of quantitativeness and position 

resolution are set on the assumption that the pollution density in the building to be dismantled is comprehensively measured.

ƴSetting of environmental conditions
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(b) Technological development of contamination evaluation for sorting solid wastes
- Test results corresponding to required specifications (1/3) -

ƴEvaluation of assumed environmental conditions for detector alone
ü It was confirmed that temperature, humidity, and dust have little impact on measurement

ü It was confirmed that there was little change in sensitivity when measured from an oblique direction to the radioactive 

source and that the sensitivity decreased when there was contamination on the concave portion

Table 1 Test results regarding required specifications for environmental conditions and 

target values for Ŭray measurement performance

Items Required specifications Overview of test results

Factors 

causing noise

Air dose rate
About 50 mSv/h

(Max: approximately 150 mSv/h)

Evaluate the properties by applying ɔrays of up to 100 mSv/h at the irradiation facility

ÅConfirmed ɔ ray sensitivity of 2.8 sī1/mSv/h

Environmental 

temperature
ī5ÁC to 35ÁC

Conduct the test under the condition that the equipment is placed in the thermostatic chamber, and evaluate the 

temperature inside the detector.

ÅThe temperature control system keeps the detector temperature below 25ÁC, which is not affected by noise.

Lighting
Lighting is required in some 

cases.

Install filters that can eliminate the visible light. Sensitivity reduces to 66% since signals to Ŭray sources are 

eliminated because of the AR-coated* filter.

* Coating for reducing light reflex

ɓand ɔsurface 

contamination 

density

300 kBq/cm2  Measure Sr-90ɓ, Cs-137ɔ, and Am-241 sources 1 m ahead. Acquire relative sensitivity based on sensitivity to Ŭrays.

ɓray (Sr/Y-90): 0.05%, ɔray (Cs-137): 0.009%

Factors 

affecting the 

amount of 

signals

Measuring 

distance
3 m

Measure the Ŭray source Am-241 by changing the measuring distance and confirm the following:

ÅSensitivity is inversely proportional to the square of the distance.

ÅSensitivity at measuring distance of 1 m: 0.47 sī1/Bq/cm2

Profile of object to 

be measured

Spherical, concaveïconvex, and 

plane surface

Install Am-241 source (flat plate) on the curved surface and concave portion to evaluate the change in sensitivity.

ÅMeasurement direction (spherical surface): 0Áto 90ÁŸ Impact: Low

ÅSensitivity deteriorated to 71% during contamination measurement on a concave portion at a depth of 25 mm. 67% at a 

depth of 50 mm

Environmental 

humidity
Max: 100%

Place the equipment and the radioactive source in the thermostatic chamber, and control the humidity to evaluate the 

sensitivity to Ŭrays.

ÅDecrease in sensitivity is Ò3% even when humidity is 95% at maximum. However, sensitivity tends to reduce when water 

is added to the radioactive source.

Powdery dust
More than the amount of outdoor 

dust

Evaluate the UV transmittance under the simulated dust environment with the dust generation system.

ÅConfirm that the sensitivity change is Ò1% even in an outdoor environment (CLASS 8 or higher*)
*Air cleanliness standard (ISO14644-1): In CLASS 8, the upper limit is 3.52 Ĭ106 for particles of 0.5 ɛm. Stipulated for each particle diameter

Items Target values Remarks

Ŭray 

measurement 

performance

Quantitativeness
Being able to identify the 

distribution at order level

ÅConfirmed that there is a correlation between radioactivity and signals at up to 9.2 kBq during the measurement of the 

standard Ŭray source Am-241 under the noiseless environment

Lower limit of 

detection
(Approximately 4 Bq/cm2) ÅConfirmed that the contamination of 0.4 Bq/cm2 can be identified even if it is under the noiseless environment

Position resolution 10 cm ÅConfirmed that the position resolution was 2.1 cm under the noiseless laboratory environment

(Blue text: Updated information with the actual value 

measured using the equipment developed in 

2020)
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(b) Technological development of contamination evaluation for sorting solid wastes 
- Test results corresponding to required specifications (2/3) -

No. Items Test methods Results Remarks

1
Measurement angular 

field

Install ű36mm Am-241 source* 1 m ahead, 

and evaluate the sensitivity at each position 

within the visual field.

Confirmed the ideal angular field (red dashed

line in Fig. 1) and the effective angular field

(orange dotted line in Fig. 1)

Refer to Fig. 1.

Area where sensitivity at Ó80% can be achieved is 

defined as an effective angular field.

2 Position resolution

Evaluate position resolution from measured 

distribution by simulating Am-241 point 

source at the aperture.

Ñ21 mm
Major factor is the expansion of Ŭray-emitting 

region.

3
Distance correction 

method

Carry out the measurement by changing the 

installed position of Am-241 source between 

0.5 and 3 m.

Confirmed that it is inversely proportional to

the square of the distance

Confirmed that it can be corrected with

distance data

Refer to Table 2.

Distance 

[m]

Counting 

rate

[sī1]

Corrected 

counting rate

[sī1]

0.5 64.7 ˈ

1 17.8 17.8

1.5 7.3 16.4

2 4.2 15.8

2.5 3.0 18.5

3 2.0 17.4

Ideal angular field

(Red dashed line)

Fig. 1 Measurement results for each source position

Table 2 Distance property and correction results

Table 1 Overview of test methods and results

ƴPerformance evaluation of alpha camera

Effective angular field

(Orange dotted line)

ü As a measurement system, the evaluation of the measurement angular field, position resolution, and distance correction 

method of the alpha camera has been completed.

ü Confirmed that the distance can be corrected under the noiseless environment
Blue text: Updated information with the actual value 

measured using the equipment developed in 

2020

* Source intensity = 3080 Bq
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Fig. 3 Correlation between surface 

roughness and counting rate

Fig. 2 Comparison of the presence of water 

in the contaminated area

Test Name Test methods Results Remarks

Local 

contamination

Control the amount of Am-241 source dropped onto the specimen, 

create a source with a size ranging from ű6 to ű12mm, and carry out 

the measurement from a location 1 m away.

Confirmed that sensitivity tends to 

increase when the size of the source is 

small

It is assumed that emission 

spreads over multiple pixels if 

the size of the source is large.

Impact of source 

distribution

Lay solid concrete tiling of 10 cm Ĭ10 cm, and carry out measurement 

from a location 1 m away. Compare tile laying and counting rate.

Confirmed that distribution equivalent to 

actual source can be measured

Refer to Fig. 1.

Impact of amount 

of water

Put a drop of solvent of 20 ul (containing Am-241 at approximately 

400 Bq) onto solid concrete, and perform measurement before and 

after drying the solvent. Compare the sensitivity

Confirmed that sensitivity will reduce to 

44% when the cement contains 

moisture

Refer to Fig. 2.

Impact 

assessment of 

surface 

roughness

Apply Am-241 at 4 Bq/cm2 in the form of mesh on solid concrete, 

painted concrete, and blasted concrete (2 types) with different surface 

roughness and carry out measurement from a location 1 m away

ÅThe higher the surface roughness, the 

more the sensitivity.

ÅBlasted concrete was found to be 6 

times more sensitive than solid 

concrete.

ÅIt is assumed this it is 

because of the increase in 

surface volume and increase 

in the rate of release into air. 

(Refer to Fig. 3.)

Table 1 Test results (summary)

5-mm blasting process

1-mm blasting process

ƴEvaluation of material to be measured and measurement performance of Ŭsurface contamination

ü The surface condition to be measured considering the on-site contamination status (surface roughness and presence of water) and the 

performance during the surface contamination measurement were evaluated.

ü It was confirmed that sensitivity would reduce to 44% due to the amount of water to be measured and that sensitivity tends to increase 

as surface roughness increases.

(b) Technological development of contamination evaluation for sorting solid wastes
- Test results corresponding to required specifications (3/3) -

Fig. 1 Measurement example of 10-cm2 

concrete with Ŭcontamination

Layout of radioactive 

sources

Counting rate in a center 

position

Unit: Bq

1 2 3 4 5 6 7 8

Pixel No.

No blasting process (painted)

Solid concrete

Blasted concrete

Dry state Water-containing state

Experi

mental 

value
Theoretic

al value

Pixel No.
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(b) Technological development of contamination evaluation for sorting solid wastes
- Required functions and current issues -

Black text: Results until FY2019    

Red text: Issues to be solved in 

FY2020

ü Evaluation of the basic performance in the laboratory has been completed for the required specifications.

ü The performance verification test was conducted in terms of evaluation on the amount of noise in a widely contaminated 

environment like the on-site at the Fukushima Daiichi Nuclear Power Station, distance correction using measurement data 

obtained under the noisy environment, lower limit of detection, and position resolution.

Table 1 Test results (summary)

Items
Required 

specifications
Overview of test results

Factors 

causing noise

Air dose rate

About 50 mSv/h

(Max: approximately 

150 mSv/h)

ÅConfirmed that there was positive correlation between the dose rate and the amount of noise up to 100 mSv/h in the 

irradiation test using Cs-137 point sources (ɔrays)

ÅNoise under the widely contaminated environment with scattered ɔ rays mixed has not been evaluated.

ɓand ɔsurface 

contamination density
300 kBq/cm2  ÅConfirmed that sensitivity to Sr/Y-90 point sources (ɓrays) is Ò0.05% of sensitivity to Ŭrays

ÅNoise under the widely contaminated environment has not been evaluated.

Environmental 

temperature
ī5ÁC to 35ÁC

Confirmed that the measurement performance (noise) does not change within the temperature range even when installing a 

cooling system lowering the PMT temperature to Ò25ÁC

Lighting
Lighting is required in 

some cases.
ÅImpacts of visible light decreased by installing optical filters

Factors 

affecting the 

amount of 

signals

Measuring distance 3 m
ÅConfirmed that sensitivity to Ŭrays is inversely proportional to the square of the measuring distance

ÅConfirmed that the distance can be corrected under the noiseless laboratory environment

Profile of object to be 

measured

Spherical, concaveï

convex, and plane 

surface

ÅThere is less impact from the measuring angle with objects to be measured.

ÅSensitivity decreased in a section where the contact range with air was small (such as a concave portion at a depth of 

25 mm).

Environmental 

humidity
Max: 100%

ÅConfirmed that the decrease in sensitivity to Ŭrays was Ò3% under the condition without dew condensation

ÅConfirmed that sensitivity would reduce to 44% when the surface to be measured contains moisture

Powdery dust
Same as the amount of 

outdoor dust
Confirmed that the change in sensitivity to Ŭrays is Ò1% even in the outdoor dust environment

Items Target values Remarks

Ŭray 

measurement 

performance

Quantitativeness

Being able to identify 

the distribution at order 

level

ÅConfirmed that there is a correlation between radioactivity and signals at up to 9.2 kBq during the measurement of the 

standard Ŭray source Am-241 under the noiseless environment

ÅConfirmed that sensitivity to Ŭrays changes by approximately 6 times depending on surface roughness of objects to be 

measured

ÅThe distance correction accuracy under the noisy environment has not been evaluated

Lower limit of 

detection

(Approximately 

4 Bq/cm2)

ÅThe lower limit of detection expected from the test results including the standard radioactive sources has already been 

evaluated.

ÅThe lower limit of detection based on noise data under the on-site environment has not been evaluated.

Position resolution 10 cm
ÅConfirmed that the position resolution was 2.1 cm under the less-noisy laboratory environment

ÅThe position resolution under the noisy environment has not been evaluated.
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(b) Technological development of contamination evaluation for sorting solid wastes
- Measuring system for performance verification test -

Power

LAN

Alpha camera control

System operation

3D model preparation

Alpha camera

Pan/tilt control system

Power supply unit for alpha camera

Lighting for alpha camera

PC for pan/tilt control and leveling 

image processing

Dosimeter 

(for air dose evaluation)

Camera for confirming 

the amount of 

horizontal movement

ƴEquipment overview

Å Measurement is conducted with combination of horizontal (manually), raising/lowering, and swinging (remotely) motions 

with the alpha camera mounted on the trolley.

Å Preparation of 3D model and distance correction of measurement results are conducted with images and distance data 

obtained using a ToF camera mounted on the alpha camera*1 and horizontal position coordinates (relative values) obtained 

by using a camera for confirming the amount of horizontal movement*2

*1: ToF stands for Time of Flight. It is a camera equipped with technology for measuring distance using infrared rays.

*2: A camera with simultaneous localization and mapping (SLAM) function

ƴMonitoring of the on-site environment

Å The temperature and brightness inside the system obtained with the environmental monitor*3 (built into the alpha camera) 

and the air dose rate obtained with the dosimeter installed outside the alpha camera are used for data evaluation.

Trolley (Lifter)

Environmental monitor 

(built into alpha camera)

Fig. 1 Diagram of measuring system with alpha camera

*3: Damage on 

photoelectric surface 

due to temperature of 

the photomultiplier tube 

and natural light is 

monitored
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(b) Technological development of contamination evaluation for sorting solid wastes
- Development of measuring system for performance verification test -

Major items Sub-items Improved points Reasons for change

Alpha camera Lens Å Changed some parts into aspherical lens (Fig. 1) Å Position resolution and 

sensitivity improved

Filter Å Added anti-reflective coating on filter surface

Å Adjusted filter thickness

Å Sensitivity improved

PMT amplifier circuit Å Increased in gain Å Sensitivity improved

PMT cooling system Å Changed in layout of radiation system Å Performance stabilized

Shutter Å Changed in layout Å Parts installation accuracy 

improved

Power supply unit for alpha camera Å Enhanced radiation measures Å Noise reduced

Alpha camera control software Å Added parallax correction function during synthesis 

(Fig. 2)

Å Position resolution improved

Trolley with lifting 

function

Pan/tilt mechanism Å Changed in drive range Å Measurement system 

automated

Outrigger Å Modified structure so that arms can fold during 

transportation

Å Accessibility during 

transportation improved

3D model 

preparation software

3D model preparation Å Accelerated processing

Å Corresponded to horizontal movement

ˈ

Others High-sensitive illuminometer Å Added for evaluation of the on-site environment ˈ

Improve the equipment for the performance verification test based on testing and design up to FY2019

Table 1 Improvement items from design details in FY2019

Fig. 2 Examples of parallax correction

The measurement range 

(red frame) was corrected 

in consideration of the 

difference in angular field 

and optical axis of the ToF

and alpha cameras

Fig. 1 Schematic of lens

Light incident 

side

No change in profile and 

configuration of lens 

Aberration (blur) was 

reduced by changing the 

profile of the third plano-

convex lens into an 

aspherical surface

Without parallax correction

Am-241 source

Tripod

With parallax correction

Lens 1 Lens 2 Lens 3 Lens 4
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(b) Technological development of contamination evaluation for sorting solid wastes
- Overview of measuring system with alpha camera (1/2) -

Fig. 1 Appearance of system developed in 2020

ü The appearance of the system with the improvements described on the previous page. In the 

performance verification test, it is used in a state where the whole area is cured except for the 

entrance window and the camera

Fig. 3 Pictures of outrigger with arms folded and unfolded

Fig. 2 Pictures of shutter open and closed

Lighting

Camera for 3D synthesis 

software (SLAM camera)

ToF camera

Entrance window

Tilt rotation axis

Pan rotation axis

Power supply 

unit for alpha 

camera

Pan/tilt drive 

control system

Sensor for 

trolley height

Shutter Shutter

ToF camera

Entrance 

window

Shutter closed Shutter open

(a) Outrigger with arms unfolded 

(during measurement)

(b) Outrigger with arms folded 

(during transportation)
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(b) Technological development of contamination evaluation for sorting solid wastes
- Overview of measuring system with alpha camera (2/2) -

Items Values Remarks

Sensitivity to Ŭrays 0.47 sī1/Bq/cm2 Measuring distance: 1 m, results during Am-241 measurement

Measurable distance of Ŭrays 70 cm to 3 m ÅImages cannot be synthesized with measurement results due to 

the parallax between the ToF and alpha cameras when the 

distance is <70 cm

ÅSensitivity to Ŭrays is available even when the distance exceeds 

3 m.

Operable temperature ī5ÁC~35ÁC It is confirmed that the alpha camera unit can be operated at up to 

40ÁC.

However, the operating temperature limit for the ToF camera and 

built-in systems is 35ÁC.

Noise sensitivity to ɓrays 0.09 sī1/kBq Sensitivity when Sr/Y-90 is located at 75 cm

Noise sensitivity to ɔ rays 2.8 sī1/mSv/h Average value on the air dose rate at alpha camera installation 

position

Allowable measuring angle 

range for objects to be 

measured

0Á~70Á

(forward-facing: 0Á)

ÅCondition that distance data can be obtained for concrete blocks

ÅMay restrict the angle between 0Áand 50Áwhen an object painted 

in black is measured

Objects to be measured that 

cannot be measured*1

Wire mesh, glass, space, etc. ÅSurface contamination density cannot be evaluated because the 

distance data cannot be obtained using the ToF camera

*1: In principle, the alpha camera is sensitive to Ŭrays emitted into the air. However, from the viewpoint of measuring the 

Ŭsurface contamination density, those for which the area of the object to be measured cannot be measured are 

defined as the objects that cannot be measured.

Table 1 Improved items from design details in FY2020

ü After evaluating the basic performance of the improved system in the functional verification test 

using a standard radioactive source, the sensitivity is slightly increased overall by improving the lens 

and others.
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(b) Technological development of contamination evaluation for sorting solid wastes
- Data processing flow (1/2) -

Visual field of alpha camera

Am-241 source

Am-241 source

Fig. 1 Alpha camera measurement flow diagram

Fig. 2 Alpha camera software screen (during BG measurement)

Fig. 3 Alpha camera software screen (during actual measurement)

ƴMeasuring method of the amount of signals and noise with alpha camera

[1]Background is measured by closing the shutter for shielding ultraviolet rays derived from Ŭrays (BG measurement). 

This is regarded as noise inside the housing generated in the housing.

[2]The amount of signal + noise generated outside the housing is obtained from the difference between the amount 

when the shutter is open (noise inside the housing + noise outside the housing + signal) and the amount when the 

shutter is closed.

Signal: Signal derived from Ŭrays

Noise inside the housing: Thermal noise in the detector, electric noise in the circuit, light emission through the lens with ɔlays

Noise outside the housing: Light emission with ɓrays, nitrogen light emission with ɔ rays, and environmental light

Moving/preparation

Start of 

measurement

BG measurement

Actual 

measurement

Result output

Moving/synthes

is process

Lighting Shutter Ŭray data Background image Distance data

Closed Display Display

Noise 

measurement
Record

Actual 

measurement

Displays image 

during BG 

measurement

Actual measurement 

- Noise measurement

Displays data 

during BG 

measurement

Record

Displays image 

during BG 

measurement

Displays data 

during BG 

measurement

Display Display

Closed

Closed

Closed

Open
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(b) Technological development of contamination evaluation for sorting solid wastes
- Data processing flow (2/2) -

Alpha camera 

measurement 

values

(Counting rate)

Signal

Noise

Preparation for 3D 

contamination 

distribution

Distribution 

evaluation

Lower 

limit of 

detection

ToF camera

Distance data

Imaging data

Output on 2D image Output on 3D model

Distance 

correction/sensiti

vity evaluation

Environmental data Air dose rate (at alpha camera position)

ɓand ɔsurface contamination density 

(measurement with smear method)

Temperature inside the 

system

Real-time display Preparation for 3D contamination distribution

Å The measured signals and noise are displayed in real time as a two-dimensional (2D) contamination 

distribution and used to prepare a 3D contamination distribution.

Å Performance of alpha camera is evaluated with the obtained 3D contamination distribution and 

environmental data during the measurement

Data for performance evaluation

Fig. 1 Flow diagram for evaluating data obtained with alpha camera
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(b) Technological development of contamination evaluation for sorting solid wastes
- Proposed measuring procedure -

ƴAssumption during measurement with the alpha camera

Å In the alpha camera, a signal (sensitivity) decreases inversely proportional to the square of the measuring distance.

Å In order to obtain the same lower limit of detection, the measurement duration will be more than doubled if the signal 

amount is halved (constant noise condition).

Å As the measuring distance becomes long, the area measured by one pixel of the alpha camera also changes, so it is 

desirable that the measuring distance should be specified under the same condition.

Move so that the distance from the 

object to be measured is close to the 

reference distance*1

Confirm the distance data (from 64 

pieces) within the angular field on 

the operation screen

Start of 

measurement

Distance data from 

64 pieces¢Reference 

distance Ĭ1.42?

yes

Distance data from 

Ó32 pieces֔
Reference 

distance Ĭ1.42?

no noPossible to 

approach the 

object to be 

measured?

Change the 

measurement 

conditions

no

[1] Start

Approach the object

[1] Start

yes

Start of 

measurement

Move toward the object whose distance 

data are larger than the reference 

distance times 1.42

ƴMeasuring procedure by measuring distance

If there are two or more measurement objects with different distances in the visual field, the measurement objects that are 

at least ςtimes the reference distance are excluded, and the alpha camera is moved separately to perform 

measurement within the reference distance again.

*1: Reference distance

Set according to the required lower limit of detection 

and environmental conditions. Approximately 1 to 2 m 

when the lower limit of detection is assumed to be 

approximately 4 Bq/cm2.

Fig. 1 Verification of measuring distance during the measurement with alpha camera
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(b) Technological development of contamination evaluation for sorting solid wastes
- Purpose of performance verification test -

ƴPurpose of performance verification test
For the on-site environment at the Fukushima Daiichi Nuclear Power Station, examine the applicable range for the alpha 

camera by evaluating the amount of noise in a widely contaminated environment that has been insufficiently 

evaluated in the past tests; distance correction using measurement data obtained under the noisy environment, lower 

limit of detection, and position resolution; and acquire information that can give feedback to the basic design.

Items
Required 

specifications
Overview of test results

Noise

Air dose rate

Approx. 50 mSv/h

(Max: approximately 

150 mSv/h)

ÅConfirmed that there was positive correlation between the dose rate and the amount of 

noise up to 100 mSv/h in the irradiation test using Cs-137 point sources (ɔ rays: 

gamma rays)

ÅNoise under the widely contaminated environment with scattered ɔrays mixed 

has not been evaluated.

ɓand ɔsurface 

contamination 

density

300 kBq/cm2  

ÅConfirmed that sensitivity to Sr/Y-90 point sources (ɓrays) is Ò0.05% of sensitivity to Ŭ

rays

ÅNoise under the widely contaminated environment has not been evaluated.

Environmental 

temperature
ī5ÁC ~ 35ÁC

Confirmed that the measurement performance (noise) does not change within the 

temperature range even when installing a cooling system lowering the PMT temperature to 

Ò25ÁC

Lighting
Lighting is required 

in some cases.
ÅImpacts of visible light decreased by installing optical filters

Table 1 Summary of past testing results (excerpt of parts regarding noise)
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(b) Technological development of contamination evaluation for sorting solid wastes
- Items to be tested at Fukushima Daiichi Nuclear Power Station -

Noise factors The measured amount of noise 

estimated in the Unit 3 R/B 

environment from the 

laboratory test results*1

Possibility of 

difference 

processing

Differences that could arise between the laboratory test 

and Fukushima Daiichi Nuclear Power Station 

environments

Air dose rate:
Light generated by the incident ɔ

ray on the lens and detector

18 [sī1] *2 Accepted  The shielding effect of the shield increased and noiseה

decreased because of scattered ɔrays with reduced energy

 Noise decreased as ɔrays from the floor and back wereה

shielded by trolleys, power supply units, etc.

ɓand ɔsurface 

contamination density:
UV rays generated by reaction of 

ɓrays with nitrogen

Ò3.5 [sī1] *3 Not accepted Light emitted by the ɓ-ray source outside the angular field 

existing in the ɓ-ray range in the air (maximum 1.3 m) was 

measured and noise increased.

*1: Air dose rate (ɔ): 9 [mSv/h], surface contamination density: 30 [kBq/cm2], temperature: Ò35ÁC

*2: Calculated from the sensitivity of 2.0 sī1/mSv/h obtained through the irradiation test using the Cs-137 point source in FY2019

*3: Calculated from the relative sensitivity of 0.05% for the Ŭray source and the sensitivity of 0.23 sī1/Bq/cm2 for the Ŭray obtained through the test 

using the Sr-90 point radiation source in FY2019. However, since ɓray signals fell below the lower limit of detection, the lower limit of detection for 

sensitivity was described

For the alpha camera, the result obtained through the difference processing by opening and closing the shutter is regarded as the 

Ŭsurface contamination distribution.

Therefore, the Ŭsurface contamination distribution cannot be measured when the noise component cannot be subtracted or when an 

error in the difference processing result is large because the amount of noise is large.

¸ Evaluation of correlation between ɓand ɔsurface contamination density and amount of noise that may cause a difficulty in difference 

processing and an increase in noise is required.

¸ Considering the risk of exposure and others, test and evaluate the air dose rate with a large amount of noise, the position resolution in a 

noise environment, and the distance correction accuracy that can be verified.

Table 1 Amount of noise expected during the measurement with alpha camera in Unit 3 R/B

ü Performance evaluation is required for the air dose rate and ɓand ɔsurface contamination density, which have 

a large impact as noise.
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(b) Technological development of contamination evaluation for sorting solid wastes
- Details of performance verification test -

ƴTest items

Evaluation of correlation between the air dose rate/ɓand ɔsurface contamination density and the amount of noise is the top 

priority evaluation item as resistance to the environment. Furthermore, the lower limit of detection and the distance correction

accuracy as the Ŭ ray measurement performance and the position resolution of the alpha camera as the display function are 

evaluated.

# Required functions Evaluation items Test details Parameters Priority

R
e
s
is

ta
n

c
e

 t
o

 e
n

v
ir

o
n

m
e

n
t Applicable for the air 

dose rate, ɓand ɔ

surface 

contamination 

density, temperature, 

humidity, and dust at 

the Fukushima 

Daiichi Nuclear 

Power Station 

environment

Amount of noise Evaluation of correlation between air dose rate and amount of noise 

(Test [1]):

Correlation between the air dose rate and the amount of noise should be 

obtained under the condition where a radioactive source exists over the 

entire area.

Air dose rate at alpha 

camera position

¹

Evaluation of correlation between ɓand ɔsurface contamination 

density and amount of noise (Test [2]):

Correlation between the surface contamination density and the amount 

of noise within the angular field should be obtained under the 

environment where contamination exists widely.

ɓand ɔsurface 

contamination density 

within the angular field 

of alpha camera

Ŭ
ra

y
 m

e
a

s
u

re
m

e
n

t 

p
e

rf
o

rm
a

n
c
e

Being able to identify 

the Ŭsurface 

contamination density 

at order level

Lower limit of 

detection

Evaluation of correlation for the amount of signals to Ŭ ray source 

(Test [3]):

Install the standard Ŭ ray source to acquire the relation of the amount of 

signal for the Ŭ ray intensity.

Intensity of standard Ŭ 

ray source

Measurement results 

at multiple points can 

be compared

Accuracy of the 

method for 

correcting the 

measuring distance

Evaluation of dependence on measuring distance (Test [4]):

Confirm that the same results can be obtained when measuring standard 

Ŭ ray sources with the same intensity under the different measurement 

conditions (such as distance).

Distance to the object 

to be measured

D
is

p
la

y
 

fu
n

c
ti
o

n

Contamination point 

can be identified

Position resolution 

of alpha camera

Evaluation of accuracy for identifying contamination distribution 

(Test [5]):

Install the standard Ŭ ray source to confirm that the measured 

contamination distribution corresponds to the source position.

Layout of standard Ŭ 

ray source

Table 1 Test items by evaluation item
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(b) Technological development of contamination evaluation for sorting solid wastes
- Requirements for noise evaluation -

Items Noise generation mechanism Conditions that generate noise 

equivalent to the amount of Ŭ

signals*2

(Element test results in FY2019)

Requirements for the test

Air dose 

rate

Detect the emitted light by the 

incident ɔray on glass such as 

PMT window and lens

0.1 mSv/h

(Point source: Cs-137 direct ray)

Å Air dose rate at alpha camera position: 

Ó0.2mSv/h *3

Å Planar source

Å Including scattering rays

ɓand ɔ

surface 

contamin

ation 

density

ɓray reacts with nitrogen and 

emits light

2 kBq/cm2

(Point source: Sr-90/Y-90)

Å ɓand ɔsurface contamination density within 

the visual field of the alpha camera: Ó8kBq/cm2

Å Contaminated area: Ó3.2m2 (1.8 Ĭ1.8 m2)
Length of piece: 1.8 m = Alpha camera angular field: 

0.5 m + Maximum range of ɓrays: 1.3 m

*2: Ŭsurface contamination density = 1 Bq/cm2

*3: Noise may be less than expected when low-energy ɔ rays are present, so set it with double margin.

Table 1 The expected amount of noise amount estimated from the FY2019 test results and the conditions required for the test

Extract the following three items as conditions for the test location in order to perform five test items (relation 

between air dose rate/ɓand ɔsurface contamination density and amount of noise, lower limit of detection, 

distance correction accuracy, and evaluation of position resolution). Consider a test location that meets the 

conditions
¸ The environmental condition that can detect noise derived from the air dose rate and ɓand ɔnuclide surface contamination 

density is required.

¸ Different environmental conditions are required to be set for each item to evaluate noise sensitivity

¸ Condition in which contamination is widely spread*1 that has not been evaluated is required.

*1: A radius of the maximum range of ɓrays in the air (approximately 1.3 m) is required to confirm the impact of light emission by 

ɓrays
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(b) Technological development of contamination evaluation for sorting solid wastes
- Study of performance verification test: Study of test location -

A flange tank piece on the 1st floor of Unit 3 R/B or of the building for large component inspection is selected, 

considering conditions required for a test location, interference with other works, and workspace.
ü Lower limit of detection for alpha camera: Ó0.2 mSv/h for the air dose rate and Ó8kBq/cm2 for the ɓand ɔnuclide surface 

contamination density are required in order to obtain the correlations with noise.

ü Evaluation of accuracy for distance correction: Space of 2 m Ĭ3 m where data with different measuring distance can be 

obtained is required

ü Position resolution of alpha camera: Carrying-in of the standard Ŭ ray source is required in order to set the source 

position.

Table 1 Comparison table for 

test locations

E
v

a
lu

a
ti

o
n

 i
te

m
s Determination conditions Locations

Required conditions D Pit on the 

southwest side 

of the 1st floor 

in Process 

Building

Inside the ALPS 

building

Basement 

floor in HTI

H4 tank West side on the 

1st floor of Unit 3 

R/B

West side on 

the 1st floor of 

Unit 2 R/B

West side on 

the Operation 

Floor of Unit 2 

R/B

Building for 

large 

component 

inspection 

(flange tank 

piece)

ɓ
a
n

d
 ɔ

s
u

rf
a
c
e
 

c
o

n
ta

m
in

a
ti

o
n

 

d
e
n

s
it

y

Ó8kBq/cm2 Description The maximum 

value was 

1.2 kBq/cm2, 

determined as 

inappropriate.

The maximum value 

was 16 Bq/cm2, 

determined as 

inappropriate.

Ó8kBq/cm2

in almost the 

entire area

No survey 

record

Ó8kBq/cm2 in 

almost the entire 

area

Ó8kBq/cm2 in 

almost the 

entire area

There is an 

applicable 

location with 

density of 

Ó8kBq/cm2

7.5 kBq/cm2 in 

Sr-90 terms

Evaluation Ĭ Ĭ ₃ ˈ ₃ ₃ ₃

A
ir

 d
o

s
e
 r

a
te

 

o
f 
ɔ
ra

y
s
 

Ó0.2mSv/hה

15>ה mSv/h

Description Should satisfy 

the conditions

The maximum value 

was 0.02 mSv/h, 

determined as 

inappropriate.

Ó0.2mSv/h 

in almost the 

entire area

No survey 

record

Ó0.2mSv/h in 

almost the entire 

area

Ó0.2mSv/h in 

almost the 

entire area

Ó0.2mSv/h in 

almost the 

entire area

Approximately 

0.1 mSv/h

Evaluation ₃ Ĭ ₃ ˈ ₃ ₃ ₃

W
o

rk
 p

e
ri

o
d

No 

interference 

with other 

works for 

approximately 

1 day to 5 h or 

approximately 

1 week

Description There is other 

work. 

Coordination is 

needed

There is other work. 

Coordination is 

needed

There is no 

work 

currently

Less 

possibility of 

interference

There is a 

possibility of 

interference near 

the entrance for 

transferring large 

items

Interference 

with other 

works

Interference 

with 

decontaminatio

n work in 

December

Possible to 

work in parallel 

with other 

works

Evaluation ₃ Ĭ Ĭ ₃

S
p

a
c
e

Approximately 

2 m Ĭ3 m

Description Possible on a 

layout basis

Possible on a layout 

basis

Possible on 

a layout 

basis

Cannot put 

equipment 

inside the 

tank

Space available 

on a layout basis

No space due 

to other works

No space due 

to other works

Space 

available

Evaluation ˈ ˈ ₃ Ĭ ₃ Ĭ Ĭ ₃
Total evaluation Ĭ Ĭ Ĭ ₃ Ĭ Ĭ

Table 1 Test location candidates compared and studied
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(b) Technological development of contamination evaluation for sorting solid wastes
- Comparison of test methods -

Test methods ɓand ɔsurface 

contamination density: 

8 kBq/cm2, 3.2 m2

Air dose rate (ɔ)

Ó0.2mSv/h

Quantitativeness 

of contamination 

status

Amount of workers' 

exposure to radiation

Necessity of test implementation Very good Good Good ˈ

Evaluation in the 

laboratory test

Simulation with 

multiple RI sources 

installed

Unacceptable

Reproduction of the planar 

source requires a notification 

for using multiple high-intensity 

radioactive sources

Acceptable

Possible with point sources 

but difficult with planar 

sources

Very good

Records of source 

calibration

Very good

Less exposure because of 

appropriate measures

Evaluation in the 

laboratory test

Preparation of 

simulated sources 

using unsealed 

sources

Unacceptable

Difficult in terms of the upper 

limit for handling of unsealed 

sources

Unacceptable

Difficult in terms of the upper 

limit for handling of unsealed 

sources

Good

Managed with 

calibration record and 

dripping amount

Good

There is a possibility of exposure 

during work.

Testing in the high-dose and highly 

contaminated environments

(Testing on the 1st floor of Unit 3 R/B)

Good

Satisfy the conditions in most 

locations

Good

Satisfy the conditions in most 

locations

Acceptable

Measurement with 

smear method, 

survey, etc.

Acceptable

Å  Total amount of exposure: 

Ò0.1Sv

Å  Average dose rate (ɔ) in 

R/B = 9 mSv/h

Testing in the highly contaminated environment

(Measurement of flange pieces of contaminated 

water tank)

Good

Satisfy the conditions in most 

locations

Unacceptable

Reproduction of the planar 

source requires multiple 

high-intensity radioactive 

sources

Acceptable

Measurement with 

smear method, 

survey, etc.

Good

Å Total amount of exposure: 

Ò0.03Sv

Å Average radiation dose inside 

the flange tank (ɓ+ ɔ): 3mSv/h

Perform the comparative evaluation concerning items that can be tested and the amount of exposure based on the conditions on the

previous page.
Å Laboratory test is excel in quantitativeness of exposure and test conditions. The widely contaminated environment that is a required 

condition cannot be reproduced.

Å Because R/B has the high-dose rate and highly contaminated environment, the test conditions are met. However, there is a large amount 

of workers' exposure to radiation.

Å In the flange tank piece after dismantling the contaminated water tank, the air dose rate does not meet the condition, but the condition of 

ɓand ɔsurface contamination density, which is a required test item, is satisfied and the exposure is low.

Table 1 Comparison table for test methods

A flange tank piece was adopted as a test location for the performance verification test
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(b) Technological development of contamination evaluation for sorting solid wastes

- Test items for flange tank pieces -

# Required functions Evaluation items Test details Parameters

R
e
s
is

ta
n

c
e

 t
o

 e
n

v
ir

o
n

m
e

n
t Applicable for the air 

dose rate, ɓand ɔ

surface contamination 

density, temperature, 

humidity, and dust at the 

Fukushima Daiichi 

Nuclear Power Station 

environment

Lower limit of 

detection for alpha 

camera (noise)

Evaluation of correlation between air dose rate and amount of noise (Test 

[1]):

Correlation between the air dose rate and the amount of noise should be 

obtained under the condition where a radioactive source exists over the entire 

area (ɔ ray impact assessment).

Air dose rate at alpha 

camera position

Evaluation of correlation between ɓand ɔsurface contamination density 

and amount of noise (Test [1]):

Correlation between the surface contamination density and the amount of noise 

within the angular field should be obtained under the environment where 

contamination exists widely.

ɓand ɔsurface 

contamination density 

within the angular 

field of alpha camera

Ŭ
ra

y
 m

e
a

s
u

re
m

e
n

t 

p
e

rf
o

rm
a

n
c
e

Being able to identify the 

contamination density at 

order level

Lower limit of 

detection for alpha 

camera (signal)

Evaluation of correlation for the amount of signals to Ŭ ray source (Test 

[2]):

Install the standard Ŭ ray source to acquire the relation of the amount of signal for 

the Ŭ ray intensity.

Intensity of standard 

Ŭ ray source

Measurement results at 

multiple points can be 

compared

Accuracy of the 

method for 

correcting the 

measuring distance

Evaluation of dependence on measuring distance (Test [3]):

Confirm that the same results can be obtained when measuring standard Ŭ ray 

sources with the same intensity under the different measurement conditions 

(such as distance).

Distance to the object 

to be measured

D
is

p
la

y
 

fu
n

c
ti
o

n

Contamination point can 

be identified

Position resolution 

of alpha camera

Evaluation of accuracy for identifying contamination distribution (Test [4]):

Install the standard Ŭ ray source to confirm that the measured contamination 

distribution corresponds to the source position.

Layout of standard Ŭ 

ray source

Table 1 Test items by evaluation item

Determined that this test does not need to be conducted 

since it is considered that noise is lower in the actual 

field than in the lab testing environment.

On the basis of the test results so far, the following four items should be tested as the evaluation test for correlation between the ɓ

and ɔsurface contamination density and the amount of noise, the distance correction method under the noise condition, and the 

verification test for position identification accuracy of Ŭcontamination, which are indispensable for the measurement performance 

evaluation of the alpha camera.
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(b) Technological development of contamination evaluation for sorting solid wastes
- Details of test location -

Fig. 1 Location appearance of the large component decontamination facility*1

*1: Cited from Tokyo Electric Power Company Holdings, Inc. ñInstallation Status of Large 

Component Decontamination Facility as of April 16, 2018ò

Fig. 2  Part of flange tank*2

*2: Picture taken on October 30, 2020

A test is conducted at the building for large component inspection where a flange tank piece is decontaminated.

An object to be measured is a flange tank piece whose contamination that meets the test condition has been confirmed 

with the prior measurement. (See page 112 for the test condition.)

Å Object to be measured: One tank piece satisfying the test condition inside the flange tank piece during the 

decontamination work

Å Measurement location: Contaminated area (Zone Y) Contamination is mainly caused by ɓray emitting nuclide Sr/Y-

90, and the amount of the ɔray source (ɔ ray dose rate) is small. Therefore, the air dose rate outside the flange tank 

is low.

Building for large 

component inspection

Switchyard of Unit 1/2

Anti-seismic building

Appearance of the large component decontamination facility



©International Research Institute for Nuclear Decommissioning 114

[1]
[2]

[3]
[4][5]

Å The high surface dose rate location and the ɓand ɔsurface dose rate at the center of each 

measurement angular field*1

Å It was confirmed that the surface dose rate (ɓ) was approximately 20mSv/h at most or between 10 

and 15 mSv/h overall (and the ɓand ɔsurface contamination density was 2~5 kBq/cm2).

120Á
90Á

60Á

40Á

10Á

Red text: Tilted angle used in the test

(b) Technological development of contamination evaluation for sorting solid wastes
- ɓand ɔsurface contamination density at test location -

*1:Surface contamination density was calculated from the surface dose rate because the wiping efficiency was poor and 

the highly accurate measurement was difficult in the smear method.

Fig. 2 Surface dose rate by angleFig. 1 High surface dose rate points within the measurement range

Unit: mSv/h

Unit: mSv/h

Details of locations to be tested (Area D)

Flange tank piece (side view)

Area A (back)

Area D3

Area D: Mesh surface dose equivalent rate 

measurement results

Point E: Central surface dose equivalent 

rate measurement result

Point F: Air dose equivalent rate measurement 

result directly beneath Point E

Area B (back)

Area C (front) Area D (front)

Area D4

Approximately 

600 mm
Approximately 

400 mm

Point ɔ ɓ+ɔ

D1 0.20 18.0

D2 0.28 20.0

D3 0.20 15.0

D4 0.3 20.0

D5 (end portion) 0.8 65.0

D6 (end portion) 1.0 65.0

D7 (400 mm from the end portion) 0.30 20.0

D8 (600 mm from the end portion) 0.30 20.0

Point ɔ ɓ+ ɔ

F central space 0.13 7.5

Point ɔ ɓ+ ɔ

E central surface 0.19 11.0

Flange tank piece (side view)

Area A (back)

Area D3

Area B (back)

Area C (front) Area D (front)

Area D4Area C3 Area C4

Point ɔ ɓ+ ɔ

[1] (10 f̄rom east) (300 mm from the end portion) 0.30 21.0

[2] (40 f̄rom east) (300 mm from the end portion) 0.14 10.0

[3] (60 f̄rom east) (300 mm from the end portion) 0.13 8.5

[4] (90 f̄rom east) (300 mm from the end portion) 0.11 8.5

[5] (120 f̄rom east) (300 mm from the end portion) 0.12 9.0

Surface dose equivalent rate measurement after the test completion
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(b) Technological development of contamination evaluation for sorting solid wastes
- Preliminary site survey results and measuring distance -

ƴMethod for test conducted inside the flange tank piece

Å For a flange tank piece, the ɓand ɔsurface contamination density varies depending on position. Noise 

measurement with differentɓand ɔsurface contamination density is possible by changing the 

measurement location.

Å Because the lower end height of the alpha camera is 0.86 m, the measuring distance can only be set to 

Ò0.7m for the measurement at a tilted angle of 90Á.

Fig. 2 Relation between angle and measuring distance

0
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Alpha camera tilt angle [Û]

40¯

Fig. 1 Measurement screen

60¯ 90Á

0 100 200 300 400

0          

50          

100          

150          

Lower end height from 

the center of the alpha 

camera: 0.86 m

Tilted angle: ɗ

Flange tank piece

10Á

ü The test was conducted with different ɓand ɔsurface contamination density 

and measuring distance by fixing the alpha camera at the center of the flange 

tank and changing the tilted angle.

[cm]          

[cm]          

Upper end

Center

Lower end
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(b) Technological development of contamination evaluation for sorting solid wastes
- Measurement values and range -

Structure

Picture of flange tank piece Measurement range (3D model preparation example)

Structure

3D model that synthesizes the measurement results in five directions with 

the visual field angle changed verticallyƴMeasurement range (red dotted frame)

ƴMeasurement values
Å ɓand ɔsurface contamination density: Calculated from the surface dose rate*1(ɓ) within each measured angular 

field

Å Ŭsurface contamination density: Value of standard radioactive source in a pixel (Bq) divided by the pixel area of the 

alpha camera *2 (cm2)

Å Measuring distance: Distance measured using the ToF camera mounted on the alpha camera

*1: Difference between the ɓand ɔdose rate and the ɔdose rate measured with the survey meter 70um dose equivalent

*2: Pixel size is calculated from the measuring distance and the angular field of the alpha camera  

End portion of 

flange tank piece
Ŭ ray source

(Fixed with magnets)

With radioactive source 

(Example of Test [2])
Without radioactive source 

(Example of Test [1])
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Alpha camera suspenderAlpha camera and trolleyFlange tank piece to be measured

Å Equipment is carried in from the west side (R/B side) shutter. (In the plan, it is carried in from the 

east side shutter.)

Å In order to prevent contamination at positions of the trolley wheels, a curing sheet is drawn on the 

floor in advance for moving and operating the trolley. (Work with clean yellow shoes on the curing 

sheet)

(b) Technological development of contamination evaluation for sorting solid wastes
- Pictures of performance verification test (1/3) -

Fig. 1 Pictures of test location
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Å A control area (with four PCs) was set up around the flange tank piece where workers 

were able to do a visual confirmation and easily communicate with each other.

Å The inner area of the flange tank piece was darkened by shading both its sides and 

lateral sides with a blackout curtain.

Control area

Blackout 

curtain
Rubber mat for shielding

(b) Technological development of contamination evaluation for sorting solid wastes
- Pictures of performance verification test (2/3) -

Fig. 1 Pictures of controlling area



©International Research Institute for Nuclear Decommissioning 119

Å In order to prevent contamination at positions of the trolley wheels and cables, add transparent curing 

sheets after the light shielding.

Å A simple slope is installed to carry in the equipment backwards because it exceeds the iron plate on 

which the flange tank piece is placed.

*Initially, it was supposed to be inserted forward because it was measured at the back (wall side) of the 

flange tank where high contamination has been observed. However, because it was found that the front 

side (aisle side) was a highly contaminated environment, it was decided to carry it in backwards.

Alpha camera unit

Transparent curing sheet

(Yellow tape is used for marking wheel positions.)

(b) Technological development of contamination evaluation for sorting solid wastes
- Pictures of performance verification test (3/3) -

Fig. 1 Pictures of inner area of flange tank piece
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(b) Technological development of contamination evaluation for sorting solid wastes
- Test result summary of performance verification test -

Test details Test methods Results

Evaluation of correlation between ɓ

and ɔsurface contamination density 

and amount of noise (Test [1])

Correlation between ɓand ɔsurface contamination density and the amount of signals is obtained 

while measuring different portions with different ɓand ɔsurface contamination density (2ï5 kBq/cm2) 

by changing tilted angles of 10Á, 40Á, 60Á, 90Á, and 120Á.

Correlation between ɓand ɔsurface contamination density and 

the amount of noise was obtained. The amount of noise 

increased by 20 times compared with that in the functional 

test. (The factors will be mentioned on the following pages.)

Evaluation of correlation for the 

amount of signals to Ŭ ray source 

(Test [2])

Correlation between Ŭsurface contamination density and the amount of signals*1 is obtained while 

setting standard Ŭ ray sources with different intensity (Am-241: 220, 740, 2960 [Bq]) within the 

angular field at a tilted angle of 90Á.

Sensitivity values obtained in the performance verification test and 

in the laboratory test were 0.31 Ñ0.16 sī1/Bq/cm2 and 0.47 

sī1/Bq/cm2, respectively, coinciding with each other within the 

error range.

Evaluation of dependence on 

measuring distance (Test [3])

Evaluate the dependence on measuring distance of sensitivity to Ŭrays while installing the standard Ŭ 

ray source (Am-241: 2960 [Bq]) at a position where the measuring distance is different.

Confirmed that it is inversely proportional to the square of the 

distance as is the case with the functional verification test 

However, correction in real time was difficult because of 

impacts of noise

Evaluation of accuracy for 

identifying contamination 

distribution (Test [4])

Prepare the 3D contamination distribution from the difference of measuring results without radioactive 

sources using data obtained at various angles (10Á, 40Á, 60Á, 90Á, and 120Á) to evaluate the specific 

accuracy of the Ŭsurface contaminated location.

Although it was deteriorated more than the position resolution 

during the test with the standard radioactive source due to the 

noise impact, the radiation source position could be specified 

with a resolution of approximately 6 cm, which is lower than 

the target value of 10 cm.

Table 1 Test items by evaluation item

Fig. 3Distribution obtained by subtracting noise from the 

measurement results (Test [4])

2960 Bq

220 Bq

740 Bq

Area 

affected by 

noise

Fig. 1Correlation between Ŭsurface contamination density and 

counting rate  (Test [2])

Fig. 2Dependence on measuring distance of 

sensitivity to Ŭrays (Test [3])

*1: It was calculated by regarding the difference between values of the pixel with the source and values of the pixel without 

the source as the signal derived from the source due to impacts of noise.

ü Completed the test as planned Obtained a result with more noise than the result of the function verification test. (Details on the 

following pages)

*2: Difference between data with and 

without source explained in *1
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Test [2]

Difference*2

Laboratory test

Ŭsurface contamination 

density Bq/cm2

Test [2]

Test [4]

Test [4]

Fitting: Counting rate = a/
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(b) Technological development of contamination evaluation for sorting solid wastes
- Comparison with functional verification test -

ƴNoise comparison with test results using standard radioactive source
High noise was observed for the same measuring distance and radioactive contamination even when the standard 

radioactive source was compared with the measurement results. It is presumed that there were the effects due to uniform 

contamination, which had been initially supposed, and other impacts.

Items Laboratory test
Performance 

verification test
Remarks

Test

conditions

Nuclide Sr/Y-90 Assumed to be Sr/Y-90 ˈ

Radioactivity 2.1 kBq 66.7 kBq Laboratory test: Radioactivity considering the 

half-life period from the source specifications

Performance verification test: Radioactivity 

density ĬPixel size of alpha camera (29 cm2)

Source size 60 mmĬ15 mm Contaminated widely ˈ

Radioactivity density 0.2 kBq/cm2 2.3 kBq/cm2 Laboratory test: Radioactivity/source area

Performance verification test: Converted data 

from surface dose rate using conversion 

coefficient

Measuring distance 0.75 m 0.75 m ˈ

Measurement 

results

Counting 

rate/radioactivity

0.09 sī1/kBq 2.01 sī1/kBq Approximately 22 times

ü Extract factors and analyze the degree of impacts by factor

Table 1 Comparison between the functional verification test (with standard radioactive source) and the performance verification test
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(b) Technological development of contamination evaluation for sorting solid wastes
- Estimation of noise generation factors in the performance verification test -

0 100 200 300

400

0          

50          

100          

150          

Flange tank piece

# Noise source Details of study Evaluation

1 Heat noise caused by 

the rising temperature of 

the detector 

(temperature)

ÅConfirmed that PMT normal 

temperature is Ò25ÁC

ÅNoise is normal when the shutter 

is closed

Impact: Low

2 Electric noise ÅNoise is normal when the shutter 

is closed

Impact: Low

3 Cherenkov radiation 

noise by ɔ rays (gamma 

rays)

Assuming that the air dose rate (ɔ) 

is approximately 10 [ɛSv/h] and the 

amount of noise is Ò0.11 [sī1] at the 

position of the detector

Impact: Low

4 Misdetection of UV 

emission by ɔ rays 

(gamma rays)

Assuming that the ɔray dose rate is 

approximately 0.1 [mSv/h] and the 

amount of noise is Ò1 [sī1] on the 

surface of the flange tank

Impact: Low

5 Light emission of 

nitrogen by ɓrays

The impacts due to surface 

contamination and/or cylindrical 

flange tank pieces are also 

possible.

Impact: High

6 Environmental light Noise levels measured in the 

daytime and nighttime were the 

same.

Impact: Low

7 Other light emission by 

radiation

Cherenkov light emission from 

the paint on the inner wall of the 

flange tank and from the curing 

sheet

Impact: High

[1], [2], [3] [4], [5] [6]

Light emission inside 

the flange tank piece

Light emission 

outside the flange 

tank piece

[7]-2

Paint on 

the inner 

wall of the 

flange tank 

piece

Curing sheet 

covering over 

equipment, floor, etc.

Locations of noise generation corresponding to 

item numbers in Table 1Table 1 Study of noise factors

Fig. 1 Locations of noise generation

[7]-1

ƴStudy of noise generation factors
For possible noise factors, confirmed the operation and data during the test, and identified the light emission of the paint on the 

inner wall of the curing sheet and the flange tank piece in addition to the nitrogen light emission noise due to ɓrays, which was one 

of the purposes of this test

ü Evaluate the magnitude of the impacts of nitrogen light and light emission noises of paint through the 

analysis and additional test.

[cm]          

[cm]          
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(b) Technological development of contamination evaluation for sorting solid wastes 

- Flow for evaluating the amount of noise -

Light emission of nitrogen by ɓrays

Other light emission by radiation

1. Extract the material that may emit 

light from materials existed in the 

performance verification test 

environment, and present its light 

emission phenomenon

2. Irradiate the material with the ɓ/Ŭ

standard radioactive source, and test 

and evaluate the impact on the alpha 

camera according to the presence or 

absence of light emission and by the 

light emission event

3. Calculate the amount of noise 

observed with the alpha camera 

during ɓray irradiation

Material: Curing sheet (pink), polyethylene sheet, and paint

Light emission events: Scintillation light and Cherenkov light

1. Build an analysis model that 

simulates the profile of a flange tank 

piece

2. Set the radioactive source 

condition on the surface of the 

flange tank piece, and analyze and 

evaluate the distribution of the light 

emission amount.*1

3. Calculate the detection efficiency 

of the alpha camera for the light 

generated at each point through the 

ray tracing analysis.

4. Evaluate the effect of light emission 

existing within the angular field of the 

alpha camera, and estimate the 

amount of noise.

Amount of noise Ӓ× Amount of light 
emission ĬDetection efficiency

*1: Assuming that the distribution of the light emission amount is 

proportional to the distribution of energy deposition

Source conditions

Uniformly inside the flange tank pieceה

 Radioactive source size with centered position at aה

tilted angle of 90Á

Sum of both amounts of 

noise and comparison with 

the experimental values
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No. Noise factors Evaluation methods Impacts

1 Impact of radiation due to wide 

contamination outside the 

angular field

Evaluate noise assuming the measurement 

at a tilted angle of 90Áand supposing 

radioactive sources with different size with 

respect to center of the angular field (Fig. 1)

The noise impact was confirmed 10.9ï24.5 times more 

than that of the point source (5 cm Ĭ5 cm) if the 

contamination of 125 cm Ĭ100 cm existed (Fig. 2)

2 Impact depending on profile of 

flange tank piece

Evaluate noise by tilted angle assuming that 

there is uniform contamination inside the 

flange tank piece

Compared with a tilted angle of 90Á, the amount of noise 

increased 1.2 times at 40Áand approximately 2.6 times at 

10Á(Fig. 3)

(b) Technological development of contamination evaluation for sorting solid wastes 
- Evaluation of light emission of nitrogen by ɓrays -
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Analysis (distribution assuming uniform
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Fig. 2 Correlation between source size 

and amount of noise

Fig. 3 Correlation between 

measurement orientation and 

amount of noise

(uniform contamination)

Fig. 1 Overview of evaluation conditions

Tilted at 90Á

Tilted at 10Á

No. 1: The larger the radioactive source size, 

the more the ɓrays generated outside the 

angular field emit light inside the angular field 

(red frame).

No. 2: The closer it is to 

the horizontal, the closer 

the angular field is to the 

contaminated surface.

Source

Table 1 Impact from light emission of nitrogen by ɓrays

*

* The entire field from the surface of the target to the alpha camera position

[cm]          

[cm]          
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No. Noise factors Evaluation methods Impacts

1 Measure the light emitted 

from the paint on the inner 

wall of the flange tank using 

the alpha camera.

Evaluate the noise in a system where 

Am-241 (Ŭ ray source) and Sr/Y-90 (ɓ

ray source) are installed on the backside 

of the object to be measured with a 

distance of 50 cm between the alpha 

camera and the object to be measured.

It was detected as noise of approximately 2 Ĭ10ī3

[sī1/Bq] at a measurement distance of 50 cm 

regardless of material and color, and it is assumed 

that the paint had also emitted the equivalent light.

2 Measure the light emitted 

from the alpha camera and 

the curing sheet on the floor 

surface and scattered on 

the flange tank piece.

Compared with the noise in No. 1, it is assumed that 

the impact due to reflection and scattering of the 

flange tank piece is smaller.

(b) Technological development of contamination evaluation for sorting solid wastes
- Other light emission by radiation -

Table 1 Correlation between source size and amount of noise

Fig. 2 Impacts by sheetFig. 1 Test system

Objects to be 

measured

Source

Alpha camera

Measuring 

distance

(50 cm)

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

Polyethylene sheet
Transparent_0.1mmt

Polyethylene sheet
Transparent_0.05mmt

Curing sheet
Pink_0.18mmt

N
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s
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]

Scintillation light

Cherenkov lightObjects to be measured

Source

Types of 

lights 

generated
Material Color Thickness 

[mm]

Polyethylene 

sheet

Transparent 0.05 Sr/Y-90 

(ɓ)

ÅScintillation 

light

ÅCherenkov 

light

0.10

Curing sheet

(Olefin)

Pink 0.05

Epoxy resin 

sheet*

Semi-

transparent

Unknown

Polyethylene 

sheet

Transparent 0.10 ȷm-241 

(Ŭ)

Scintillation 

light

Curing sheet

(Olefin)

Pink 0.18

* Paint was simulated. However, it should be used as 

a reference because it is not a ready-made item.

Table 1 Other light emission by radiation
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(b) Technological development of contamination evaluation for sorting solid wastes
- Total evaluation concerning noise -

From the evaluation results, the amount of noise measured from the ɓand ɔsurface contamination density was estimated using the following method. 

Confirmed the validity of this evaluation by comparing with the experimental values
ü Assuming the impact of noise increase due to surface contamination, it was confirmed that the amount of noise estimated from the ɓand ɔsurface 

contamination density matches the experimental value with the error margin of Ñ20% (Fig. 1).

ü The light emission due to the paint, which is the aforementioned noise source as an assumption, is approximately 50%~60% (Fig. 2) of the light emission of 

nitrogen (with increment by the planar source, increase/decrease depending on the profile of the flange tank piece), and it is necessary to take measures 

against both the light emission of nitrogen and the paint (Fig. 2).

Fig. 2 Proportion of noise factors

Light emission of 

paint

Increment due to surface 

contamination

Increment due to profile of 

flange tank piece

R
a
ti
o

Tilted angle [ ]̄

Noise (increment due to surface contamination: 24.5 times)

Noise (increment due to surface contamination: 10.6 times)
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Estimate value based on ɓand ɔsurface contamination density [Sī1]

<Noise evaluation method>

Å Under the five conditions measured in Test [1], the ɓand ɔsurface contamination density within the angular field are assumed to be uniform as 

the measurement result at the center of each angular field.

Å For a location where the ɓand ɔsurface contamination densities in the flange tank piece were unknown, the average contamination density of 

2.3 kBq/cm2 was set as an assumption.

Å The amount of noise N1 was calculated by tilted angle as follows.
N1 = Radioactivity in one pixel: A [Bq]

ĬSensitivity to standard source: 0.09 [sī1/Bq]

ĬImpact of increase in noise due to plane contamination (24.5 or 10.9)

Å Because of impacts from the profile of the flange tank piece, N1 is estimated to be 1.2 times at a tilted angle of 40Áand 2.6 times at 10Á.

Å Noise due to paint N2 is calculated using the following formula
N2 = Radioactivity in one pixel: A [Bq]

ĬAmount of noise at position of 50 cm to be measured: 2 Ĭ10ī3[sī1/Bq]

ĬTerm for distance correction (Sensitivity is inversely proportional to the square of the distance.)

Å Assuming that the amount of noise actually measured N is the sum of N1 and N2

Fig. 1 Comparison between test results and estimated values
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(b) Technological development of contamination evaluation for sorting solid wastes
- Arrangement of performance verification test -

ƴSummary of performance verification test and noise evaluation

ü It is confirmed that there is sensitivity to Ŭrays and the position can be identified even in a highly contaminated environment (Tests [2] and 

[4]).

ü The large amount of noise was confirmed from the results obtained during the point source (standard source) measurement (Test [1]).

ü It is necessary to consider an effective noise correction method for noise reduction and then reevaluate the accuracy because it is difficult 

to correct the distance and readily identify the Ŭsurface contamination distribution due to the impact of noise (Tests [3] and [4]).

ü As a result of examining the factors increasing noise, it is assumed that the effect of surface contamination measurement and Cherenkov 

light due to the paint on the flange tank piece were the major factors and that the effect due to the profile of the flange tank piece could also 

have been a factor (noise evaluation).

ƴProposed measures for the future
It is necessary to reevaluate the accuracy after considering an effective noise correction method for noise reductionה

 For noise reduction, consider narrowing the wavelength width of the optical filter to reduce Cherenkov light (Fig. 1), adopting the simultaneousה

counting method (Fig. 2), and others
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Using two detectors, light emission event was obtained at 
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sensitivity to noise significantly decreases
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Fig. 1 Light emission spectrum and filter for nitrogen
Fig. 2 Image of simultaneous counting

Cherenkov light is continuously 
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(The shorter the wavelength, the 
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(b) Technological development of contamination evaluation for sorting solid wastes
- Summary -

V Ŭcontamination measurement system was designed and developed on the basis of the element test results 

with respect to the measurement of the on-site environment and Ŭsurface contamination density. (Some 

operations such as trolley traveling are manned.)

V The functional verification test was conducted using the prepared system to evaluate the basic performance 

in an ideal environment without noise.

V By conducting the performance verification test for actual on-site contaminants, the measurement 

performance of noise impacts and Ŭsurface contamination density was evaluated under the environment 

with ɓand ɔcontamination as a noise source.

V In the performance verification test, it was confirmed that it is sensitive to Ŭsurface contamination even 

under the environment with noise by ɓand ɔcontamination and that the contamination distribution can be 

visualized on a 3D model.

V In the performance verification test, the noise due to ɓand ɔcontamination was larger than expected.

V Analyzing the noise factors has showed that there may be affected by a wide range of contamination as well as 

the possibility of impacts due to the emission of Cherenkov light from paint, curing sheets, and others.

V In the future, rearrangement of the performance in this technology is required after detailed verification and 

performance evaluation of the proposed measures against the aforementioned noise.

V In addition, it is necessary to arrange the specifications and issues for complete remote control including 

traveling trolleys in order to put this technology into practical application.

Achievements so far

Challenges
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2. Project Details

b. Concepts of treatment and disposal, and development of safety 

evaluation methods

(a) Establishment of selecting advance treatment methods
[1] Low-temperature treatment technologies

[2] Study on the approach for evaluating the applicability of treatment technologies

(b) Proposal of disposal methods and development of safety evaluation methods
[1] Study of disposal methods in accordance with classification of solid waste and 

collection & consolidation of information for establishing safety assessment 

techniques

[2] Development of techniques for assessing impact of affecting substances, etc. on 

disposal
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(a) Establishment of selecting advance treatment methods

Â Results up to FY2018

¹ Proposed techniques (approaches) that enable multifaceted evaluation of technology have been presented by identifying the evaluation 

axes for evaluation to assess both waste characteristics and treatment technology.

¹ Out of the evaluation axes that were considered in connection with low-temperature treatment technologies (cement solidification and 

Alkali Activated Materials (AAM) solidification, with respect to the data on characteristics of solidified substances, which were 

insufficient, data on solidified substances that were not mixed with waste were acquired.

Â Goals

¹ To acquire and evaluate data on high and low-temperature treatment technologies, required for identification of stabilization and 

solidification technology expected to be applicable to actual treatment, so as to contribute towards establishment of techniques for 

selecting the preceding processing method

Â Implementation items and overview

Implementation items Overview

[1] Low-

temperature 

treatment

technologies

i. Collection and 

evaluation of data

on low-temperature 

treatment 

technology to 

contribute to the 

identification of

technology

(i) Study on the verification method of low-

temperature treatment solidification

Evaluation of applicability of verification methods to be used for determining the 

possibility of solidification and for setting the conditions

(ii) Collection of data on properties of cement and 

AAM solidified substances for the slurry

Preparation of simulated solidified substances, measurement of each type of 

physical property and acquisition of data on characteristics

(iii) Investigation of special cement Investigation of useful special cement and acquisition and testing of data 

concerning Na2CO3 limit values, etc.

ii. Investigation of 

changes in 

properties of 

solidified substances

(i) Investigation of changes in properties of solidified 

substances due to heating, etc.

Acquisition of data based on the study and tests concerning tendencies of 

changes in properties due to heating, drying, etc.

(ii) Evaluation of the relation between the Cs inventory

and the temperature of solidified substances

Clarification of the changes in heat conditions of solidified substances depending 

on the difference in materials and different forms of the containers

(iii) Investigation and evaluation of influencing factors 

that contribute to long-term changes in properties

Study and estimation of the applicable range for thermodynamic equilibrium 

calculation

[2] Study on the 

approach for 

evaluating the 

applicability of 

treatment

technologies

i. Research and investigation concerning the impact of waste composition on 

the performance of solidified substances

Study on the impact of solid waste composition on the performance of solidified 

substances

ii. Acquisition of data pertaining to facility configuration, etc., for each 

treatment technology

Acquisition of data on economic efficiency and addition/updating of the technical 

survey sheet

iii. Investigation of Cs volatilization volume and its control during high-

temperature treatment

Investigation of Cs volatilization and its control mechanism
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(a) Establishment of selecting advance treatment methods
Â Indices to determine the implementation details and goal achievement (2019ï2020)

Details of implementation Goal achievement index

[1] Low-

temperature 

treatment

i. Data 

acquisition

(i) Verification 

method
Study on verification method of low-temperature 

treatment solidification

Presentation of the proposed screening techniques to confirm whether 

solidification is possible

Identification of the applicable scope of various low-

temperature solidified substances

Verification of techniques and identification of scope of applicability

(ii) Data on 

properties of 

solidified 

substances

Acquisition of data on solidified substances mixed in 

carbonate slurry

Management of data such as performance of solidified substances when mixed 

with simulated carbonate slurry

Acquisition of data on solidified substances mixed in iron 

coprecipitation slurry

Management of data such as performance of solidified substances when mixed 

with simulated iron coprecipitation slurry

Presentation of applicable range concerning solidification properties

(iii) Special 

cement

Investigation on usable special cement Selection of candidates wherein the applicable range is likely to broaden and 

identification of base material properties

Study on the applicable scope of various low-temperature 

solidified substances

Identification of the applicable scope of various low-temperature solidified 

substances

ii. Changes 

in 

properties 

of solidified 

substances

(i) Changes in 

properties of 

solidified 

substances due 

to heating, etc.

Investigation of changes in properties due to heating/drying 

and study on tendencies of changes in properties of base 

material

Presentation of tendencies of changes in properties of base material

Acquisition of data from the vicinity of an inflection point at 

which a change in properties occurs

Presentation of the applicable range based on data from the vicinity of an 

inflection point at which a change in properties occurs

(ii) Temperature 

of solidified 

substances

Establishment of an analysis system and analysis 

concerning cement solidified substances

Presentation of relation between cement solidified substance inventory and 

heat

Implementation of thermal analysis inclusive of AAM Presentation of the relation between solidified substance inventory and heat 

and estimated achieving temperature

(iii) Long-term 

changes in 

properties

Trial run of the collection of thermodynamic data and 

thermodynamic equilibrium calculation

(Cement) Presentation of estimated results pertaining to changes in mineral 

phases

(AAM) Presentation of the sufficiency of thermodynamic data and applicability 

of equilibrium calculation

Evaluation of the applicability of thermodynamic equilibrium 

calculation

Presentation of the applicability of thermodynamic equilibrium calculation for 

phase change and the results

[2] Approach i. Impact on the performance of 

solidified substances

Evaluation based on the collection of vitrification data and 

glass property models

Collection of data on glass properties and presentation of evaluation results 

pertaining to the filling density of secondary waste generated from water 

treatment based on Japan's National Glass Database

Evaluation based on the US Glass Database and evaluation 

of the scope within which mixing is possible with respect to 

low-temperature treatment

Presentation of the scope within which the main secondary waste generated 

from water treatment can mix with glass

Presentation of the scope of low-temperature treatment based on the data in 

the [1] i and ii items

ii. System configuration, etc. Data acquisition pertaining to facility configuration, etc., for 

each treatment technology

Presentation of data such as facility configuration and treatment parameters

Arrangement of investigation results for each treatment 

technology

Presentation of results compiling each technology information

iii. Cs volatilization volume and 

its control

Arrangement of knowledge concerning Cs volatilization 

control

Presentation of results from arrangement of knowledge concerning Cs 

volatilization control

Measurement of the effect of Cs volatilization control during 

high-temperature treatment

Presentation of the effect of Cs volatilization controlling techniques based on 

the tests
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AAM

A

A

[Treatment technology selection process]

[Treatment parameter selection process]  

Analysis items

(Evaluation axis)

Investigation method

Technological 

information

(a) Establishment of selecting advance treatment methods
- Relation between the method to be developed and the process such as technology selection -

Scope of 

application

Analysis 

method
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(a) Establishment of selecting advance treatment methods

- Study flow for establishing approaches (techniques) to evaluate the applicability of treatment technologies -

Fig. 1 Performance factors of major solidified substances determining the limit values (of the 

waste filling rate) determined by waste properties in the solidification treatment and period 

required for properties

V In the low-temperature solidification treatment, it is necessary to 

consider the relation between the change in properties of the 

solidified material due to the physical and chemical 

characteristics of the waste and the performance required for 

the solidified substances.

V Required period depends on performance (Fig. 1)

¸ Identification of performance during and after treatment

¸ Confirm the presence or absence of changes in the constituent 

phase, focusing on long-term stability (heating/drying (radiation) 

and duration)

Identification of 

performance during and 

after treatment

Changes in 

properties due to 

heating and drying

Evaluation of the 

highest achieving 

temperature

Changes in 

properties with the 

passage of time

Comparison

Achieving temperature 

due to filling amount

Temperature conditions of 

changes in properties

Hydrogen generation rateה

Nuclide leaching rateה

Solidification inhibitorsה

Limit values of the waste filling rate 

based on basic characteristics 

(Fig. 1 [1] to [3])

Limit values of the waste 

filling rate based on stability

Long-term stability

Investigation of property 

information on each 

treatment technology

Limit values of the 

waste filling rate

Evaluation for scope of 

high-temperature 

treatment solidification
Limit values of 

waste*

Actual schedule

Facility 

configuration

Performance of 

solidified 

substances

ÅArrangement of technical comparison 

items (evaluation axis)

ÅArrangement of restricted information

ÅArrangement of technical information

Figures and tables prepared

Evaluation for applicability of 

treatment technologies

Establishment of approaches 

(techniques)

Effect of Cs 

volatilization 

control

Effect of 

volatilization control 

by operation

Verification method of 

solidification

Waste package 

specifications

Information on 

process, etc.

Fig. 2 Study flow

*Including the processing restriction conditions 

such as contraindicated substances

Performance Treatment Storage Disposal

[1] Fluidity

[2] Hardening rate

[3] Compressive 

strength

[4] Hydrogen 

generation rate

[5] Nuclide leaching 

rate
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(a)  Establishment of selecting advance treatment methods  [1] Low-temperature treatment technologies
i. Collection and evaluation of data on low-temperature treatment technology to contribute to the identification of technology

[Goals]

(i) Study on the verification method of low-temperature treatment 

solidification

Å To study techniques (Fig. 1) for determining feasibility of solidification in 

advance, with respect to cement solidification and alkali-activated 

material (AAM) solidification, from among the low-temperature treatment 

solidification technologies, along with measuring the water absorbency, 

etc., of waste.

(ii) Collection of data on properties of cement and AAM solidified 

substances for the slurry

Å To promote understanding of the solidification process phenomenon and 

to acquire and present data by preparing samples (Fig. 2) by mixing 

simulated slurries (carbonates and iron coprecipitation) individually and 

analyzing their strength, leaching property, etc.

(iii) Investigation of special cement

Å To investigate cement-based materials (Special cement) other than 

ordinary Portland cement (OPC) having characteristics designated to 

the required properties, in order to study their applicability to specific 

wastes containing components with adverse effects on OPC.

Fig. 1 Example of cement solidification

screening flow

Fig. 2 Example of specimens

Waste

Visual check

Inorganic powder, 

resin, etc.

Crystallized/fiber-like 

material, etc.
Detailed examination

Understand the chemical composition by 

means of portable X ray fluorescence.

Add cement equilibrium water 

(until the water completely covers it).

Cement equilibrium water

Covered completely with 

water (visual check)

Amount of 

water 

absorption, 

volume when 

fully covered 

with water

Volume, mass

(bulk specific 

gravity)

Add waste to the cement equilibrium water 

(prepare a dilute solution)

Ÿ Add chemical admixture and Ca(OH)2

Is the computed 

volume of the 

solidified cement 

allowable?

It is very likely 

that the cement 

does not solidify 

efficiently or 

does not solidify 

at all

Is high pH 

maintained?

+ chemical 

admixture 

addition

+ Ca(OH)2

addition
Reference

(water)

[1] pH (indicator paper) measurement, 

property (gas formation)
Consider adding 

chemical 

admixture

Deduce the 

solidification 

formula

[2] Evaluation of dispersibility

Stood or 

centrifuged

Turbidity (scattering) 

measurement

Measurement 

of bed height
Examine the preparation 

of solidified cement in 

detail

Volume, mass

(bulk specific 

gravity)
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Techniques for determining feasibility of solidification, with respect to cement solidification and AAM solidification, from among 

the low-temperature treatment solidification technologies, are studied in advance in combination with measuring the water 

absorbency, etc., of waste.

Å Main performance required during the treatment is fluidity, and factors influencing it include physical properties, such as 

moisture content and waste profile, and chemical properties, such as solubility and reactivity.

Å The verification method for the possibility of solidification are studied to simplify operation management.

Å The formulated determination techniques will be reflected in the process flow, etc., that are arranged when the 

approaches are studied.

Details of implementation

Study on verification method of low-temperature treatment solidification

 Examine screening techniques to confirm whether cement solidification is possible while focusing on the water absorptionה

rate and hardening properties.

Identification of the applicable scope of various low-temperature solidified substances

 Verify the technique of evaluation through experiments pertaining to factors that impact the properties of solidifiedה

substances and identify the applicable scope.

(a)  Establishment of selecting advance treatment methods  [1]  Low-temperature treatment technologies

i. Collection and evaluation of data on low-temperature treatment technology to contribute to the identification of

technology(i) Study on the verification method of low-temperature treatment solidification

[Implementation details]

Goal achievement index

 Present the proposed screening techniques to confirm whether solidification isה

possible.

.Verify the techniques to identify issuesה
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(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Study flow -

Å Arrange the properties that have an impact on low-temperature solidification, and set the properties that 

should be verified such as bulk density, absorption rate, and chemical reactivity.

Å Examine a combination of waste properties, and characteristics of solidified substances to be affected 

were studied on the basis of the investigation and knowledge obtained till now. (Table 1)

Å Select material that waste is likely to contain and that is expected to lead to differences in the properties to 

be verified as simulated material to be used in the trial run of the verification methods.

ҜWith the idea of the waste generated at the Fukushima Daiichi Nuclear Power Station, 12 types of 

simulated waste, whose properties affecting low-temperature solidification (cement and AAM) were 

assumed to be different, were selected (silica sand, barium sulfate, etc.) (Table 2).

Å Arrange the methods to inspect with a small container (e.g., centrifuge tube) by utilizing knowledge 

obtained from other sectors such as agriculture and soil.

Å Conduct a trial run of the applicable verification method to measure waste properties.

Å Establish a primary screening flow proposal by combining applicable verification methods for each of the 

aforementioned properties. (Fig. 1)

Å In addition to a technique inspected on a small scale for characteristics of solidified substances such as 

fluidity and compressive strength, consider a method with external measurements in a much simpler 

manner such as turbidity and ultrasonic propagation.

Fig. 1 Study items for verification method

Table 1 Relation between properties of solidified substances and properties of waste influencing the 

possibility of low-temperature solidification treatment  

Silica sand No. 2 Magnesium sulfate

Silica sand No. 8 Ferric oxyhydroxide

Silica sand fine powder Barium sulfate

Calcium carbonate Aluminum

Sodium carbonate Montmorillonite

Sodium chloride Coal ash

Table 2 Selected simulated waste  
Properties of solidified substances to 

be considered
Properties of waste

Processes to 

be affected
Properties Profile/size

Particle size 

distribution
Density Bulk density

Moisture 

content

Chemical 

composition

Radiation 

dose

Properties at the time of adding liquid (kneading water, etc.)

Water 

absorbency
Expansibility

Heat 

generation

Gas 

generation
Dispersibility Solubility pH

Treatment 

process

Working life ₃ Ừ Ừ Ừ Ừ ₃

Fluidity Ừ Ừ ủ Ừ ₃ Ừ ˈ Ừ Ừ Ừ Ừ Ừ Ừ Ừ

Homogeneity Ừ Ừ ₃ ₃ ỏ ₃ Ừ Ừ

Work safety ₃ Ừ Ừ Ừ

After 

solidification

(Solidified 

substances)

Strength of solidified 

substances
Ừ Ừ ₃ Ừ Ừ Ừ Ừ Ừ Ừ Ừ

Dimensional stability ₃ ₃ Ừ Ừ Ừ ₃ Ừ

Changes in 

properties after 

solidification

₃ Ừ Ừ Ừ ₃ ₃ ₃ ₃

Nuclide fixation Ừ Ừ Ừ

Properties that have a major adverse 

impact on the feasibility of treatment 

process and performance of solidified 

substances

ᾛ (Indirect 

evaluation 

using other 

properties)

ᾛ ᾛ ᾛ ᾛ

Waste properties measurement method

Arrangement of properties to be 

affected and measurement methods

Method for simplified measurement of 

properties of waste during solidification 

treatment

₃ Fluidity

Experiment pertaining to 

creation of models for 

understanding dispersibility

₃ Compressive strength

Tests with small samples, 

trial run of measurement 

method that uses ultrasonic 

propagation velocity, etc.

Trial measurement of individual 

properties

Selection of 

measurement method

Preparation of 

secondary screening 

flow proposal

Preparation of primary screening 

flow proposal

Determine if it can be 

solidified for waste.
Evaluate the performance 

of solidified substances for 

a mixture of waste and 

solidified material 

(composition study).

Selection of simulated material with 

different profiles

Indication of the possibility of 

solidification and provision of a 

method that can be verified

* [Legend] Extent of impact:Ừ: Major, ₃: Medium, ỏ: Minor, : None, (Blank): Unknown
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Å A test method (proposal) consisting of the primary screening, which is the method of measuring waste properties (Steps 1 to 5) (Table 1), and the 

secondary screening involving the method of simplified measurement of properties during the solidification treatment (Steps 6 to 7) (Table 2) was 

established.

Å The primary screening involved testing whether the waste does not have a detrimental adverse effect on the feasibility of low-temperature treatment 

solidification process or on the performance of solidified substances, using a small container (e.g., centrifuge tube).

Å In the secondary screening (Table 2), fluidity and compression strength are evaluated in a simplified manner, but a study will be conducted to 

identify a method for screening on a small scale (small quantities) as possible, since radioactive waste is used.

Å In order to proceed with the study of the secondary screening rationally and efficiently, the method for estimating the solidification properties from 

information obtained from the primary screening is also examined.

Step
Goal

(Properties to be evaluated)
Operation Tools used Criteria to move on to the next step

1 Profile, bulk density
Put certain amount of sample into a centrifuge tube, and after visually 

inspecting the profile and size, tap 20 times and calculate bulk density.

Electronic balance, 

centrifuge tube
Reference value unknown

2

Water absorbency, expansibility, 

impact of adding kneading water 

(heat generation and gas 

generation)

Put a drop of simulated kneading water into the centrifuge tube used in 

the Step 1 operation to confirm the presence or absence of the amount 

of water absorption, volume change, and gas generation. Confirm the 

presence or absence of generation of heat using radiation 

thermometer.

Pipette, radiation 

thermometer

There should not be significant volume expansion, 

excess gas generation, and heat generation.

3
Dispersibility and particle size 

distribution in kneading water

After adding the simulated kneading water up to the top of the 

centrifuge tube that has been operated in Step 2 was performed, and 

shaking it, visually confirm the sedimentation state of the sample. (A 

method using a turbidimeter is also conceivable.)

Shaker (Turbidity 

meter)
Reference value unknown

4

(Cement 

alone)

Impact of adding simulated 

cement suspension (heat 

generation and gas generation)

Add simulated cement suspension (calcium hydroxide) in the 

centrifuge tube in which Step 3 was performed, and confirm the 

presence or absence of gas generation. Confirm for heat generation 

using the radiation thermometer.

Radiation 

thermometer

There should not be excess gas generation and 

heat generation.

5 pH verification

Perform centrifugal separation using the centrifuge tube after the Step 

4 operation in the cement case and after the Step 3 operation in the 

AAM case, and then measure pH values of the supernatant. (A visual 

test by dripping BTB solution is a simple one.)

pH test paper, etc.

BTB solution
Should indicate alkalinity

It was confirmed that the waste would not bring about any events (significant expansion, gas generation, and heat generation) detrimental to the feasibility (applicability) of the treatment process with the 

operation up to Step 5

Table 1 Primary screening (proposal)  

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Establishment of screening flow proposal -

Step
Goal

(Properties to be evaluated)
Operation Tools used Criteria to move on to the next step

6

Fluidity during the solidification 

treatment

After kneading the sample on a small scale (using a hand mixer, 

etc.), fluidity during the solidification treatment was evaluated through 

a small flow test (that was conducted by changing the composition).

Hand mixer, etc.

Small flow cone
Should satisfy the target flow

7

Strength of solidified substances and 

improper condensation (working life) 

after solidification treatment

After kneading the sample on a small scale (hand mixer, etc.), 

placing it in a small container, and curing it, evaluate the strength at 

short-term material age (e.g., 7 days). Further, evaluate improper 

setting.

Small container

Strength tester
Should satisfy the target strength

Table 2 Secondary screening (proposal)
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üTrial screening was performed with the proposed verification method using 12 selected simulated wastes.

Table 2 Verification results of primary screening with magnesium 

sulfate (AAM)

Confirmed that certain decisions can be taken concerning the applicability of cement solidification and AAM solidification.

Determined as inappropriate

Study based on secondary screening

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Trial of screening flow proposal -

Step 1 2 3 to 5

Properties to 

be evaluated

Profile, size, and bulk 

density

Expansibility, water 

absorbency, heat 

generation, and gas 

generation

Operation 

status

Conditions, 

operation, 

etc.

Sample: 8 g Sample: 8 g

Dripping amount of AAM 

kneading water: 5.7 cc

Criteria

Profile: powdery

Bulk density: 0.8 g/cc

Right after dripping, the 

wet portion undergoes 

quick setting and 

expands.

Severe heat generation 

(approximately 60ÁC)

Gas generation

Possibility of 

moving on to 

the next step

ƺ

Ĭ

(Quick setting and severe 

heat generation)

step 1 2 3 4 5

Properties to 

be evaluated

Profile, size, and 

bulk density

Expansibility, 

water 

absorbency, 

heat generation, 

and gas 

generation

Dispersibility 

and particle size 

distribution

Impact of 

simulated 

cement 

suspension 

(heat generation 

and gas 

formation)

pH

Operation 

status

Conditions, 

operation, 

etc.

Sample: 8 g Sample: 8 g

Dripping amount 

of pure water: 

5.3 cc

Dripping amount 

of pure water 

(total): 40 cc

60 min after 

completion of 

shaking

Shaking after 

adding calcium 

hydroxide

After centrifugal 

separation, drip 

BTB solution 

onto the 

supernatant.

Criteria

Profile: powdery

Bulk density: 

1.07 g/cc

No expansion

No heat 

generation

No gas 

generation

Amount of pure 

water added: 

0.48 cc/g

No heat 

generation

No gas 

generation

Alkalinity

(Reference)

PH=13.3

Possibility of 

moving on to 

the next step

ƺ ƺ ƺ ƺ ƺ

Table 1 Verification results of primary screening with calcium 

carbonate (cement)
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V Bulk density: It is possible to determine the 

magnitude relation (simplified inspection 

method: IS/CS 1.3/0.8ԇ1.63, Dry density 

meter: IS/CS 3.12/2.43ԇ1.28)

V Heat generation: iron coprecipitation 

exhibited higher heat generation (increased 

by 10.4ÁC)

V Confirmed that both slurries were solidified

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Verification of primary screening proposal with simulated dry waste -

V Heat generation: iron coprecipitation 

exhibited higher heat generation (increased 

by 11.6ÁC)

V Carbonate slurry generated gelation      

(Because of the CïSïH generation; *The 

similar phenomenon occurred in the calcium 

carbonate reagent.)

V Precipitability of Iron coprecipitation slurry

IC): Conformed to expectation from bulk 

density

V Confirmed that both slurries were solidified

V The screening method needs to be 

reviewed. (Refer to the next page.)

üCement solidification

üAAM solidification

A proposal for primary screening was verified using the slurry prepared in (a) [1] i. (ii) ñCollection of data on properties of cement 

and AAM solidified substances for the slurry,ò which is mentioned later.

Step Properties to be evaluated
Iron coprecipitation 

slurry
Carbonate slurry CS)

Criteria to move on to the 

next step

1 Shape

Bulk density (g/cc)

Powdery

1.3 g/cc

Powdery

0.8 g/cc Reference value unknown

2 Water absorbency (amount of 

absorbing water)

Expansibility

Heat generation

Gas generation

0.36 cc/g

No expansion

21.4ÁCŸ 31.8ÁC

(increased by 10.4ÁC)

No

0.54 cc/g

No expansion

22.4ÁCŸ 25.6ÁC

(increased by 3.2ÁC)

No

There should not be significant 

volume expansion, excess gas 

generation, and heat 

generation.

3
Dispersibility (precipitability)

Particle size distribution

11 mL (5 min)

8 mL (30 min)

8 mL (60 min)

40 mL (5 min)

25 mL (30 min)

17 mL (60 min)
Reference value unknown

4
Impact of adding simulated 

cement suspension

No heat generation

No gas generation

No heat generation

No gas generation

There should not be excess 

gas generation and heat 

generation.

5 pH verification Alkalinity (pH = 9.0) Alkalinity (pH = 10.8) Should indicate alkalinity

Step Properties to be evaluated
Iron coprecipitation 

slurry
Carbonate slurry CS)

Criteria to move on to the 

next step

1 Shape

Bulk density (g/cc)

Powdery

1.3 g/cc

Powdery

0.8 g/cc
Reference value unknown

2 Water absorbency (amount 

of absorbing water)

Expansibility

Heat generation

Gas generation

Gelation

0.67 cc/g

No expansion

19.7ÁCŸ 31.3ÁC

(increased by 11.6ÁC)

No

No

1.14 cc/g

No expansion

20.4ÁCŸ 25.7ÁC

(increased by 5.3ÁC)

No

Yes

There should not be significant 

volume expansion, excess gas 

generation, and heat 

generation.

3 Dispersibility (precipitability)

Particle size distribution

34 mL (5 min)

18 mL (30 min)

13 mL (60 min)

40 mL (5 min)

Gelation (10 min) Reference value unknown

5 pH verification Alkalinity (pH >13) Alkalinity (pH >13) Should indicate alkalinity
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Using the established inspection method, the following events were confirmed in the process of verifying the inspection flow using carbonate 

and iron coprecipitation slurries and examining the composition in [1] (i) ii.

Å Compared with that on the carbonate slurry, the heat generation 

temperature when water was dropped on the iron 

coprecipitation slurry was higher. However, the amount of 

generated substances due to segregation was large and it took 

time to disappear while kneading with cement.

Å The curing reaction (condensation) in the case of iron 

coprecipitation slurry may be slower than that of carbonate 

slurry.

V Inspection of waste alone may not be enough to predict the segregation (bleeding) and reactivity (condensation) after kneading with cement.

V If generated substances such as bleeding due to segregation remains for a long period of time, a lid of the drum can cannot be closed, which may have 

a great influence on the actual treatment process. Therefore, it is desirable to be able to grasp in advance.

V Inspection of AAM gelation is required.

ü Cement solidification ü AAM solidification

Å In the carbonate slurry inspection, since gelation occurred (without heat 

generation and expansion) in the primary screening (Step 2 and 3) due to the 

addition of simulated solution with kneading water, it should be determined as 

inappropriate but was actually able to be solidified.

Å In the composition study of the iron coprecipitation slurry, a gel-like substance 

(mainly sodium hydrogen carbonate) was generated and remained on the 

surface of the solidified substance, but it could not be assumed at the time of 

the primary screening.

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Review of screening flow proposal -

Å Arrangement of procedures (study on screening for different solidification materials)

Å Addition of operations to verify the gelation time due to alkaline solution composition and identify the appropriate liquid phase composition 

(added to Step 2)

The following reviews were implemented in order to solve the aforementioned issues and apply other improvements confirmed as a result of 

verification.  

ü Primary screening

ü Secondary screening
Å Study of methods for estimating solidification properties (fluidity and compressive strength) based on information obtained through the primary 

screening

Å Examine the simplified measurement method for solidification properties (fluidity, condensation, and compressive strength) that should be 

considered during the composition study (upgraded version of Steps 6 and 7)

Å Addition of inspection items concerning segregation found in the composition study of iron coprecipitation slurry (new) (Fig. 1)

Fig. 1 Solidification properties aimed at identifying in secondary screening

Fluidity Condensation Compressive strength Segregation (cement)

Test 

methods

J14 funnel flow time

(JSCE-F-514: Test method 

for fluidity of filled mortar)

Initial setting time

(JIS R 5201: 

Physical testing 

methods for 

cement)

Compressive strength

(JIS R 5201: 

Physical 

testing 

methods for 

cement)

JSCE-F 522

Conformance with ñTest Method 

of Bleeding Rate and Swelling 

Rate for Injection Mortar of 

Prepacked Concrete (proposal)"ò

Criteria J14 funnel flow time = 2~4 s Hardening took place without quick 

setting and without bleeding within 

24 h.

Ó1.47N/mm2

(material age: 28 days)

No phenomenon shall be observed 3 days 

later.

ű5Ĭ10 cm

Sealed curing at 

20ÁC
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H2O (76 mass%), Na2O (12 mass%), 

SiO2 (12 mass%)

Ҝ For verification of AAM solidification, the gelation time was used as a criterion (determined as inappropriate if it is shorter than 30 min; 

*with testing liquid), not the presence of gelation.

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Review of screening flow proposal -

<Verification of AAM gelation time>

[1] Prepare [sodium silicate + NaOH solution] (alkaline solution) with different composition

[2] Pour the alkaline solution into the centrifuge tube containing the simulated waste up to the top, and turn it upside down every 10 min 

immediately after shaking. (Fig. 1)

Å The period until the entire sample does not fall down even if it is turned 

upside down is regarded as the gelation time.

Å Determined as inappropriate if the gelation time is shorter than 30 min 

(Determined that the setting time of 30 min is conservative and 

appropriate, considering that the actual mixing time is approximately 

10 min with the in-drum type and approximately 30 min with the out-drum 

type and that AAM raw material is actually added to bring about a dilution 

effect)

Fig. 1 The evaluation method of AAM gelation time

[Solution composition ]

The gelation time is approximately 10 min when 

only carbonate slurry and alkaline solution are 

mixed, but the initial setting time is Ó300min in 

the case of simulated slurry AAM solidified 

substances.

Ҝ Dilution effect due to mixing with AAM raw 

material power
[Solution composition ]

Criteria determined as inappropriate: Gelation time is shorter 

than 30 min.

Ҝ The solution composition with the gelation time of 

approximately 70 min when carbonate slurry is mixed is 

regarded as appropriate.

Five types of solutions with 

different compositions

Reference
Solution composition of each 

compounding material used in the 

study for carbonate slurry 

solidification

Substance below this line 

tends to solidify in the liquid 

phase only (at 20 C̄, 

experimental rule)

Gelation time (min)
Ó24h

Reference (Representative liquid phase 

composition)

Composition:

M-Base material

MB20-Base material

MB40-Base material

MB20-CS material

A
d

d

Alkaline solution

Shake and stir with test 

tube mixer (1 min)
After shaking

(slurry like)

Turn upside 

down every 

10 min.

Gelation state (gel like)
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(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Review of screening flow proposal -

<Reviewed primary screening flow (proposal)>

Fig. 1 Concepts of inspection flow for multiple materials

Inspection Testing liquid

Basic physical 

properties
Pure water

Cement Simulated cement kneading water

AAM

Simulated AAM kneading water 

(mass ratio

SiO2:Na2O:H2O = 12:12:76)

Table 2 Testing liquid  

Step
Goal (properties to be 

evaluated)
Operation Tools used Criteria

1 Profile, bulk density
Put certain amount of waste sample into a centrifuge tube, and after visually 

inspecting the profile and size, tap 20 times and calculate the bulk density.

Electronic balance, 

centrifuge tube
Reference value unknown

2

Water absorbency, 

expansibility, and impact of 

adding testing liquid (heat 

generation and gas 

generation)

Drip testing liquid into the centrifuge tube used in Step 1, and confirm the 

presence or absence of the amount of water absorption, volume change, 

and gas generation. Confirm the presence or absence of generation of heat 

using radiation thermometer.

Pipette, radiation 

thermometer

There should not be 

significant volume expansion, 

excess gas generation, and 

heat generation. Should 

satisfy the gelation time of 

Ó30min

3

Dispersibility and particle 

size distribution in 

simulated water

After adding the testing liquid up to the top of the centrifuge tube that has 

been operated in Step 2 and shaking it, visually confirmation the 

sedimentation state of the sample. (A method using a turbidimeter is also 

conceivable.)

Shaker (Turbidity 

meter)
Reference value unknown

4 pH verification

Perform centrifugal separation with the centrifuge tube used in Step 3 and 

then measure pH values of the supernatant. (A visual test by dripping BTB 

solution is a simple one.)

pH test paper, etc.

BTB solution
Should indicate alkalinity

It was confirmed that the waste would not bring about any events (significant expansion, gas generation, and heat generation) detrimental to the feasibility (applicability) of 

the treatment process with the operation up to Step 4

ÅIn the primary screening flow, there were some parts where the same procedure has been repeated in order to measure the 

basic physical properties of the waste and then conduct the test with the testing liquid (kneading water).

ÅIn order to simplify the primary screening flow, the concept and operation procedure of the inspection flow for multiple 

solidified substances have been rearranged (Fig. 1 and Table 1). The testing liquid used for the operation procedure is 

summarized in Table 2

Operation 

procedure: 

Steps 1 to 4

Operation 

procedure: 

Steps 1 to 4

Operation 

procedure: 

Steps 1 to 4

Operation 

procedure: 

Steps 1 to 4

Basic 

physical 

properties

Inspection 

considering 

solidified 

materials

(OPC) (AAM) (other solidified materials)

Table 1 Work procedure of primary screening  
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ÅAdded methods for estimating solidification properties (fluidity and compressive strength) to be considered during the composition 

study based on information obtained through the primary screening (e.g., amount of water absorption into waste) (Step 5)

Å Added the simplified measurement method for solidification properties (fluidity, condensation, and compressive strength) that

should be considered during the composition study (Steps 6, 7, and 8)

ÅNewly added the segregation item (Step 9)  

ÅExamined and arranged the applicability of the estimation methods and usable equipment to be implemented in each step (See the 

following pages.)
Table 1 Reviewed secondary screening flow (proposal)  

Step Goal (properties to be evaluated) Operation Tools used Criteria

5

Estimation of fluidity and 

compressive strength during the 

solidification treatment

Estimate fluidity and compressive strength from the 

amount of free water and the water/solid ratio from 

information on the amount of water absorption 

obtained in the primary screening flow

Theoretical study

Should select the composition 

that can obtain the target fluidity 

and compressive strength

6
Fluidity during the solidification 

treatment

After kneading the sample on a small scale (using a 

hand mixer, etc.), fluidity during the solidification 

treatment was evaluated through a small flow test 

(that was conducted by changing the composition).

Hand mixer, etc., 

Small flow cone

Should satisfy the target flow 

value

7
Condensation after the solidification 

treatment 

After kneading the sample on a small scale (hand 

mixer, etc.), evaluate the hardening duration

Centrifuge tube, 

automatic setting 

tester, and ultrasonic 

measuring 

equipment

Should be hardened within the 

target duration (24 h)

8 Strength of solidified substances

After kneading the sample on a small scale (hand 

mixer, etc.), placing it in a small container and curing 

it, evaluate the strength at short-term material age 

(e.g., 7 days)

Small container, 

compressive strength 

tester, and ultrasonic 

measuring 

equipment

Should satisfy the target 

compressive strength

9
Segregation properties after 

solidification treatment

After kneading the sample on a small scale (hand 

mixer, etc.) and placing it in a small container, 

evaluate the amount and the number of days until 

disappearance of generated substances

Small container and 

centrifugal 

separation 

equipment

Should disappear the generated 

substances within the target 

duration

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Review of screening flow proposal -

<Reviewed secondary screening flow (proposal)>
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ü Calculate the amount of free water with two calculation methods (Methods A and B) to confirm the correlation between the amount of free water and 

the water/solid ratio and the flow value (JIS flow) measured on the basis of JIS R 5201.

Fig. 1Relation between amount of free water obtained 

through Method A and JIS flow values  
Fig. 2 Relation between amount of free water 

obtained through Method B and JIS flow values  
Fig. 3 Relation between water/solid ratio and 

JIS flow values  

Å There was a correlation between the amount of free water obtained with both Methods A and B and the JIS flow 

values, but data from Method A and JIS flow values had a higher correlation (Figs. 1 and 2).

Å The water/solid ratio and JIS flow values also had a higher correlation. It is possible to estimate data using this 

index (Fig. 3).

Å Further studies are needed on factors that cause ferric oxyhydroxide to deviate significantly from the correlation.

Å Formula for Method A: Calculate using the amount of water absorption in Step 2.

Amount of free water (mL/L) = Amount of kneading water (mL/L) īCement weight (g/L) ĬAmount of water absorption in cement (mL/g) īWeight of simulated waste (g/L) ĬAmount of 

water absorption in simulated waste (mL/g)

Å Formula for Method B: Assuming that the amount of water absorption in cement and silica powder is 35 vol%*1. The amount of water absorption in other substances is calculated from the 

ratio of the amount of water absorption in Step 2 (based on silica powder as reference).

Amount of free water volume (mL/L) = Amount of kneading water (mL/L) ī[Volume of cement (mL/L) + Volume of simulated waste (mL/L) ĬAmount of water absorption in simulated 

waste/Amount of water absorption in silica powder] Ĭ0.35
*1: The amount of water absorption that has the highest correlation in the relation between the composition and fluidity shown in the literature on solidification of incinerated fly ash cement investigated

Estimation of fluidity

ü As simulated waste, carbonate slurry (CS), ferric oxyhydroxide (FeOOH), ground calcium carbonate (GCC), iron coprecipitation slurry (IS), and silica 

powder (SSP) are used.

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of methods for estimating solidification properties based on information obtained through the primary screening flow -

<Cement>

ü It is possible to evaluate the likelihood of solidification treatment with a small number of trials if it is possible to estimate the solidification treatment 

conditions (waste filling rate and composition) that satisfy the required fluidity and compressive strength using the information obtained in the primary 

screening when conducting the secondary screening.

ü A method for estimating solidification properties such as compressive strength was studied using the information obtained in the primary screening.

Fluidity of cement can be estimated from 

information obtained in the primary screening.
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ü Confirmed the correlation between cement/amount of free water, cement/kneading water, and compressive strength at 

material age of 7 days.

Fig. 1Relation between cement/amount 

of free water (Method A) and 

compressive strength  

Fig. 2Relation between cement/amount 

of free water (Method B) and 

compressive strength  

Fig. 3Relation between cement/kneading 

water and compressive strength  

Estimation of compressive strength

ÅThe correlation between the amount of cement/amount of free water and compressive strength was higher in Method B 

(Figs. 1 and 2).

ÅCement/kneading water that has been used conventionally also has a high correlation with compressive strength (Fig. 3).

ÅCement/kneading water can also be used for estimating the compressive strength.

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of methods for estimating solidification properties based on information obtained through the primary screening flow -

<Cement>

Fluidity of cement can be estimated from the information obtained in the primary screening. The accuracy is improved 

using the amount of water absorption that is obtained in the primary screening and then corrected (with Method B).
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Fig. 1Relation between amount of water without being 

restricted by waste and small flow values

Fig. 2Relation between amount of water /base material powder 

without being restricted by waste and compressive strength

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of methods for estimating solidification properties based on information obtained through the primary screening flow -

<AAM>

Å Verification results of estimation method for compressive strength (Fig. 2)

The iron coprecipitation slurry data were plotted at the same position as the other simulated waste data, but the carbonate slurry data were plotted at slightly 

different positions. It is inferred that the difference from the overall trend of carbonate slurry was caused by some phenomenon (such as gelation) occurring 

between calcium carbonate and AAM base material since the plot position of calcium carbonate, which is the main constituent of carbonate slurry, was greatly 

deviated from the whole.

Å Verification of estimation method for fluidity (Fig. 1)

Although there were variations, both the carbonate and the iron coprecipitation slurries were plotted at the same positions as other simulated wastes. The 

difference depending on types of simulated waste was so small, especially in the region with high fluidity, and the accuracy of estimation concerning fluidity 

was high.

It is thought that the fluidity of AAM solidification can be estimated from the amount of water that is not restricted by waste. However, the accuracy of 

estimation is low because of impacts of gelation or others on the estimation of compressive strength. Therefore, it should be determined from the actual 

measuring data.

ü For AAM solidified substances, the amount of water not restricted by the waste in the kneaded products was obtained from information such as the amount of 

water absorption obtained in the primary screening for the simulated waste to verify the relation with fluidity and compressive strength.

* Amount of water not restricted by waste (mL/L) = Volume of kneaded solution in composition (mL/L) ī(Amount of waste substance in composition (g) ĬAmount of 

water absorption in waste (mL/g))

In AAM solidified substances, fluidity due to the amount of water that is not restricted by waste can be roughly estimated.

ü As simulated waste, carbonate slurry (CS), calcium carbonate (CaCO3), fly ash (FA), ferric oxyhydroxide (FeOOH), sodium carbonate (Na2CO3), sodium chloride 

(NaCl), iron coprecipitation slurry (IS), silica sand #8 (QS8), and silica powder (SSP) are used.
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It was confirmed that there was a high correlation between flow values from the JIS flow cone 

and the small flow cone.

(Compounding conditions)

Å Waste: Dry simulated iron coprecipitation slurry

Å Waste filling rate: 25~30 mass%

Refer to ñSimple Flow Testò stipulated in 

Architectural Institute of Japan's Building 

Construction Standard 

Specifications/Explanation JASS 15 M-

103 (Quality Standard for Self-leveling 

Materials)

Fig. 5 Relation between small flow values 

and J14 funnel flow time (AAM)

ü In the revised secondary screening proposal, the simplified measurement method using small-scale samples was examined for fluidity, 

condensation, segregation, and compressive strength of the solidification properties to be identified.

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of the simplified measurement method -

<Fluidity>

ü It was examined if the fluidity can be evaluated in the JIS flow test using a JIS flow cone (upper inner diameter 70 mmĬlower inner diameter 

100 mmĬheight 60 mm: volume approximately 350 mL) or the small flow test using a small flow cone (inner diameter 40 mmĬheight 

40 mm: volume approximately 50 mL) (Fig. 4) instead of the J14 funnel flow test.

Fig. 1 Relation between JIS flow 

values and J14 funnel flow time  
Fig. 2 Relation between small 

flow values and J14 

funnel flow time  

Fig. 3 Relation between JIS flow 

values and small flow values  

Å Since a similar correlation was confirmed among the JIS flow value, small flow value, and J14 funnel 

flow time, it is considered that the approximate J14 funnel flow time can be estimated through the small-

scale flow test (Figs. 1 and 2).

Å JIS values can be estimated from small flow values since there is a good linear relation between JIS 

flow values and small flow values (Fig. 3).

Å In AAM solidified substances as well, as a result of examining a small flow test using a small flow cone 

under the following compounding conditions, it was confirmed that there was a favorable relation with 

the J14 funnel flow time (Fig. 5).

Fig. 4 Small flow test
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ü Examined whether the initial setting time and others could be estimated using the kneaded substance in the centrifuge tube as it was.

Å After the kneading in the centrifuge tube is completed, confirmed the flowage state (moving length) of kneaded substances in the

tube while tilting it 90Ásideways at regular intervals. The applicability needs to be continuously studied and verified later.

Fig. 1 Image of the test  

<Composition of kneaded products>

Dried iron coprecipitation slurry: 10 g

Water: 10 g

Cement: 10 g

(Water/solid ratio = 50 mass%, waste filling 

rate = approximately 33 mass%)

After kneading using a vibration table, tilt the 

centrifuge tube sideways every 15 min and confirm 

the moving distance (arrival position) of the 

kneaded products.

ü About the method for estimating the initial setting time from the ultrasonic technique

Å It may be applicable to the simplified measurement for condensation since coagulation since the existing studies have shown that

there is a correlation between ultrasonic propagation velocity and initial setting time. The applicability needs to be continuously 

studied and verified later.

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of the simplified measurement method -

<Condensation>

ü Examined the condensation measurement using a centrifuge tube used in the primary screening flow. Improved the automatic setting

tester so that the measurement using a centrifuge tube can be made.

Improved so that it can be measured 

while it is contained in the centrifuge tube.

Tilt 90 āfter the 

specified time

After 15 min

After 30 min

After 45 min

After 60 min

Arrival position
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Fig. 5 Relation of ultrasonic propagation velocity 

concerning specimen of ű5Ĭ10 cm and small 

specimen (solidified substances with iron 

coprecipitation slurry)

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of the simplified measurement method -

<Study of the simplified measurement method: compressive strength>

[1] Compressive strength test with small specimens

The compressive strength of a small specimen prepared with a small 

container (2 Ĭ2 Ĭ3 cm) has the same linearity as that of a specimen 

prepared with a container (ű5Ĭ10 cm), and it will be useful in 

evaluating the compressive strength easily (Fig. 1).

Fig. 1 Relation of compressive strength at material age of 7 days 

between specimen (ű5Ĭ10 cm) and small specimen

[2] Compressive strength test using ultrasonic waves with small specimens

Consider the measurement using ultrasonic waves as a simplified 

measurement method (without crushing) (Fig. 2).

Fig. 2 Ultrasonic measuring equipment 

used
Toyoko Elmes

ELSONIC II (ESI/P-20) ïSensor: ESP-10

Å There was a correlation between the ultrasonic propagation velocity and 

compressive strength according to the existing study results.

Å Generally established proportional relations with the ultrasonic propagation 

velocity concerning specimens of ű5Ĭ10 cm and small specimens 

(Figs. 3, 4, and 5).
<Composition of specimens>

Dried iron coprecipitation slurry: waste filling rateה = 20 mass%, water/solid ratio (W/P) = 48 mass%

water/cement ratio (W/C)ה = 68.2 mass%

Fig. 4 Relation between ultrasonic propagation 

velocity and compressive strength concerning 

specimen of ű5Ĭ10 cm (solidified substances 

with iron coprecipitation slurry)

Fig. 6 Relation between ultrasonic 

propagation velocity and compressive 

strength of small specimen  

Å There was a correlation between the ultrasonic propagation velocity and compressive strength 

concerning small specimens made of iron coprecipitation slurry, carbonate slurry, ground calcium 

carbonate, and silica powder although some data were deviated (Fig. 3).

Å Determined that the compressive strength can be estimated from the ultrasonic propagation velocity 

of the small specimens.
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[3] Compressive strength test using external ultrasonic waves with centrifuge tubes

Examined whether the compressive strength could be evaluated using the solidified substance in the centrifuge tube as it was.

Fig. 3 State of ultrasonic 

measurement using a 

centrifuge tube

ÅThe ultrasonic propagation velocity measured from the outside of the centrifuge tube fell within the margin of approximately 

ī10% of the ultrasonic propagation velocity of the specimen (ű5Ĭ10 cm) (Fig. 1).

ÅIt may be possible to estimate the compressive strength by assigning the ultrasonic propagation velocity measured with the 

centrifuge tube to the JNES compressive strength estimation formula shown in Fig. 2 (conservative evaluation is possible) 

(Fig. 2).

Å In the future, it is necessary to examine specific methods, such as conversion formulas and operating procedures, and to 

examine generalization so that they are applicable even when the range of target waste is expanded.

<Composition of kneaded products in centrifuge tube>

Dried iron coprecipitation slurry: waste filling rateה = 20 mass%, water/solid ratio (W/P) = 48 mass%

water/cement ratio (W/C)ה = 68.2 mass%

Fig. 2 Relation between ultrasonic  propagation 

velocity and compressive strength

(Solidified substances with iron coprecipitation slurry)

Fig. 1 Relation of ultrasonic propagation velocity 

concerning small specimen, centrifuge 

tube, and specimen of ű5Ĭ10 cm 

(solidified substances with iron 

coprecipitation slurry)

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of the simplified measurement method -

<Study of the simplified measurement method: estimation of compressive strength with the ultrasonic method (using centrifuge tube)>
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ü After kneading the solidified material and waste in the centrifuge tube, it was considered if the ease of segregation is able to be evaluated by 

centrifugal separation.

ü Examine if it is possible to evaluate the number of days until disappearance of generated substances due to segregation through the small-scale test.

<Centrifugal separation conditions and separation status>

Å Centrifugal separation: No separation was observed at 500 rpm, 

1 min in both iron coprecipitation and carbonate slurries.

Å Centrifugal separation: Supernatant was observed at 1000 rpm, 

1 min in iron coprecipitation slurry.

Å The ease of segregation may be able to be evaluated by centrifugal separation (Fig. 1).

Å It may be possible to evaluate the indication of the number of days of disappearance with a small amount of sample since it is 

known that the disappearance duration of generated substances tends to increase as the water/solid ratio increases (Figs. 2 and 3).

Fig. 2 Segregation state in ű5Ĭ10 cm 

container (top) and ű5.8Ĭ8.5 cm 

container (bottom)

(Iron coprecipitation slurry + OPC)

Fig. 3 Relation between water/solid ratio and 

number of days until disappearance of 

generated substances  

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study of the simplified measurement method -

<Study of the simplified measurement method: segregation>

Carbonate

Supernatant

Centrifugal 

separation

Iron 

coprecipitation

1000 rpm

1 min

Fig. 1 Status before and after centrifugal separation  

<Evaluation of the number of days until disappearance through the small-scale test>

Å Segregation state was confirmed using a container of ű5Ĭ10 cm and a 

container of ű5.8Ĭ8.5 cm.

Å Relation of the number of days until disappearance of generated substances 

on each container was investigated.
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ü An image determination test equipment was designed and prepared to examine whether the current visual determination system in the process of the 

primary screening flow can be replaced with the mechanical image determination system for the purpose of establishing the determination criteria of 

the verification method that can obtain objective results (Fig. 1).

[System configuration of test equipment]

Specification of image determination test equipment

(1) Visible imaging camera (with light sources on the front and 

back)

­Observe the sample heightה Volume change confirmed

­Observe the foaming stateה Gas generation confirmed

­Observe the change in color toneה Progress of reaction 

and coloration (BTB) confirmed

(2) Thermal imaging camera

­Shoot the thermal image of sampleה Heat generation 

confirmed

(3) Load cell

Monitor the weightה

(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study for quantification of verification results -

<Study on the quantification method by image determination>

Fig. 2 Volume measurement of simulated slurry

Fig. 1 Configuration, actual picture, and specification of image determination test equipment

ü A test was conducted using the prepared equipment to compare the works in the primary screening flow as shown as follows. (Figs. 2ï5) 

(The pictures show test results with iron coprecipitation slurry and pure water.)

Fig. 3 Example of thermal image Fig. 4 Verification of precipitability

(Shot with light source on front)

Fig. 5 pH verification

Supernatant
After dripping 

BTB solution
After 5 min After 60 min

Å Step 1 Volume measurement (bulk density): By taking pictures while rotating the centrifuge tube, confirm that it is located within Ñ2.0 mm from the reference line and 

determine that it is smooth ­ After the sample height is calculated (Fig. 2), the sample volume is calculated from the volume of the centrifuge tube.

Å Step 2 Verification of reactivity (water absorbency, expansibility, heat generation, and gas generation): Reactivity with the inspection solution is continuously monitored 

(for 24 h) (Fig. 3).

Å Step 3 Verification of precipitability (dispersibility): Precipitability of specimen in the inspection solution is continuously monitored (for 1 h) (Fig. 4).

Å Step 4 pH verification: Coloration is monitored by dripping BTB solution onto the supernatant after centrifugal separation (Fig. 5).

Shutter box for light shielding

Analysis of 

measureme

nt valuesThermal 

imaging

Centrifuge 

tube

Light source

Visible imaging

Light source

Ambient 

temperature 

observation 

range

Sample 

temperature 

observation range

Temperature calculation range

Reference line: Sample height 

at 0 p̄osition
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(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification
- Study for quantification of verification results -

<Study on the quantification method by image determination>

ü Application results of the quantification method by image determination for each step of the primary screening flow (compared with the results by visual determination)

ü Issues

.Expand the target waste and collect data to examine indices for estimating physical properties from the information obtained in the primary screeningה

.Adjust the recognition conditions for mechanically identifying and determining the dispersibility and precipitabilityה

 Examine the method for verifying the colored sample whose coloration due to BTB solution is difficult to verify and the liquid property (pH) under conditions whereה

solid-liquid separation is difficult.

Step Goal (properties to be evaluated)
Image 

determination

Visual 

determination

1 Volume measurement (bulk density) ₃ ₃

2
Verification of reactivity (water absorbency, expansibility,

heat generation, and gas generation)
ƺ

3 Verification of precipitability (dispersibility) ₃ ƺ

4 pH verification ƺ

Å Step 1: ƺThe bulk density of the sample was able to be calculated from the height and weight of the reference line, and the value was almost the same as the result of 

the visual determination.

Å Step 2: From the shooting results of continuous thermal images, the volume change and gas generation over time were confirmed, and the heat generation properties 

were obtained more accurately than visually.

Å Step 3: ₃ From the shot visible image, it was possible to observe how the particles settled with the passage of time (Fig. 1).

Å Step 4: It was difficult to verify the coloration with the BTB solution in the combination (of iron coprecipitation slurry and AAM simulated kneading water) in which the 

supernatant was partly colored.

Legend

: Applicable (more accurate than visual determination)

ƺ: Applicable (criteria equivalent to visual determination)

: Partly applicable

Ĭ: Not determined

Fig. 1State of particle sedimentation with the passage 

of time

(in the case of iron coprecipitation slurry + pure water)

(Shot using the light source on back)

Å In Step 3, the difference in tendency depending on the 

testing liquid (the AAM test liquid showed different modes 

from others) was clearly quantified while observing the 

particle sedimentation rate. (Fig. 2)

Å In the combination of the simulated slurry and the AAM 

simulated kneading water, due to the relation between the 

specific gravity difference between the solid component and 

the solution, no sample sedimentation was found to the 

extent that the interface could be mechanically observed only 

by standing.

Å It is necessary to adjust the recognition conditions of the 

interface, such as examining suitable shooting conditions 

according to the properties of the simulated waste to be 

targeted.

After 5 min After 60 min

Fig. 2 Particle sedimentation rate in each test solution

(Iron coprecipitation slurry)

Solution surface 

height
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(a) [1] i. (i) Study on the verification method of low-temperature treatment solidification

- Results of simplified verification method applicable to secondary screening -

<Secondary screening: Candidate method for simplified evaluation of performance of kneaded/solidified substances>

Step Properties to be evaluated Details Applicability

5

Estimation of fluidity and 

compressive strength during the 

solidification treatment

Estimate fluidity and compressive strength from the amount of free 

water and the water/solid ratio from information on the amount of 

water absorption obtained in the primary screening flow.

OPC

AAM

6
Fluidity during the solidification 

treatment

JIS flow test

Small flow test

7
Condensation after the 

solidification treatment 

Automatic setting test using a centrifuge tube

Method for tilting a centrifuge tube at specific time intervals

Ultrasonic measurement with centrifuge tubes

8
Compressive strength of 

solidified substances

Crushing strength test with small specimens

Ultrasonic measurement with small specimens

Ultrasonic measurement with centrifuge tubes

9
Segregation properties after 

solidification treatment

Method for standing a specimen in the container (ű510 cm, 

ű5.8Ĭ8.5 cm)

Method for standing a specimen after centrifugal separation

Å It was determined that the JIS flow test, the small flow test, the compressive strength test with a small specimen, and the segregation evaluation test with a

container of ű5.8 Ĭ8.5 cm were applicable because the usability has been confirmed in the study for composition of solidified substances with iron

coprecipitation slurry.

Å It was shown that it is possible to easily evaluate properties using the method for estimating the fluidity and compressive strength and the other simplified 

evaluation methods. In the future, it is necessary to materialize and consider generalizing the evaluation methods.

Challenges:

Å Examination of property conditions such as substances whose estimated and measured values aredifferent from the information obtained in the primary screening

as well as the estimation method.

Å Confirmation of applicability in the case of expanding the target waste and in the case of using chemical admixtures

₃: Applicable, : Need further verification, Ĭ: Not applicable
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Challenges

V It is necessary to accumulate data for establishing a method (Step 5) for estimating physical 

properties such as compressive strength from primary screening data.

V A wide range of verification using reagents or others assuming various actions on the solidified 

material is required in order to generalize the verification method.

V Improved convenience of simplified measurement methods applicable to the verification method

V Quantification of the verification method by image determination

Achievements so far

V The verification method (proposal) consisting of the primary screening for measuring the properties 

of waste and solidified materials and the secondary screening for conducting the simplified 

measurement for the properties during solidification treatment was established.

V The simplified measurement method for fluidity, compressive strength, and segregation were 

examined, and the applicable candidate methods were presented.

V The presented verification method proposal was examined using simulated slurry to confirm the 

applicability of the verification method (proposal).

V Equipment for image determination was prepared and data for confirming applicability were 

obtained in order to quantify the determination in the verification method.

(a)  Establishment of selecting advance treatment methods  [1]  Low-temperature treatment technologies

i. Collection and evaluation of data on low-temperature treatment technology to contribute to the identification of

technology (i) Study on the verification method of low-temperature treatment solidification

Summary
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Prepare specimens by mixing two types of simulated slurries (carbonate and iron coprecipitation) individually to analyze the compressive strength, 

leaching properties, and others to promote deep understanding of solidification phenomenon and acquire and present the data.

Å The simulated slurry to be used will be prepared using two slurries (carbonate and iron coprecipitation slurries) adjusted assuming dehydration 

treatment during storage.

Details of implementation

Collection of data on properties of cement and AAM solidified substances for the slurry

.Collect data on each type of properties pertaining to simulated solidified substances mixed with carbonate slurryה

Collection of data on properties of cement and AAM solidified substances for the slurry

 Obtain data on various types of properties pertaining to simulated solidified substances mixed with ironה

coprecipitation slurry and conduct a study on the applicable range of cement and AAM based on the obtained data.

(a)  Establishment of selecting advance treatment methods  [1]  Low-temperature treatment technologies
i. Collection and evaluation of data on low-temperature treatment technology to contribute to the identification of

technology (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

[Implementation details]

Goal achievement index

Management of data such as performance of solidified substances when mixed with simulated carbonate slurryה

 Management of data such as performance of solidified substances when mixed with simulated ironה

coprecipitation slurry

Presentation of applicable range concerning solidification propertiesה

Å Incorporate the collected data in the study on the applicable range of cement and AAM  (approach study).

Ҝ Evaluation axis: Performance of solidified substances (leaching rate, hydrogen gas generation, etc.), operability (water content in the waste and 

process), etc.

*On the basis of the results in FY2018, the plan is to conduct a study on the composition that reduces the AAM fluidity and reduces the water content.
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[1] Properties of solidified substances during preparation 

(fluidity and solidification time)

[4] Dissolving properties of solidified substances (equilibrium solubility test) [5] Leaching properties of solidified substances (nonequilibrium solubility test)

[2] Compressive strength of solidified substances

The following data will be obtained to examine 

properties of substances during solidification 

treatment.

Data Acquisition method

Fluidity J14 funnel

Small flow

Viscosity Vibration-type 

viscometer

Condensation Vicat needle

Data Acquisition method

Compressive 

strength

Compression testing 

equipment

Porosity 

distribution

Mercury intrusion 

method

The following data will be obtained to examine 

mechanical properties of solidified 

substances.

[3] Radiation impacts of solidified substances 

(irradiation test)

The following data will be obtained by applying 

radiation to solidified substances to examine 

radiation impacts on them.

Data Acquisition method

Amount of 

hydrogen 

generated

Gas chromatography

Compressive 

strength

Compression testing 

equipment

Mineral 

composition

X ray diffraction 

(XRD)

Amount of free 

water

Rate of decrease in 

dry weight at 105 C̄

*Since the reaction with slurry and solidified 

substances was observed, some heat hydration 

measurements were conducted to investigate the 

change in reactivity.

The following data will be obtained through the equilibrium solubility test that 

immerses crushed samples in water to examine dissolving properties of 

solidified substances when they come in contact with water.

Data Acquisition method

Mineral composition X ray diffraction (XRD)

Volume of water Thermogravimetry/differential 

thermal analysis (TG/DTA)

Leaching component composition Plasma atomic emission 

spectroscopy (ICP-AES)

Bonding alteration in solids Nuclear magnetic resonance 

spectroscopy (Si-Al-NMR)

The following data will be obtained through the nonequilibrium solubility test 

that immerses block samples in water to examine leaching properties of 

solidified substances when they come in contact with water.

Data Acquisition method

Mineral composition X ray diffraction (XRD)

Porosity distribution Mercury intrusion method

Leaching component composition Plasma atomic emission 

spectroscopy (ICP-AES)

Composition distribution in solids Electron probe micro analyzer 

Component distribution in solids Electron microscope 

* ANSI/ANS leaching tests (for four nuclides Sr, Sn, Cs, and Ce) were conducted 

separately to measure the nuclide leaching rate.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Test items and test overview -
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Table 1 Compounding conditions of carbonate slurry (per 1 m3)

Name
Additive 

amount (kg)
Remarks

A Sodium chloride 28.5 Seawater component

B Magnesium chloride hexahydrate 180 Seawater component

C Calcium chloride dihydrate 79.5 Seawater component

D Magnesium sulfate heptahydrate 6.82 Seawater component

E Sodium carbonate 152

F 48% Sodium hydroxide 130
Added so that slurry is 

maintained at pH 12

Fig. 1 Appearance of carbonate slurry dehydration product

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Production of simulated waste and compounding conditions -

Fig. 2 Appearance of iron coprecipitation slurry dehydration product

Table 2 Compounding conditions of iron coprecipitation slurry (per 1 m3)

Name
Additive 

amount (kg)
Remarks

A Sodium chloride 28.5 Seawater component

B Magnesium chloride hexahydrate 5.16 Seawater component

C Calcium chloride dihydrate 1.47 Seawater component

D Magnesium sulfate heptahydrate 6.82 Seawater component

E 40% Iron(III) chloride solution 378

F 48% Sodium hydroxide 225
Added so that slurry is 

maintained at pH 8

Polymer flocculant (100-fold 

dilution)
1(L)

ü Compounding conditions for the simulated dehydrated slurry used in the test were the same as those in the dehydrated filter press test for 

slurry conducted in the past (Tables 1 and 2). Slurry compressed with the filter press machine that will be used on site at the Fukushima 

Daiichi Nuclear Power Station was used while taking into consideration the storage conditions of the actual waste.

ü The purpose of this study is to acquire basic data that can be an evaluation axis between treatment technologies such as the 

characteristics during solidification and the reaction between the solidified substances and waste. Therefore, as a result of examining 

the kneading method, it was decided to prepare a uniform solidified sample by mixing the crushed slurry powder with the dried

dehydrated substance from which characteristic data can be obtained.
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Fluidity Condensation Compressive strength

Test methods J14 funnel flow time

(JSCE-F-514: Test method 

for fluidity of filled mortar)

Initial setting time

(JIS R 5201: Physical 

testing methods for 

cement)

Compressive 

strength

(JIS R 5201: 

Physical testing 

methods for 

cement)

Criteria J14 funnel flow time = 2~4 s Hardening took place without quick 

setting and without bleeding within 24 h.

Ó1.47N/mm2

(material age: 28 days)

ű5Ĭ10 cm

Sealed curing at 

20ÁC

ü In order to determine the composition including the simulated waste, the evaluation criteria were set as follows.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Compounding adjustment of simulated waste solidified substances -

<Evaluation criteria and composition studied>

ü When simulated waste was filled, there was a considerable decrease in fluidity and a product incapable of kneading or a kneaded product without 

fluidity was obtained. Hence, the property data were acquired by using a composition with increased water/cement ratio and water/solid ratio and 

changing the waste filling rate (*).

Waste filling rate (mass%) =

Waste

Base material powder + Base material liquid + Waste

Ĭ100

Water

31 mass%

Cement

39 mass%

Dried and crushed carbonate

30 mass%
Waste filling rate = 30 mass%

Water/solid ratio = 45 mass% (Water/cement ratio = 80 mass%)

Waste filling rate = 50 mass%

Water/solid ratio = 45 mass% (Water/cement ratio = 164 mass%)

Water

31 mass%

Cement

19 mass%

Dried and crushed carbonate

50 mass%

.When water/solid ratio is constant, the ratio of cement and AAM powder reduces as the filling rate increasesה

* 
D
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Cement AAM Physical properties were acquired by setting the composition design indices 

(water/solid ratio and Na/Si molar ratio) and changing the waste filling rate.
Each physical property was acquired by changing the water/solid 

rate and the filling rate of the simulated waste.
Table 1 Cement composition studied Table 2 AAM composition studied

(Types of AAM)

M: Metakaolin onlyה

MB20: Mה + slag 20 mass%

MB40: Mה + slag 40 mass%

W/C
Waste filling rate (mass%)

Remarks
0 15 20 25 30 35 40 45 50

100 - ǒ ǒ ǒ ǒ - ǒ - -

150 - - ǒ - ǒ ǒ ǒ - ǒ

200 - - ǒ - ǒ ǒ ǒ ǒ ǒ

45 ǒ - - - - - - - -
FY2018 

composition

Types

Metakaolin/base 

material powder

[mass%]

Blast furnace 

slag/base material 

powder

[mass%]

Si/Al molar ratio 

in base material

[mol/mol]

Waste filling 

rate

[mass%]

Water/solid 

ratio

[mass%]

Na/Si molar 

ratio in base 

material

[mol/mol]

M 100 0 1.8 0 150 0.84

MB20 80 20 1.8 0 110 0.50

MB40 60 40 1.8 0 100 0.63

M 100 0 1.8
30,

40,

50.

Composition 

impact is 

verified while 

changing

Composition 

impact is 

verified while 

changing

MB20 80 20 1.8

MB40 60 40 1.8
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Fluidity Condensation Compressive strength

ÅIncrease in waste filling rate (water/solid ratio: constant)

Ҝ Decrease in flow time (decrease in fluidity)

ÅIncrease in water/solid ratio (waste filling rate: 

constant)Ҝ Decrease in flow time (fluidity improved)

ÅIncrease in waste filling rate Ҝ Decrease in 

compressive strength

ÅIncrease in water/solid ratioҜ Decrease in 

compressive strength

(Cement composition properties with carbonate slurry mixed)

ü When the waste filling rate was increased (and water/solid ratio was constant), fluidity decreased but compressive strength decreased.

ü When water/solid ratio was increased, fluidity was improved but compressive strength decreased.

ü The initial and final setting times of OPC with carbonate slurry mixed was faster than those of OPC base material alone.

ü Segregation was observed when the water/cement ratio was 150 or 200 mass% and the waste filling rate is 20 mass%. The others were 

hardened without bleeding on the following day.

Ҝ Select the composition with ñwater/cement ratio= 100, waste filling rate = 30 mass%,ò considering the criteria results and the

fluctuations in each physical property.

ÅThe initial and final setting times of OPC with carbonate 

slurry mixed (water/solid ratio = 53.8 mass%, waste 

filling rate = 30 mass%) were faster than those of OPC 

base material alone (water/solid ratio = 45 mass%)

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Compounding adjustment of simulated waste solidified substances -

<Changes in physical properties due to composition of solidified substances with cement and carbonate slurry>

ü Composition meeting each criterion was determined by investigating the changes in the physical properties when 

carbonate slurry was solidified with cement (OPC).

Fig. 1 Relation between water/solid ratio and J14 funnel flow time Fig. 2 Setting time of solidified substances
Fig. 3 Relation between water/solid ratio and compressive strength
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Fig. 2 Relation between water/solid ratio 

and flow time

Å When the waste filling rate was increased, flow time 

increased (and fluidity decreased). The same tendency 

as when the carbonate slurry was mixed is shown.

ҜWhen the water/solid ratio is Ó50mass%, it can have 

fluidity that satisfies the criteria even if the waste filling 

rate is approximately 40 mass% (Fig. 1).

Å When water/solid ratio was increased, flow time 

decreased (and fluidity was improved). (same as the 

case mixed with carbonate slurry)                        

ҜWith the water/solid ratio of approximately 

Ó50mass%, the funnel flow time can be reduced to Ò4s 

(Fig. 2).

Fig. 1 Relation between waste filling rate 

and flow time

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Compounding adjustment of simulated waste solidified substances -

<Solidified substances with cement and iron coprecipitation slurry (test results of fluidity and condensation)>

ü Condensation test results

Å The waste filling rate at which the final setting time took 

place within 24 h fell below 35 mass% (Fig. 3).

Å The water/solid ratio at which the final setting time took 

place within 24 h fell below 55 mass% (Fig. 4).

Å The initial and final setting times when the iron 

coprecipitation slurry was mixed were slower than those 

when the cement base material alone was used. The 

tendency was opposite to that when the carbonate slurry 

was mixed.
Fig. 4 Relation between water/solid ratio and 

initial/final setting times

Fig. 3 Relation between waste filling rate and 

initial/final setting times

ü Fluidity test results
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Compounding adjustment of simulated waste solidified substances -

<Changes in criteria on segregation properties>
ü During the composition adjustment of solidified substances with iron coprecipitation slurry, a phenomenon that has not been seen in the case 

of the carbonate slurry occurred.

(Cement solidified substances) Å Liquid was generated because of bleeding 

(segregation).

(AAM solidified substances) Å Gel-like substance was generated because 

of bleeding (segregation).

Å As a result of analysis through X ray 

diffraction (XRD) after collection and drying, 

the main component was sodium hydrogen 

carbonate.

V Although the relation between segregation and solidified substance quality has not been clarified, it is recognized as an 

unfavorable state from the viewpoint of mass transfer (estimated that the kneaded waste components would move).

The item for segregation was added to the evaluation criteria for 

determining the composition.

Fluidity Condensation Compressive strength Segregation

Test methods J14 funnel flow time

(JSCE-F-514: Test 

method for fluidity of 

filled mortar)

Small flow test

Initial setting 

time

(JIS R 5201: 

Physical 

testing 

methods for 

cement)

Compressive 

strength

(JIS R 5201: 

Physical 

testing 

methods for 

cement)

JSCE-F 522

Conformance with ñTest 

Method of Bleeding 

Rate and Swelling Rate 

for Injection Mortar of 

Prepacked Concrete 

(proposal)ò or 

observation of surface 

(gel)

Criteria J14 funnel flow time = 2ï4 s

Small flow value = 110ï130 mm

Hardening took place without 

quick setting and within 24 h

Ó1.47N/mm2

(material age: 28 days)

Disappears within 24 h in 

principle

No phenomenon shall be 

observed 3 days later if it is 

difficult for waste to achieve 

such criterion.

ű5³10 cm

Sealed curing at 

20 C̄

Fig. 1 State of substances generated because of segregation

Cement

AAM

It took time for the generated substances to disappear because the hydration reaction was 

delayed as the waste filling rate of iron coprecipitation slurry increased.

On the basis of this result, the criteria of the number of days until disappearance were relaxed 

to 3 days considering the waste filling rate and the disappearance duration.
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Compounding adjustment of simulated waste solidified substances -

<Solidified substances with cement and iron coprecipitation slurry (test results of compressive strength and segregation)>

ü Compressive strength test results

ü Segregation test results

Å When the waste filling rate was increased, compressive strength 

decreased (Fig. 1).

Å When the waste filling rate is up to approximately 40 mass%, the 

target compressive strength may be able to be secured at 

Ó1.47N/mm2 (Fig. 1).

Å When water/solid ratio was increased, compressive strength 

decreased (Fig. 2).

Fig. 2 Relation between water/solid ratio and 

compressive strength

Fig. 1 Relation between waste filling rate and 

compressive strength

Å As a result of confirming the status of a kneaded substance filled

into the container (ű5 Ĭ 10 cm) 1 day before, a substance

generated because of segregation was observed (Fig. 3).

Å When the water/solid ratio was increased, the number of days until

disappearance of generated substances increased (Fig. 4).

Å Although a reduction in the number of days until disappearance

requires a decrease in the amount of water and an increase in the

amount of cement, the waste filling rate decreased.

<Number of days until disappearance>

2ה days: Water/solid ratio = 41 and 

43 mass%

4ה days: Water/solid ratio = 44~46 mass%

7ה days: Water/solid ratio = 47 mass%

8ה days: Water/solid ratio = 50 mass%

10ה days: Water/solid ratio = 52 mass%

Fig. 3 Status on surface of solidified substance during segregation (example)

(Water/solid ratio = 41 mass%, Waste filling rate = 35 mass%) Fig. 4 Segregation status on surface of solidified 

substance

ҜSelect the composition with ñwater/solid ratio = 48 mass% (water/cement ratio = 68.2 mass%), waste filling rate = 20 mass%,ò 

considering the fluctuations due to raw materials from various compositions satisfying the evaluation criteria according to physical 

property values obtained in each compounding conditions.
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ÅCalorific value data 

were acquired by 

changing the iron 

coprecipitation slurry 

waste filling rate. 

Conversion of calorific 

values will be 

conducted separately.

The hydration reaction of alite was accelerated by mixing with carbonate slurry but delayed by mixing with iron coprecipitation slurry in a system.

Ҝ It was suggested that segregation occurred since the hydration reaction was inhibited by mixing with iron coprecipitation slurry.

Fig. 2 Iron coprecipitation filling rate and calorific valuesFig. 1 Results obtained with calorific meter

ü The change in calorific value due to the hydration reaction of cement was measured using a calorific meter in order to confirm the 

impacts of the carbonate and iron coprecipitation slurries on the reactivity of solidified substances.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Compounding adjustment of simulated waste solidified substances -

<Changes in physical properties due to composition of solidified substances with cement and iron coprecipitation slurry (verification 

of impact on solidification reaction when slurry is mixed)>
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delayed as the iron coprecipitation 

filling rate increased.

alite tricalcium silicate 3CaO SiO2



©International Research Institute for Nuclear Decommissioning 165

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Compounding adjustment of simulated waste solidified substances -

<Changes in physical properties due to composition of solidified substances with AAM and carbonate slurry>

(AAM composition properties)

üWhen the waste filling rate is increased (and water/solid ratio is constant), fluidity increases but compressive strength decreases.

üWhen water/solid ratio is increased, fluidity is secured but compressive strength decreases.

ü Condensation performance is strongly influenced by Na/Si molar ratio. The effect is reversed depending on the inclusion of slag.

Ҝ For AAM, select the composition with ñwaste filling rate= 30 mass%ò (same as cement) by extracting the composition satisfying 

each criteria from obtained physical property data.

Fluidity Condensation Compressive strength

ü Composition meeting each criterion was determined by investigating the changes in the physical properties when 

carbonate slurry was solidified with AAM.

ÅIncrease in water/solid ratio (waste filling rate: 

constant)Ҝ Fluidity improved (Fig. 1)

ÅIncrease in waste filling rate (water/solid ratio: 

constant)Ҝ Fluidity improved

ÅChanges occurring due to Na/Si molar ratio, which 

may vary depending on powder type (Fig. 2)

ÅIncrease in water/solid ratioҜ Setting delayed

ÅIncrease in waste filling rate Ҝ Decrease in compressive 

strength (Fig. 3)

ÅIncrease in water/solid ratio (waste filling rate: 

constant)Ҝ Decrease in compressive strength (Fig. 3)

ÅDecrease in Na/Si molar ratio (blast furnace slag 

substitution)Ҝ Decrease in compressive strength

Fig. 1 Relation between water/solid ratio and J14 

funnel flow time
Fig. 2 Relation between Na/Si molar ratio and initial 

setting time

Fig. 3 Relation between water/solid ratio and 

compressive strength
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Compounding adjustment of simulated waste solidified substances -

<Changes in physical properties due to composition of solidified substances with AAM and iron coprecipitation slurry (test results of fluidity and 

condensation)>

Condensation

ü Data on fluidity and condensation when iron coprecipitation slurry is solidified with AAM were obtained.

Small flow test

P
re

lim
in

a
ry

 

te
s
t

ü Using the data of the small flow test examined as a simplified measurement method of fluidity, the tendency of changes in physical properties due to the 

composition was identified, the evaluation criteria for fluidity were found, and the compounding conditions to be used for the test were narrowed down.

Ҝ (Evaluation criteria for fluidity) The range representing the intersection of J14 funnel flow time of 2~4 s and 

small flow values of 110~130 mm (Fig. 1).

Å The property verification test was conducted using the compounding conditions that have narrowed down.

Fig. 1Relation between J14 funnel 

flow time and small flow values

Fluidity

ÅIncrease in waste filling rate Ҝ Decrease in 

water/solid ratioҜ Fluidity improved

ÅIncrease in water/solid ratioҜ Fluidity improved

ÅDecrease in Si/Al ratio and Na/Si ratio Ҝ Fluidity 

improved

J14 funnel flow test

E
v
a

lu
a
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s
t

ÅDecrease in Na/Si molar ratioҜ Setting delayed

ÅSi/Al ratio = 1.8Ҝ Final setting time = Ó2days

Fig. 2 Relation between waste filling rate and small 

flow values (MB40)

Fig. 3 Relation between Na/Si ratio and days 

required for solidification (M)
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Compounding adjustment of simulated waste solidified substances -
<Solidified substances with AAM and iron coprecipitation slurry (test results of compressive strength and gelation)>

Ҝ Select the composition with ñwaste filling rate= 20 mass%,ò considering the fluctuations due to raw materials from various 

compounding conditions satisfying the evaluation criteria.

Fig. 4 Gel generation status (material age: 1 day)

ü Investigate changes in physical properties when solidifying iron coprecipitation slurry with AAM, and determine 

the composition.

Segregation (Gelation)Compressive strength

ÅIncrease in waste filling rateҜ Decrease in compressive strength

ÅIncrease in water/solid ratio (waste filling rate: 

constant)Ҝ Decrease in compressive strength

ÅCompressive strength is varied depending on Si/Al and Na/Si 

molar ratio.

Fig. 1Relation between waste filling 

rate and compressive strength

ÅGel-like substance generation due to 

segregation

ÅThe main component of the gel is sodium 

carbonate hydrate.

ÅIncrease in waste filling rateҜ Tend to 

cause gelation; generated regardless of 

composition when the waste filling rate is 

40 mass%

ÅIncrease in water/solid ratioҜ Tend to 

cause gelation

(AAM composition properties with iron coprecipitation slurry mixed)

ü When the waste filling rate is increased, fluidity increases but compressive strength decreases.

ü When water/solid ratio is increased, fluidity is secured but compressive strength decreases.

ü Condensation performance is strongly influenced by Na/Si molar ratio. The effect is reversed depending on the inclusion of slag.

Fig. 2Relation between water/solid 

ratio and compressive strength

Fig. 3Relation between Si/Al molar ratio and 

compressive strength
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Base material Waste filling rate [mass%] Si/Al ratio [mol/mol] Na/Si ratio [mol/mol]
Water/solid ratio 

[mass%]

AAM(M) 30 1.8 1.2 91.6

AAM(MB20) 30 1.8 0.7 86.0

AAM(MB40) 30 1.8 0.8 80.1

Base material Waste filling rate [mass%] Water/solid ratio [mass%]

Cement (OPC) 30 53.8

Å Solidified substances with carbonate slurry

ü Data were acquired through the various tests and measurement for solidified substances with the representative composition.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Compounding adjustment of simulated waste solidified substances -

<Determined representative composition>

Å Solidified substances with iron coprecipitation slurry

Base material Waste filling rate [mass%] Si/Al ratio [mol/mol] Na/Si ratio [mol/mol]
Water/solid ratio 

[mass%]

AAM(M) 20 1.9 1.00 100

AAM(MB20) 20 1.9 1.00 93

AAM(MB40) 20 1.9 0.95 87

Base material Waste filling rate [mass%] Water/solid ratio [mass%]

Cement (OPC) 20 48

Å Compressive strength (compressive strength and porosity distribution)

Å Irradiation test (amount of hydrogen gas generated, compressive strength, mineral composition, and amount of free water)

Å Equilibrium solubility test (mineral composition, amount of water, leaching component composition, and bonding alteration in solids)

Å Nonequilibrium solubility test (mineral composition, porosity distribution, leaching component composition, composition distribution in 

solids, and component distribution in solids)

Å ANSI/ANS leaching tests, etc.

ü As a result of the compounding adjustment, the determined representative composition is as follows:
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Cement: Compressive strength and porosity>

Compressive strength

Å Compressive strength increased with the passage of the curing period regardless of the presence of 

simulated slurry.

Å In both cases when mixed with carbonate slurry and when mixed with iron coprecipitation slurry, the 

compressive strength is lower than that in the case of cement alone.

Å The compressive strength of the solidified substances with carbonate slurry, which did not exceed 

10 N/mm2, was lower than that of the solidified substances with iron coprecipitation slurry.

Fig. 1 Relation between curing period and compressive strength

Å There was a correlation between the porosity and compressive 

strength (R2 = 0.92).

Å Compressive strength decreases as the porosity increases.

Relation between porosity and compressive strength

Fig. 2Relation between porosity and compressive 

strength (material age: 28 days)

Å The amount of pore and the pore diameter 

decreased with the passage of the curing 

period.

Å The porosity of the iron coprecipitation slurry 

tended to decrease more than that of the 

carbonate slurry.

Å The porosities in the solidified substances with 

cement (base material), carbonate slurry, and 

iron coprecipitation slurry (material age: 

28 days) were approximately 27%, 40%, and 

approximately 34%, respectively.
Fig. 3 Pore diameter distribution

Pore diameter distribution of each solidified substance
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<AAM: Compressive strength and porosity>

Compressive strength

Å Compressive strength increases as the material age progresses.

Å Compressive strength increased when iron coprecipitation slurry was mixed rather than carbonate slurry.

Å The compressive strength of the solidified substances with carbonate slurry, which did not exceed 10 N/mm2, 

was lower than that of the solidified substances with iron coprecipitation slurry (same as OPC).
Å There was a correlation between the porosity and 

compressive strength

Å Compressive strength decreases as the porosity 

increases.

Relation between porosity and compressive strength

Å The difference between the solidified substances 

with base material and with carbonate slurry 

depending on the AAM types was small.

Å In the solidified substances with iron 

coprecipitation slurry, only the AAM(MB40) 

solidified substance had coarse pores.

Å Unlike the cement solidified substances, the pores 

existed in the range of narrow pore diameter. The 

change with the progress of material aging was 

very small.

Fig. 3 Pore diameter distribution

Pore diameter distribution of each solidified substance

Fig. 1 Relation between curing period and strength for various solidified substances

Fig. 2Relation between porosity and compressive 

strength (material age: 28 days)
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üData were obtained through the equilibrium solubility test as data on long-term changes in properties in the buried 

environment. Test conditions, analysis items, etc., are shown in Table. 1.

Table 1 Equilibrium solubility test conditions

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test>

Test 

samples

Å Carbonate slurry cement solidified substances (OPC + CS)

Å Carbonate slurry AAM(M) solidified substances (M + CS)

Å Carbonate slurry AAM(MB20) solidified substances (MB20 + CS)

Å Carbonate slurry AAM(MB40) solidified substances (MB40 + CS)

Å Iron coprecipitation slurry cement solidified substances (OPC + IS)

Å Iron coprecipitation slurry AAM(M) solidified substances (M + IS)

Å Iron coprecipitation slurry AAM(MB20) solidified substances (MB20 + IS)
Iron coprecipitation slurry AAM(MB40) solidified substances (MB40ה + IS)

Preparation 

conditions

After kneading, it has been cured for 28 days in a room set at 20ÁC. The 

cured solidified substances were coarsely crushed under inert atmosphere 

and then dried under vacuum. The dried samples, which were finely 

crushed using an agate mortar in a glove box under the inert atmosphere 

and filtered through a 100 µm sieve, were used as test samples.

Immersion 

conditions

Liquid phase: Pure water

Liquid/solid ratio: 10, 100, 500, 1000, and 2000

Sample: 0.5~4 g

Immersion period: 4 weeks

Analysis 

items

Liquid phase
pH

Chemical composition (ICP-AES)

Solid phase

X ray diffraction test (XRD)

Thermogravimetry/differential thermal analysis (TG/DTA)

Solid-state NMR analysis (Si-NMR and Al-NMR)

Table 1 Immersion status in the 

equilibrium solubility test
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ü Calculate the changes in the analysis values of element concentration in the liquid phase with ICP-AES (left) and the element ratio of the solid 

phase assuming that the concentration in the liquid phase has been leached (right).

Fig. 1 Base material composition calculated from the liquid phase composition and 

the leaching amount in the equilibrium solubility test

Cement solidified substances

Å Na and Ca leached from solid phase into 

liquid phase.

Å The calculated Ca/Si molar ratio of cement 

solidified substances (base material) 

decreased as the liquid/solid ratio increased.

The base materials were dissolved while 

changing the composition, which were consistent 

with the knowledge of the leaching phenomenon 

concerning the existing cement minerals.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test: solidified substances with carbonate slurry>

Element concentration in liquid phase Composition rate of solid phase

AAM solidified substances

Å Na, Si, and Al leached from solid phase into 

liquid phase.

Å The calculated Si/Al molar ratio of AAM(M) 

solidified substances (base material) was 

constant (approximately 1.8) regardless of 

the liquid/solid ratio.

The base material has been uniformly 

dissolved.

The dissolving phenomenon of cement and 

AAM is different.
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ü Data on changes in the mineral phases were obtained through X ray diffraction (XRD) and thermogravimetry/differential thermal analysis 

(TG/DTA) with solidified substances before and after elution.

Fig. 1 X ray diffraction pattern and TG/DTA chart

(Cement solidified substances)

(AAM solidified substances)

Portlandite 

disappeared

Soluble salt disappeared.

Liquid/solid 

ratio = 1000

Initial

Initial

Liquid/solid 

ratio = 1000

Halite

Portlandite

Al-based mineral 

disappeared.

Soluble salt disappeared.

AAM solidified substances

Slurry components:

Soluble salt (halite and pirssonite) disappeared.

Calcite and brucite showed no changes.

AAM mineral components:

Soluble salt (gaylussite) disappeared.

No peaks other than those derived from slurry were 

observed.

AAM solidified substances, which are amorphous, were 

not crystallized.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test: solidified substances with carbonate slurry>

XRD TG/DTA Å The identification results of the mineral phases through XRD 

and TG/DTA were consistent with each other.

Cement solidified substances

Slurry components:

Soluble salt (halite) disappeared.

Calcite and brucite showed no changes.

Cement mineral components:

At the low liquid/solid ratio, portlandite disappeared and 

ettringite was generated.

At the high liquid/solid ratio, Al-based mineral (ettringite and 

Friedel's salt) disappeared.

Ÿ The changes in the mineral phase were consistent with the 

knowledge of changes associated with the leaching of the 

existing cement minerals.
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ü Since AAM solidified substances were amorphous and XRD did not provide any knowledge concerning changes in the mineral phase,data on composition 

and structure of the base material were obtained through the NMR analysis (Si-NMR and Al-NMR) with solidified substances before and after elution.

Fig. 1 Solid-state composition calculated from 

solid-state NMR chart and Si-NMR

Si/Al ratio

Al/Si ratio

Ca/Si ratio

Al-NMR

Si-NMR

Si-NMR

Al-NMR

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test: solidified substances with carbonate slurry>

(Cement solidified substances)

(AAM solidified substances)

NMR

Cement solidified substances

Å Si-NMR: Q1/Q2 ratio decreased.

Å Al-NMR: 4-fold coordination increased.

Å 6-fold coordination decreased.

The NMR results were consistent with the solid phase composition 

calculated from the liquid phase and the XRD results and were consistent 

with the knowledge of changes associated with the leaching of the existing 

cement minerals.

AAM solidified substances

Å NMR data of solidified substances with the AAM base material alone 

and with the slag alone were acquired in advance, and peaks of N-A-S-

H and C-A-S-H were identified.

Å As a result, most of the base materials of Si-NMR MB-based solidified 

substances are the following:

N-A-S-H

Q4(4Al) decreased.  

The change in AAM aluminosilicate structure associated with leaching 

may be small.

Ca/Si ratio of C-S-H 

decreased; Al/Si ratio 

increased.

Ettringite and 

monosulfate hydrate 

decreased.

Si/Al ratio slightly changed.

Ÿ

Ÿ

Ÿ

Q1

Q2

4-fold coordination increased.

6-fold coordination decreased.
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ü Calculate the changes in the analysis values of element concentration in the liquid phase with ICP-AES (left) and the element ratio of the solid 

phase assuming that the concentration in the liquid phase has been leached (right).

Fig. 1 Base material composition calculated from the liquid phase composition and 

the leaching amount in the equilibrium solubility test

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test: solidified substances with iron coprecipitation slurry>

Cement solidified substances

Å Na and Ca leached from solid phase into 

liquid phase

Å The calculated Ca/Si molar ratio of cement 

solidified substances (base material) 

decreased as the liquid/solid ratio 

increased.

The base materials were dissolved while 

changing the composition, which were 

consistent with the knowledge of the leaching 

phenomenon of the existing cement minerals.

Element concentration in liquid phase Composition rate of solid phase

AAM solidified substances

Å Na, Si, and Al leached from solid phase into 

liquid phase.

Å The calculated Si/Al molar ratio of AAM(M) 

solidified substances (base material) was 

constant (approximately 1.8) regardless of 

the liquid/solid ratio.

The base material has been uniformly 

dissolved.

*Since the unreacted slag could not be 

quantified for AAM(MB20) and AAM(MB40) 

solidified substances, the solid phase 

composition of the base material has not been 

evaluated.

The dissolving phenomenon of cement and 

AAM is different.
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ü Data on changes in the mineral phases were obtained through X ray diffraction (XRD) and thermogravimetry/differential thermal analysis 

(TG/DTA) with solidified substances before and after elution.

Fig. 1 X ray diffraction pattern and TG/DTA chart

Portlandite 

disappeared

Liquid/solid 

ratio = 1000

Initial

Initial

Liquid/solid 

ratio = 1000

Å The identification results of the mineral phases through XRD and 

TG/DTA were consistent with each other.

Cement solidified substances

Å The iron coprecipitation slurry, which is amorphous, showed 

disappearance of soluble salt (Halite).

Å At the low liquid/solid ratio, portlandite (cement mineral) disappeared 

and ettringite was generated. At a high liquid/solid ratio, an Al-based 

mineral (ettringite and Friedel's salt) disappeared.

The changes in the mineral phase were consistent with the knowledge of 

the changes associated with the leaching of the existing cement 

minerals.Halite

Portlandite

Al-based 

mineral 

disappeared.

Soluble salt 

disappeared.

No changes

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test: solidified substances with iron coprecipitation slurry>

(Cement solidified substances)

(AAM solidified substances)

XRD TG/DTA

AAM solidified substances

Å In iron coprecipitation slurry, which is amorphous, soluble salt 

(Halite) disappeared

Å No peaks other than those derived from slurry were observed.

M + IS, which are amorphous, were not crystallized.

* AAM(MB40) solidified substances showed faujasite, in which the base 

material component was crystallized. It may be a stable phase.
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Fig. 1 Solid-state composition calculated from 

solid-state NMR chart and Si-NMR

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Equilibrium solubility test: solidified substances with iron coprecipitation slurry>

(Cement solidified substances)

(AAM solidified substances)

NMR

Cement solidified substances

Å Si-NMR: Q1/Q2 ratio decreased.

Å Al-NMR: 4-fold coordination increased.

Å 6-fold coordination decreased.

The NMR results were consistent with the solid-phase composition 

calculated from the liquid phase and the XRD results and were consistent 

with the knowledge of the changes associated with the leaching of the 

cement minerals.

AAM solidified substances

Å Separation of NïAïSïH and CïAïSïH from NMR data of solidified 

substances with AAM alone and with the slag alone

Å Most of the base material of Si-NMR MB-based solidified substances are 

also

N-A-S-H

Q4(4Al) decreased.  

The change in AAM aluminosilicate structure associated with leaching may 

be small.

* AAM(MB40) solidified substances showed Faujasite in which the base 

material AAM component was crystallized, so the same analysis could 

not be conducted.

Ettringite and monosulfate 

hydrate decreased.
Ÿ

Ca/Si ratio of C-S-H 

decreased; Al/Si ratio 

increased.

Si/Al ratio slightly changed.

Ÿ

Ÿ

Q1

Q2

6-fold coordination decreased.
4-fold coordination increased.

Al-NMR

Si-NMR

Si-NMR

Al-NMR

ü Because AAM solidified substances were amorphous and XRD did not provide any knowledge concerning changes in the mineral phase, data on the 

composition and structure of the base material were obtained through NMR analysis (Si-NMR and Al-NMR) with solidified substances before and after 

elution.
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Table 1 Nonequilibrium solubility test conditions, etc.

üData were obtained through the nonequilibrium solubility test as data on long-term changes in properties in the buried 

environment. Test conditions, analysis items, etc., are shown in Table. 1.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

- Acquisition of data on solidified substances through the representative composition -

<Nonequilibrium solubility test>

Test 

samples

Å Carbonate slurry cement solidified substances (OPC + CS)

Å Carbonate slurry AAM(M) solidified substances (M + CS)

Å Carbonate slurry AAM(MB20) solidified substances (MB20 + CS)

Å Carbonate slurry AAM(MB40) solidified substances (MB40 + CS)

Å Iron coprecipitation slurry cement solidified substances (OPC + IS)

Å Iron coprecipitation slurry AAM(M) solidified substances (M + IS)

Å Iron coprecipitation slurry AAM(MB20) solidified substances (MB20 + IS)

Å Iron coprecipitation slurry AAM(MB40) solidified substances (MB40 + IS)

Preparation 

conditions

After kneading, it has been cured for 28 days in a room set at 20 C̄. The 

cured solidified substance, which was cut into 20 ³20 ³40 [mm] and had 

five surfaces other than the exposed surface of 20 ³20 [mm] sealed with 

epoxy resin, was used as a test sample.

Immersion 

conditions

Liquid phase: Pure water (500 [mL])

Immersion period: 1, 4, 13 weeks

(Immersion water was exchanged once a week)

Analysis 

items

Liquid phase
pH

Chemical composition (ICP-AES)

Solid phase

Mercury intrusion test (MIP)

X ray diffraction test (XRD)

Cross-sectional element composition analysis (EPMA)

Cross-sectional observation (SEM/EDS)

Fig. 1 Specimens (top) and their 

immersion status (bottom) in the 

nonequilibrium solubility test
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Cement solidified substances

Å The major leaching components were Na and Cl, which 

had been leached out from the wetted surface.

Ÿ Soluble salt leached out

Å Because the amount of Ca leaching was extremely small, 

the dissolved and altered portion of the cement mineral 

(base material) was slightly seen on the surface layer 

only.

Ÿ The leaching of cement solidified substances occurs in a 

very narrow range

AAM solidified substances

Å The major leaching components were Na and Cl, and the 

concentration all over the sample decreased.

Ÿ Soluble salt leached out

Å No changes in Si/Al were observed.

Å In the AAM(MB40) solidified substance, a layer with a 

high Ca/Al ratio was observed on the very surface.

Ÿ Suggested that secondary minerals were generated

5 mm from the surface Ÿ Pore structure evaluation 

(MIP, SEM/EDS)

2 mm from the surface* Ÿ Identification of mineral 

phases (XRD)
*Because the leaching depth of Ca is smaller compared with that of the AAM solidified 

substances, it was set to 2 mm in consideration of the sample amount required for 

analysis.

5 mm from the surface Ÿ Pore structure evaluation 

(MIP, SEM/EDS)

Identification of mineral phases (XRD)

Fig. 1 Leaching rate and element distribution of the solid-phase cross-section (wetted surface 

on top) from solidified substances
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(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Nonequilibrium solubility test: solidified substances with carbonate slurry>

Leaching rate Cross-sectional element composition (EPMA)

ü Evaluate the leaching rate based on the liquid-phase composition analysis results with ICP-AES and the leaching 

state from the solid phase based on the cross-sectional element composition analysis results
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ü To confirm the change in the pore structure associated with dissolution, the investigation of the pore diameter 

distribution (MIP) and SEM observation of the layer on the wetted surface were conducted.

בּ ◓ ˢ ˣ Si Na

Initial

250

mm

13W

250

mm

בּ ◓ ˢ ˣ Ca Na

Initial

250

mm

13W

250

mm

Fig. 1 Pore diameter distribution and SEM/EDS 

observation at altered portion

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Non-equilibrium solubility test: solidified substance with carbonate slurry>

Pore diameter distribution (MIP) Cross-sectional observation (SEM/EDS)

Initial

Initial

13W

13W

Increase in 

the amount of 

pores due to 

leaching

Increase in 

the amount 

of pores due 

to leaching

Leach

ed out

Hydrated

Leach

ed out

1 µm0.1 µm0.01 µm

0.1 µm0.01 µm 1 µm

Cement solidified substances (5 mm from the surface)

Å With the progress of hydration due to the immersion test, 

the pore diameter distribution increased with respect to 

the diameter of 0.1 µm or below.

Å The amount of pores increased because of leaching.

Å Owing to leaching, the pore diameter distribution tended 

to increase with respect to the diameter of approximately 

1 µm.

AAM solidified substances (5 mm from the surface)

Å Increase in the amount of pores.

Å No marked changes in the pore diameter distribution.

Å Na component that concentrated during sample 

adjustment was leached out in the short term because 

it is soluble.

Results consistent with existing knowledge concerning 

cement were obtained.  

It is inferred that AAM has been uniformly dissolved.



©International Research Institute for Nuclear Decommissioning 181

Fig. 1 X ray diffraction pattern (cement solidified substances (OPC + CS) and AAM(MB40) solidified substances (MB40 + CS))

ü X ray diffraction data were obtained to identify the mineral phases of the dissolved and altered portion

Cement solidified substances (2 mm from the surface)

Å In the 4-week immersion sample, halite (soluble salt) disappeared.

Å In the 13-week immersion sample, portlandite (cement mineral) 

disappeared and ettringite was generated.

Å Calcite and brucite (carbonate slurries) showed no changes.

The leaching of the cement mineral has progressed with the passage 

of time, and the same mineral transition as in the equilibrium solubility 

test was confirmed. 

AAM solidified substances (5 mm from the surface)

Å Soluble salt disappeared.

1 week: gaylussite and pirssonite, 4 weeks: thermonatrite, 13 weeks: halite

Å In AAM(MB40) solidified substances only, aragonite was generated 

because of immersion.

Å Calcite and brucite (carbonate slurries) showed no changes.

It is inferred that the AAM matrix has been uniformly dissolved considering the 

equilibrium solubility test results as well.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Non-equilibrium solubility test: solidified substance with carbonate slurry>

XRD XRD
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Cement solidified substances

Å The major leaching components were Na and Cl, which had 

been leached out from the wetted surface.

Ÿ Soluble salt leached out

Å Because the amount of Ca leaching was extremely small, the 

dissolved and altered portion of the cement mineral (base 

material) was slightly seen on the surface layer only.

Ÿ The leaching of cement solidified substances occurs in a very 

narrow range

AAM solidified substances

Å The major leaching components were Na and Cl, and the 

concentration all over the sample decreased.

Ÿ Soluble salt leached out

Å No changes in Si/Al were observed.

In both cement and AAM solidified substances, the leaching of the 

soluble salt contained in the iron coprecipitation slurry was 

observed. Compared with solidified substances with carbonate 

slurry, the leaching rate was lower and leaching was suppressed.

5 mm from the surface Ÿ Pore structure evaluation 

(MIP, SEM/EDS)

2 mm from the surface* Ÿ Identification of mineral 

phases (XRD) 
*Because the leaching depth of Ca is smaller compared with that of the AAM solidified 

substances, it was set to 2 mm in consideration of the sample amount required for 

analysis.

5 mm from the surface Ÿ Pore structure evaluation 

(MIP, SEM/EDS)

Identification of mineral phases (XRD)

ü Evaluate the leaching rate based on the liquid-phase composition analysis results with ICP-AES and the leaching 

state from the solid phase based on the cross-sectional element composition analysis results

Fig. 1 Leaching rate and element distribution of the solid-phase cross-section (wetted 

surface on top) from solidified substances

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Nonequilibrium solubility test: solidified substances with iron coprecipitation slurry>
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ü Pore diameter distribution (MIP) and observation results of the layer on the wetted 

surface (SEM): Change in the pore structure associated with dissolution

Fig. 1 Pore diameter distribution and SEM/EDS observation at an altered portion

Initial

Initial

13W

13W

Increase in the 

amount of pores 

due to leaching

Increase in the 

amount of pores 

due to leaching

Leached out

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Nonequilibrium solubility test: solidified substances with iron coprecipitation slurry>

בּ ◓ ˢ ˣ Ca Na

Initial

250

mm

13W

250

mm

בּ ◓ ˢ ˣ Si Na

Initial

250

mm

13W

250

mm

Pore diameter distribution (MIP) Cross-sectional observation (SEM/EDS)

0.1 µm0.01 µm 1 µm

0.1 µm0.01 µm 1 µm

Cement solidified substances (5 mm from the surface)

Å The pore diameter distribution increased at and around 

1 µm because of leaching.

AAM solidified substances (5 mm from the surface)

Å Increase in the amount of pores.

Å No marked changes in the pore diameter distribution.

Å Na component that concentrated during sample 

adjustment was leached out in the short term because 

it is soluble.

Results consistent with existing knowledge concerning 

cement were obtained.  

It was inferred that hydration was more progressed 

compared to solidified substances with carbonate slurry.

It is inferred that AAM has been uniformly dissolved.

Compared with the solidified substance with carbonate 

slurry, both cement and AAM solidified substances had 

fewer pores, and the amount of pores that increased 

because of leaching was also smaller.
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Fig. 1 X ray diffraction pattern (cement solidified substances (OPC + IS) and AAM(MB40) solidified substances (MB40 + IS))

ü X ray diffraction data were obtained to identify the mineral phases of the dissolved and altered portion

Cement solidified substances (2 mm from the surface)

Å In the 1-week immersion sample, halite (soluble salt) disappeared.

Å Although the peak of portlandite (cement mineral) had become 

smaller with the passage of time, it remained even in the 13-week 

immersion sample.

Although the leaching of the cement mineral has progressed with the 

passage of time, the progress was slower than that of the solidified 

substance with carbonate slurry. 

AAM solidified substances (5 mm from the surface)

Å For AAM(M) and AAM(MB40) solidified substances, in a 4-week immersion 

sample, halite disappeared.

Å In AAM(MB40) solidified substances, the AAM matrix was crystallized and 

faujasite (zeolite) was generated. In a 1-week immersion sample, halite 

disappeared.

AAM matrix was crystallized. It was suggested that it should be treated as 

zeolite in the long-term evaluation.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Nonequilibrium solubility test: solidified substances with iron coprecipitation slurry>
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Leaching rate (%) = Wx/c

Wx: Cumulative amount of leached ion species x (mg)

C: Amount of ion species in specimen [mg]

Å By dissolving the simulated nuclides of Sr, Sn, Cs, and Ce of the amount equivalent to simulated waste of 0.1 wt% in kneading water, each solidified 

substance (ű5 Ĭ5 cm) was prepared.

Å After 28 days of sealing and curing, the leaching rate and the LI value (one of leaching indices) were calculated while repeating immersion and solution 

exchange in pure water ten times the surface area of the specimen at regular intervals and analyzing 

the element concentration in each liquid phase.

Å The liquid exchange was carried out at 2, 7, 24, 48, 72, 96, 120, 432, 1104, and 2184 h as cumulative time. 

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Nuclide leaching test (ANSI/ANS 16.1)>

ü Data were obtained from the ANSI/ANS leaching test results as data on nuclide leaching of solidified substances with slurry.

Fig. 1 ANSI/ANS-16.1 leaching test results

With carbonate slurry (CS) With iron coprecipitation slurry (IS)

Å For Cs, most leached in the OPC case and approximately 1/4 or 1/5 of OPC 

leached in the AAM(M) case.  It was confirmed that AAM(M) solidified 

substances have higher confinement properties because the LI value of 

AAM(M) was approximately 8~9 and that of OPC was approximately 7.

Ÿ Inferred that it is replaced with Na ions incorporated in the aluminosilicate

structure of the AAM(M) solidified matrix

Å For Sr, 15% leached in the OPC case and approximately 1/100 or less of 

OPC leached in the AAM(M) case.  It was confirmed that AAM(M) solidified 

substances have higher confinement properties especially because the LI 

value of OPC was approximately 9~10 and that of AAM(M) was 

approximately 11~14.

Å For Sn, 0.1% or less leached in the OPC case and 1%~3% leached in the 

AAM(M).  It was confirmed that cement (OPC) solidified substances have 

higher confinement properties especially because the LI value of OPC was 

approximately 13~15 and that of AAM(M) was approximately 9~10.

Å For Ce, no leaching was observed in the OPC case and less than 1% 

leached in the AAM(M) case. It was confirmed that AAM(M) solidified 

substances have high confinement properties because the LI value of 

AAM(M) was approximately 12.

Ÿ Inferred that an insoluble hydroxide was generated because of reaction 

with OHīin the liquid phase

Å No difference in the leaching tendency was confirmed between the 

carbonate slurry and the iron coprecipitation slurry, but the leaching rate 

tended to be lower when the iron coprecipitation slurry was mixed, except for 

the leaching rate of Sr in the cement (OPC) solidified substances with 

carbonate slurry.

V: Specimen volume [cm3]

S: Specimen surface area [cm2]

T: Average immersion time [s]

Leachability index (LI) = log (1/D)

D = ˊ (a0/A0/ȹtn)
2 (V/S)2 T

D: Effective diffusion coefficient [cm2/g]

a0/A0: Leaching fraction [-]

ȹtn: Immersion interval [s]

Sr Sn Cs Ce

OPC 9.8 13.1 6.9 -

M 11.3 9.4 8.1 11.9

CS
LI

Sr Sn Cs Ce

OPC 8.7 14.7 7.1 -

M 14.3 10.1 8.8 12.3

LI
ISwith 

CS

with 

IS
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(mass%)

Sample name Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl CaO Total

Ca/Si 

molar 

ratio

Ḏ OPC paste 0.1 0.7 1.6 21.1 0.3 0.8 - 41.8 67.8 2.15

[1] OPC + CS initial 

samples
4.9 1.1 1.0 18.3 0.3 0.3 1.8 42.1 71.5 2.49

CS 

nonequili

brium 4W

[2] Near the 

wetted surface
1.9 1.2 2.3 21.6 0.3 0.5 0.8 28.3 58.8 1.42

[3] Depth: 3 mm 1.3 1.0 0.91 19.4 0.3 1.9 3.0 39.5 68.6 2.24

(mass%)

Sample name Na2O Al2O3 SiO2 P2O5 SO3 Cl CaO Fe2O3 Total

Ca/Si 

molar 

ratio

Ḏ OPC paste 0.1 1.6 21.1 0.3 0.8 - 41.8 1.0 67.8 2.15

[1] OPC + CS initial 

samples
2.2 1.2 26.3 0.3 1.6 5.0 40.1 1.7 80.0 1.64

CS 

nonequili

brium 4W

[2] Near the 

wetted surface
0.7 3.1 24.1 0.3 0.3 0.7 28.1 2.7 61.4 1.28

[3] Depth: 

3 mm
0.4 1.6 26.8 0.2 0.8 2.1 40.8 1.8 75.9 1.64

(mass%)

Sample name Na2O Al2O3 SiO2 P2O5 SO3 Cl CaO Fe2O3 Total

Iron coprecipitation slurry 

alone
1.4 ˈ ˈ ˈ 0.9 3.5 0.5 66.8 74.7

OPC + IS initial samples 2.2 0.3 2.8 0.1 1.4 1.9 11.2 63.5 84.8

IS 

nonequilibri

um

4W

Near the 

wetted surface
0.7 1.0 5.5 0.1 0.2 0.7 8.8 64.4 82.8

Depth: 3 mm 0.5 1.5 5.6 0.1 1.7 1.7 21.3 47.5 81.0

Northupite (mass%)

Sample name Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl CaO Total

Northupite in slurry alone
23.9 16.8 - - - - 11.5

2.8 55.0

CS initial samples 3.1 14.9 3.1 1.5 0.1 2.6 0.9 10.0 36.4

CS 

nonequ

ilibrium 

4W

Near the 

wetted 

surface

0.4 18.1 5.2 1.7 0.0 0.2 0.5 5.2 32.0

Depth: 3 mm 0.7 16.3 3.1 2.4 0.0 0.6 1.3 12.1 36.8

Analysis results of carbonate slurry cement solidified substances

Table 1 EDS analysis results of the cement portion of the solidified substances with carbonate slurry

Table 2 EDS analysis results of the mineral in the slurry of the solidified substances with carbonate slurry

C: Unhydrated cement CS: Carbonate slurry

Ÿ Na and Cl concentrations in the cement hydrate were slightly higher

Ÿ Na, Ca, and Ca/Si ratio decreased because of leaching

Ÿ Northupite was dissolved

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Observation on the interaction between cement and waste>

ü Using cement solidified substances with simulated slurry used in the nonequilibrium solubility test, the solid phase composition analysis was 

conducted with SEM and EDS to confirm whether the substance in the slurry was reacting (solidifying or stabilizing) with the cement hydrate.

Analysis results of iron coprecipitation slurry cement solidified substances

Table 3 EDS analysis results of the cement portion of the solidified substances with iron coprecipitation slurry

Ÿ Na and Fe concentrations in the cement hydrate were slightly higher

Ÿ Na, Ca, and Ca/Si ratio decreased because of leaching

C: Unhydrated cement IS: Iron coprecipitation slurry

Table 4 EDS analysis results of the mineral in the slurry of the solidified substances with iron coprecipitation slurry

Ÿ Ca and Si concentrations became high

Ÿ Slight changes due to leaching were observed in each of the simulated slurry and cement hydrate, but no reaction occurred between the slurry and cement

OPC + IS initial samples OPC + IS initial samplesOPC + CS initial samples OPC + CS initial samples
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ü The ɔray irradiation test of solidified substances with simulated slurry was conducted to evaluate the amount of hydrogen gas generated and verify the impacts on solidified substances 

due to irradiation.  

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Radiation impacts: amount of hydrogen gas generation>

Fig. 2 G value of hydrogen gas with respect to integrated dose

(Solidified substances with carbonate slurry)

Fig. 3 G value of hydrogen gas with respect to integrated dose

(Solidified substances with iron coprecipitation slurry)

Å Comparing the G values of solidified substances with carbonate and iron coprecipitation slurries, there was no big difference in the range of approximately 0.1~0.2 although the size 

was different depending on the types of base material.

Å In addition, the magnitude tendency of the G value varies when the solidified material is the same but the mixed waste is different. It is considered that such tendency is largely 

influenced by the porosity and pore diameter of the solidified substances. (In the case of iron coprecipitation, the G values matched the magnitude of the porosities (OPC: 30%, 

MB20, MB40: 45%, M: 50%). In addition, for MB20 and MB40, the G value of MB40, which had coarse pores, was higher than that of MB20)

Å The G value of hydrogen generation has been regarded as 0.45 [/100 eV], but the G value obtained this time was sufficiently lower, which was useful data for the preparation of 

solidified substances.

ÅThe G value of solidified substances 

with carbonate slurry was in the range 

of approximately 0.1~0.25, which was 

higher than that of the base material 

alone.

ÅThe G value of solidified substances 

with carbonate slurry increased in the 

order of MB20 < MB40 < OPC < M, 

which had a different tendency from 

that of the base material.

ÅThe G value of solidified substances 

with iron coprecipitation slurry was in 

the range of approximately 0.05~0.2, 

that of OPC was the same value, and 

that of AAM was higher than that of the 

base material alone.

ÅThe G value of solidified substances 

with iron coprecipitation slurry 

increased in the order of OPC < MB20 

< M ԇ MB40, which had a different 

tendency from that of the base 

material.

Fig. 1 Irradiation container and irradiation status

 The irradiation sample was sealed in an irradiation container (Fig. 1) after preparing solidified substances with simulated slurry (carbonate, iron coprecipitation) based on theה

representative composition. Conducted under the irradiation conditions shown in Table 1.

After irradiation, measure the hydrogen gas in the irradiation container and calculate the G value of hydrogen gas in solidifiedה substances with simulated slurry. Compared with the 

solidified substances of the base material alone. (Fig. 2, 3)

Test contents

ɔray irradiation on solidified 

substance base material

(FY2018 project)

ɔray irradiation on solidified substances 

containing simulated slurry (This project)

Test site
Takasaki Advanced Radiation Research Institute of the National Institutes for 

Quantum Science and Technology

Specimen

Cement (OPC), AAM(M, MB20, 

MB40)

(Base material only)

Cement (OPC), AAM(M, MB20, MB40)

(Carbonate slurry: 30 mass% contained)

(Iron coprecipitation slurry: 20 mass% 

contained)

Irradiation method Fixed irradiation (Fix the irradiation container toward the radiation source)

Radiation source Co-60

Dose rate Approx. 1.8~5 kGy/h

Integrated dose (Plan) 3 kGy, 10 kGy, 30 kGy
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Table 1 Irradiation conditions
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ü The visual inspection and compressive strength test of the solidified substances before and after irradiation were carried out.

Table 1 Appearance of solidified substances with 

carbonate slurry before and after irradiation

Fig. 1 Compressive strength before and after irradiation

(Solidified substances with carbonate slurry)

Fig. 2 Compressive strength before and after irradiation

(Solidified substances with iron coprecipitation slurry)

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Acquisition of data on solidified substances through the representative composition -

<Radiation impacts: compressive strength>
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Å As a result of the visual inspection, only the AAM(M) solidified substance with carbonate slurry irradiated with an integrated dose of 30 kGy was brittle and broken. Other 

than that, there was no difference in appearance, including the solidified substances with iron coprecipitation slurry. (Table 1)

Å The compressive strength of all solidified substances with iron coprecipitation slurry was 10 N/mm2 or more, which satisfied the criteria. On the other hand, although the 

solidified substances with carbonate slurry also had low compressive strength, they satisfied the criteria, except for the AAM(M) solidified substance irradiated with an 

integrated dose of 30 kGy. (Fig. 1, Fig. 2)

Ÿ Considered that there is not much change in compressive strength due to radiation and that the impact depending on the types of base materials and the waste filling 

rate is large.

ü Other acquired data
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Base material

Å X ray diffraction analysis (XRD) was performed on the solidified substances after irradiation, but there was no 

particular difference compared with the ones before irradiation.

Å In the case of solidified substances with iron coprecipitation slurry, the amount of free water decreased by 

approximately 1%~3% in M and MB40 after irradiation, whereas there was almost no difference in OPC and MB40. 

(Fig. 3)

Ÿ M and MB40 with the amount of free water decreased were consistent with the tendency of high G value of 

hydrogen gas. However, there was no correlation between the amount of free water and the G value of hydrogen 

gas.

Therefore, the G value of hydrogen gas may be significantly affected by not only the amount of free water but also the 

pore amount and diameter of solidified substances mixed with waste.

Fig. 3 Amount of test water before and after irradiation

(Solidified substances with iron coprecipitation slurry)

Before irradiation
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ü To reflect data in the study of the approach described later, illustrate results from solidification properties obtained through the composition study 

(fluidity, hardening duration, segregation, and compressive strength) in a triangular diagram with sides of waste, cement, and water to confirm the 

scope meeting each evaluation criterion.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Applicable range concerning solidification properties -

<Cement + carbonate slurry>

In the practical 

mixture 

composition

W: 55 mass% or 

below

C: 30 mass% or 

above

CS: 40 mass% or 

below

Scope of application

Carbonate slurry: 15~40 mass%

Cement: 30~55 mass%

Water: 30~45 mass%

Cement + carbonate slurry

In the practical mixture 

composition

W: 30 mass% or above

CS: 45 mass% or below

No restrictions in the 

practical mixture 

composition

No restrictions in the 

practical mixture 

composition

From the test results of each criterion such as fluidity, the range considered applicable was set.

The applicable range was obtained by overlaying multiple criteria on each other and having a margin 

on the common range.

Accepted

Partly accepted

Not accepted
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ü Illustrate results from solidification properties obtained through the composition study (fluidity, hardening duration, segregation, and 

compressive strength) in a triangular diagram with sides of waste, cement, and water to confirm the scope meeting each evaluation criterion.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Applicable range concerning solidification properties -

<Cement + iron coprecipitation slurry>

Cement + iron coprecipitation slurry

In the practical 

mixture composition

IS: 55 mass% or 

below

In the practical mixture 

composition

W: 35 mass% or above

IS: 40 mass% or below

In the practical mixture 

composition

W: 30 mass% or above

IS: 35 mass% or below

In the practical mixture 

composition

IS: 35 mass% or 

below

From the test results of each criterion such as fluidity, the range considered applicable was set.

The applicable range was obtained by overlaying multiple criteria on each other and having a 

margin on the common range.

Accepted

Partly 

accepted

Not accepted

Scope of application

Iron coprecipitation slurry: 15~25 mass%

Cement: 45~50 mass%

Water: 30~35 mass%
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Â Plot the result data of solidification properties obtained through the composition study (fluidity, hardening duration, gel/segregation, and 

compressive strength) in a triangular diagram to verify if the range satisfying the evaluation criteria can be illustrated.

[1] When evaluated using a triangular diagram with sides of waste, base material powder, and alkaline kneading water as in the cement case, the 

plots were so congested that it was not possible to identify the tendency at all, even with composition with different solidification properties.

[2] Illustrate the results in a triangular diagram with sides of the ñamount of waste,ò ñamount of H2O in alkaline kneading water,ò and ñamount of 

Na2OהSiO2in kneading water + base material powderò to verify the range satisfying each evaluation criterion.

ü Although the impact of composition (Si/Al ratio and Na/Si ratio) could not be reflected, a rough tendency could be found.

[1] Triangular diagram with sides of items similar to the cement case [2] Triangular diagram prepared under different conditions

Fig. 1  Comparison of results in triangular diagrams with sides of different items

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Applicable range concerning solidification properties -

<AAM>

Liquid

[Filling rate: 20%]
ừ Small flow value = 115~122 mm

ừ Final setting time = within 1 day

ừ Strength = 7~16 MPa

[Filling rate: 30%]
ừ Small flow value = 86~121 mm

ừ Final setting time = 1~4 days

ừ Strength = 1~7 MPa

[Filling rate: 40%]

ừSmall flow value = 

81~112 mm

ừFinal setting time = 1~3 days

ừStrength = 0~7 MPaBase material powderWaste

Small flow values (mm)

Base material 

powder + Si & 

Na in liquid

Waste
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AAM(M) + carbonate slurry

ü There were no restrictions due to gel/segregation in the range of used composition.

ü The applicable range is restricted from the viewpoint of fluidity and compressive strength.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Applicable range concerning solidification properties -

<AAM(M) + carbonate slurry>

No restrictions in 

the practical 

mixture 

composition

W: 40 mass% or 

above (inferred)
It is difficult to 

illustrate the 

restriction range on 

the triangular 

diagram (as it 

changes depending 

on the composition)

Scope of application

Carbonate slurry: up to 35 mass%

Amount of Na2O·SiO2 in kneading water + 

base material powder: 28 mass% at minimum

Amount of H2O in alkaline kneading water: 

45 mass% or above

Green frame: Minimum 

range

Red frame: Favorable 

range

Base material solid 

phase component: 

More favorable 

than approximately 

19 mass% at a 

minimum and 

inferred 

approximately 28 

mass% or above

From the test results of each criterion such as fluidity, the range considered applicable was set.

The applicable range was obtained by overlaying multiple criteria on each other and having a margin on the 

common range.

Accepted

Partly 

accepted

Not accepted
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AAM(M) + Iron coprecipitation slurry

ü There were large restrictions due to gel/segregation.

ü The applicable range is restricted from the viewpoint of fluidity and gel/segregation.

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry
- Applicable range concerning solidification properties -

<AAM(M) + Iron coprecipitation slurry>

ü The solidified substances with iron coprecipitation slurry are subject to compounding restrictions due to gel/segregation, and the application range is 

narrower than those with carbonate slurry.

W: 37 mass% or above (inferred) 

(also affected by composition)

It is difficult to illustrate the 

restriction range on the triangular 

diagram (as it changes 

depending on the composition)

Base material solid phase 

component:

Approx. 30 mass% or above at a 

minimum (inferred)

Scope of application

Iron coprecipitation slurry: up to 20 mass%

Amount of Na2O·SiO2 in kneading water + base 

material powder: 37 mass% at minimum

Amount of H2O in alkaline kneading water: 

37%~50 mass%

Inferred as shown in the range of 

the figure

From the test results of each criterion such as fluidity, the range considered applicable was set.

The applicable range was obtained by overlaying multiple criteria on each other and having a margin on the common range.

Accepted

Partly 

accepted

Not accepted
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Base material 

composition
Simulated waste

Solidification 

method
Si/Al Na/Si

Water/solid 

ratio

Waste 

filling rate 

(mass%)

Remarks

[1] Cement

Carbonate slurry

Kneading

ˈ ˈ 0.45 34 Compounding conditions 

for base material tests[2] AAM(M) 1.80 0.84 1.50 38

[3] Cement ˈ ˈ 5.00 34 Change in water/solid 

ratio conditions[4] Cement ˈ ˈ 1.00 34

[5] Cement
Filling

ˈ ˈ 0.45 33 Compounding conditions 

for base material tests[6] AAM(M) 1.80 0.84 1.50 38

[7] Cement

Iron coprecipitation 

slurry

Kneading

ˈ ˈ 1.00 45

The water/solid ratio 

needs to be changed 

because the composition 

for the base material 

tests does not provide 

fluidity

[8] AAM(M) 1.80 0.84 1.50 40
Compounding conditions 

for base material tests

[9] Cement
Filling

ˈ ˈ 0.45 43 Compounding conditions 

for base material tests[10] AAM(M) 1.80 0.84 1.50 40

(a) [1] i. (ii) Collection of data on properties of cement and AAM solidified substances for the slurry 
- Reference: Method for solidifying slurry dehydrated substances without powdering -

ü The data acquisition described so far has been carried out on the premise of uniformly solidified substances, but the possibility of solidifying slurry 

dehydrated substances without any changes was examined. The solidified substances were prepared with the kneading solidification method (mixing 

the slurry in the solidified material) and/or the filling solidification method (pouring the solidified material into a container containing the slurry) after 

drying the slurry dehydrated substances and adjusting them to a certain size (particle size: approximately 10~20 mm).

ÅThe water/solid ratio conditions (Table 1) were changed with reference to the compounding conditions in the base material test to prepare solidified substances 

with carbonate slurry and with iron coprecipitation slurry.

ÅThe compressive strength measurement of solidified substances at a material age of 28 days (ű5 Ĭ10 cm) 

and the cross-sectional observation of cut solidified substances were conducted.

ü Test results

Table 1 Compounding conditions

Fig. 1 Kneading solidification Fig. 2 Filling solidification

(Solidified substances with iron coprecipitation slurry)

Å Only the kneaded solidified substances (cement solidified substances) had compressive strength of a predetermined 

value or higher.

Å In the kneaded (AAM(M)) solidified substances, the particle size of iron coprecipitation was slightly reduced because of 

kneading and densely filled into the lower part of the solidified substance.

Å In both the kneaded and filled AAM(M) solidified substances, large pores remained on the side surface (lower side) of 

the solidified substances.

Ҝ In the case of filled solidified substances, filling into the lower part with the solidified material will be the challenge.

(Solidified substances with carbonate slurry)

Å In both the kneading and filling methods, solidified substances with 

compressive strength of a predetermined value or higher were obtained.

Å In the kneaded solidified substances, the carbonate was crushed by 

kneading and the particle size was reduced.

Å Even in the filling solidification method, the base material has penetrated to 

the bottom.

Å Some pores remained in the AAM(M) solidified substances even in both the 

kneading and filling methods.

Ҝ In both the kneading and filling methods, substances were solidified without 

any problems.

After mixing the slurry in the solidified material, fill it in the container After putting the slurry in the container, pour the solidified material 

into it

Conditions

Kneading solidification (carbonate slurry)

[1] Cement

(water/solid ratio = 0.45)

[2] AAM(M)

(water/solid ratio = 1.5)

(Si/Al = 1.8, Na/Si = 0.84)

[3] Cement

(water/solid ratio = 5.00)

[4] Cement

(water/solid ratio = 1.00)

[5] Cement

(water/solid ratio = 0.45)

[6] AAM(M)

(water/solid ratio = 1.50)

(Si/Al = 1.8, Na/Si = 0.84)

Cross-section

Compressive 

strength
2.2 N/mm2 5.7 N/mm2 0.3 N/mm2 2.2 N/mm2 4.1 N/mm2 4.1 N/mm2

Remarks Large pores on the upper side ˈ
Frequent occurrence of bleeding

Insufficient strength
ˈ ˈ ˈ

Conditions

Filling solidification (iron coprecipitation slurry)

[7] Cement

(water/solid ratio = 1.00)

[8] AAM M

(water/solid ratio = 1.50)

(Si/Al = 1.8, Na/Si = 0.84)

[9] Cement

(water/solid ratio = 0.45)

[10] AAM M

(water/solid ratio = 1.50)

(Si/Al = 1.8, Na/Si = 0.84)

Cross-

section

Compressive 

strength
5.2 N/mm2 1.0 N/mm2 Not measurable 0.7 N/mm2

Remarks
The particle size of iron 

coprecipitation was quite fine

Insufficient strength

Iron coprecipitation was concentrated in 

the lower part of solidified substances

Pores on the solidified substance side 

were large

The base material did not go deep 

into the bottom

Insufficient strength

Pores on the solidified substance 

side were large
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(a) [1] i. (ii)(a) Establishment of selecting advance treatment methods  [1] Low-temperature treatment technologies

i. Collection and evaluation of data on low-temperature treatment technology to contribute to the identification of

technology (ii) Collection of data on properties of cement and AAM solidified substances for the slurry

Challenges

V It was confirmed that the performances of the solidified substances differ depending on the composition, preparation 

procedure/environment, production area of solidified substances, and so on. Therefore, it is necessary to refer to the 

range and values derived this time with some margin, and it is also necessary to verify under the actual treatment 

conditions.

V In the case of iron coprecipitation slurry, the maximum waste filling rate greatly decreases when the segregation limit 

period is specified to be one day.

Achievements so far

V Various performance data of solidified substances concerning four types of solidified materials (one cement and 

three AAMs) with respect to two types of simulated slurries (carbonate and iron coprecipitation) were acquired, which 

deepened the understanding of the phenomenon related to solidification.

V The filling available range and compounding conditions of these slurries were extracted.

V The obtained data and range information were applied to the approach for evaluating applicability.

V In cement solidified substances, the maximum waste filling rate data of carbonate and iron coprecipitation slurries 

were 40 and 25 mass%, respectively.

V The solidification available range for the iron coprecipitation slurry was narrower than that for the carbonate slurry.

V The criteria were satisfied, although the compressive strength of the solidified substances due to radiation 

decreased.

V Hydrogen generation (G value) of solidified substances was significantly lower than that of pure water.

V At AAM, data showing the possibility of constant dissolution of the base material were obtained. This suggested that 

the dissolution rate of the base material may restrict the leaching of nuclides.

Summary



©International Research Institute for Nuclear Decommissioning 196

To study the applicability to secondary waste generated from water treatment, which have components with an adverse 

effect on ordinary Portland cement (OPC), conduct an investigation of cement-based material other than OPC having the 

essential special properties.

(Overview of investigation)

After determining the types of special cement to be investigated, investigate the properties of solidified substances 

focusing on the essential properties, as well as the usage results and study cases pertaining to the uses for solidification 

of radioactive waste, and select the special cement solidified substances to be tested and studied from the viewpoint of 

ease of availability of raw materials within Japan and feasibility of conducting tests.

Details of implementation

Selection of special cement with high usability (literature survey)

Viewpoint of investigation: Cement that reduces the impact of sodium carbonate as compared to OPC

Evaluation of base material

Performance evaluation of base material with special cement

Study that will contribute to the identification of the applicable scope of various low-temperature 

solidified substances

Addition of waste simulants sodium carbonate and borate salt

(a)  Establishment of selecting advance treatment methods  [1] Low-temperature treatment technologies  

i. Collection and evaluation of data on low-temperature treatment technology to contribute to the identification of

technology (iii) Investigation of special cement

[Implementation details]

Goal achievement index

 Selection of candidates wherein the applicable range is likely to broaden and identification of baseה

material properties

ה Identification of the applicable scope of various low-temperature solidified substances
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(a) [1] i. (iii) Investigation of special cement

- Selection of special cement with high usability -

(1) Types of JIS-certified cement (2) Types of special cement (other than JIS-certified cement)

Portland cement Types of cement based on Portland cement

Ordinary Portland cementה Expansive cementה

High-early-strength Portland cementה Binary-based low-heat cementה

Ultrahigh-early-strength Portland cementה Ternary-based low-heat cementה

Moderate-heat Portland cementה Types of cement in which the elements or particle size composition of Portland 

cement has been changed

Low-heat Portland cementה White Portland cementה

Sulfate-resistant Portland cementה Cement-based solidified materialה

Mixed cement Ultrafine particle cementה

 ,Blast furnace slag cement (Types A, Bה

C)

High-belite cementה

Fly-ash cement (Types A, B, C)ה Types of cement with components different from Portland cement

Silica cement (Types A, B, C)ה Ultrarapid-setting cementה

Other cement Nonhydraulic cementה

Eco-cement (ordinary, rapid-setting)ה Alumina cementה

Other cementה

(calcium sulfoaluminate (CSA) cement, magnesia-phosphate cement (MPC)

ü In the FY2018 project, an investigation was conducted on the OPC solidification inhibitors, and borate salt, sodium carbonate, etc., were selected 

as substances contained in the secondary waste generated from water treatment, which could have an impact even in small amounts.

ü In conjunction with the AAM solidification applicability study, effective low-temperature treatment options for these substances were searched.

Table 1  Selected special cement

[1] Usage results and study cases pertaining to the uses for solidification of radioactive waste

Investigate the presence of the usage results and study cases of said cement.

[2] Impacts of components causing adverse effects on OPC

Of the components contained in the HIC slurry based on the investigation results until FY2018, focus on borate salt and sodium carbonate 

(Na2CO3), which are limited to relatively low concentrations in the application of OPC, as target components to infer impacts from information 

regarding the magnitude of influence from these components and/or constituents of cement.

[3] Characteristics that specialize in the required properties

Focus attention on ñhigh fluidityò as a property that may lead to improvement in the feasibility of the solidification process and the suppression of the 

amount of hydrogen gas generation (decrease in the ratio of water and cement).

Focus attention on ñhigh heat resistanceò as a property that may lead to an increase in the waste nuclide inventory that can be handled and the 

waste filling rate.

ü Perspective of the investigation for the selection of special cement with high usability
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Å Multicomponent low-heat 

cement (investigation for 

material including admixture 

mixed cement with the 

substitution rate exceeding 

that stipulated in JIS)

Å No usage results pertaining to the uses for solidification were found within Japan.

Å It has been reported that it is usable as a result of a study case of sodium carbonate solution solidification with blast furnace 

slag high substitution cement (1: 9).

Å Overseas, an applicability study of fly-ash and blast furnace slag high substitution cement (ñCast Stoneò) as the basic 

solidified material for low-level liquid waste (sodium nitrate) was conducted at Hanford.

Ҝ Because the proportion of OPC is extremely low in the ñFinely powdered blast furnace slag high substitution cement (1:9),ò the 

impact level of sodium carbonate and boric acid is different, and hence, it was regarded as usable.

Å Alumina cement (including 

alumina cement-based 

cement)

Å No usage results pertaining to the uses for solidification were found.

Å There are some study cases of fly-ash or blast furnace slag mixed with alumina cement as the material design for 

preventing defects of alumina cement alone such as the initial hydration heat and compressive strength reduction due to the 

progress of material aging. Because the composition is quite different from OPC, the impact level of sodium carbonate and 

borate salt may be different.

Å Heat resistance is high. As regards fluidity, it has been reported that high fluidity can be obtained even with an ultralow water 

cement ratio when a high-range water reducing agent is used.

Ҝ It is regarded as usable from the viewpoint of impact of harmful components and heat resistance with respect to OPC.

Ҝ ñFly-ash mixed alumina cementò was selected because it was considered important to control hydration heat and compressive 

strength reduction due to the progress of material aging.

Å Magnesia-phosphate 

cement (MFC)

Ҝ Inferred to be usable.

Ҝ However, testing is deemed difficult according to the preparation conditions (for material and composition) and the presence of

reference literature.

Å Expansive cement

Å White Portland cement

Å Cement-based solidified 

material

Å Ultrafine particle cement

Å High-belite cement

Å Calcium sulfoaluminate 

cement

Å No usage results and remarkable research examples pertaining to the uses for solidification were found.

Å On the basis of the cement composition, it is inferred from the observations of this investigation that there was no major 

difference from OPC.

Å No remarkable case examples were found from the viewpoint of heat resistance and fluidity.

Ҝ Inferred that usability is low.

Å Ultrarapid-setting cement

Å Nonhydraulic cement

Å No usage results and remarkable research examples pertaining to the uses for solidification were found.

Å Handling time was too short.

Å Contact with moisture causes deterioration.

Ҝ Determined as inappropriate.

Selected

Selected

(a) [1] i. (iii) Investigation of special cement

- Investigation results of applicability based on the characteristics of each special cement -

ü Investigation results for the selection of special cement with high usability are shown below.

Table 1  Investigation results concerning applicability of special cement
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Â Blast furnace slag high substitution cement (CB)

Ҝ It is likely to have excellent applicability to the sodium carbonate mixed waste (carbonate slurry).

Â Fly-ash mixed alumina cement

Ҝ It is likely to have excellent fluidity and heat resistance. Additionally, the impact of components may be different from that of OPC.

ü On the basis of the investigation results concerning all extracted special cements, the following two types of cement substances, which 

may be highly applicable from the viewpoints of usage results/research case examples, adaptability to substances that adversely affect 

the solidification of cement, fluidity, heat resistance, and others, were selected.

ü Verification of basic required performance

As regards solidified substances prepared by changing the composition 

(water/solid ratio), the setting properties and fluidity were evaluated, the 

representative composition that obtains the same fluidity and setting properties 

as that of cement (OPC) solidified substances (from the FY2018 project results) 

was identified, and characteristic data were acquired.

(a) [1] i. (iii) Investigation of special cement

- Performance evaluation of base material with special cement -

Fluidity (J14 funnel flow test) Condensation (Vicat needle test)

Å Fluidity: Fly-ash mixed alumina cement (CB90) > OPC > Blast furnace slag 

high substitution cement (AF20)

Å Alumina cement has high fluidity as found in the literature survey.

Å As CB90 (water/solid ratio = 40 mass%) is an excessively thick paste, it 

does not pass through the funnel.

Fig. 1 Relation between water/solid ratio and J14 funnel flow time

Å All solidified substances have a sufficient handling time (working life), and 

the final setting takes place within 24 h, so it is expected that the 

preparation process can be established.

Å Setting is slow for composition in which the water/solid ratio is high.

Fig. 2 Relation between initial and final setting times

Types Powder composition [mass%]
Water/solid ratio 

[mass%]

CB90
Ordinary Portland cement/blast furnace slag fine powder 

ratio = 90:10 Composition impact 

is verified while 

changing
AF20 Alumina cement/fly-ash ratio = 80:20

OPC (for comparison) Ordinary Portland cement


