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Abstract 

 

The management of Fukushima Daiichi fuel debris requires an engineering strategy 

capable of reducing risk before a final disposal route has been fully established. The 

principal question addressed in this study is not whether a single container design can 

solve the debris-management problem, but whether a non-empty feasible domain exists 

in which criticality, thermal, and structural constraints can be satisfied simultaneously 

through predominantly passive means. 

This study presents In-Situ Ultra-Heavy Immobilization Containers (INIC) as a 

representative implementation of constraint-based passive stabilization. The concept 

combines a sealed debris cartridge, staged drainage and reduced-pressure drying, inert-

gas backfilling, welded closure, and immobilization within a steel-lined high-density 

concrete module. INIC is not presented as the only admissible configuration; rather, it 

illustrates one member of a broader design family satisfying prescribed criticality, 

thermal, and structural constraints. 

The central strategic feature is risk localization. Fuel debris is divided into small, 

independently assessed, individually sealed, and separately managed modules. 

Consequently, uncertainty or degradation associated with one unit does not 

automatically propagate across the entire inventory. Representative configuration-based 

evaluations suggest that a feasible design domain may exist in which the proposed 

subcriticality criterion (kₑff < 0.95), bounded passive heat loads, and mechanically 



stable geometries can be satisfied under conservative dry, reflected, and flooded 

conditions. 

The modular structure also enables incremental validation. Deployment may begin with 

gram-scale or sub-kilogram debris quantities and progress through successively larger 

loading stages, with criticality, temperature, sealing performance, corrosion, gas 

generation, and radiation fields measured before advancing to the next stage. Safety is 

therefore progressively demonstrated rather than assumed only after completion of a 

large centralized facility. 

Each validated module simultaneously stabilizes an actual portion of retrieved debris. 

Experimental deployment is therefore not separate from decommissioning progress: the 

validation process itself contributes to inventory reduction and risk localization. 

Furthermore, the strategy avoids technology lock-in. Should future separation, 

reprocessing, transmutation, or disposal technologies become practicable, subsequent 

modules or deployment stages may be redirected without invalidating the safety value 

of previously stabilized units. 

The present work is not a licensing-grade design. It establishes a constraint-based 

engineering framework and demonstrates INIC as a representative feasible 

configuration bridging retrieval and future disposition while preserving flexibility under 

long-term technological and institutional uncertainty. 

 

 

1. Introduction 

The decommissioning of the Fukushima Daiichi Nuclear Power Station presents one of 

the most complex engineering challenges in the field of nuclear waste management. A 

central issue is the treatment of fuel debris formed during the accident, which consists 

of heterogeneous mixtures of nuclear fuel, cladding materials, structural components, 

and oxidation products. The physical and chemical characteristics of this debris are 

highly variable, and its retrieval is constrained by limited accessibility, high radiation 

environments, and ongoing technical uncertainties. 



Internationally, deep geological disposal is widely recognized as the ultimate solution 

for high-level radioactive waste. However, its implementation requires long-term 

processes including site selection, regulatory approval, and societal consensus. In the 

case of Fukushima Daiichi, these processes are expected to span several decades, with 

repository availability unlikely within the near-term planning horizon, during which 

retrieved fuel debris must be safely managed. As of today, no final repository site has 

been determined in Japan, and site selection processes remain ongoing. This implies 

that long-term interim management of fuel debris is an unavoidable requirement. 

Conventional interim storage strategies are generally designed with future transport in 

mind. As a result, they often emphasize standardized container geometries, handling 

compatibility, and regulatory frameworks associated with relocation. While such 

approaches are appropriate in many contexts, their applicability to Fukushima fuel 

debris is not straightforward. In particular, the assumption that debris should be 

conditioned for transport at an early stage may introduce additional complexity and risk, 

given the heterogeneous nature of the material and the uncertainties associated with its 

retrieval and characterization. 

This situation highlights a gap between the immediate need for stabilization and the 

long-term goal of final disposal. Specifically, there is a need for an engineering 

approach that can provide robust containment at or near the point of retrieval, without 

requiring premature commitment to transport-oriented systems or large-scale new 

infrastructure. 

In this study, we propose the concept of In-Situ Ultra-Heavy Immobilization Containers 

(INIC) as a conservative and modular approach to fuel debris stabilization. The central 

design philosophy is to achieve safety through passive means, including mass, structural 

simplicity, and isolation at the module level. The concept deliberately shifts the design 

basis from mobility to immobility, prioritizing resistance to disturbance and long-term 

stability over transport optimization. 

Importantly, the INIC concept does not assume direct burial in soil, but rather 

placement within controlled, above-ground or engineered surface facilities that allow 

inspection, monitoring, and external repair if necessary. 

The INIC system is characterized by a sealed inner cartridge, a near-dry encapsulation 

process with inert gas backfilling, and final immobilization within a high-density 



concrete structure. In addition, the concept introduces the principle of hazard 

modularization, in which debris is partitioned into independently stable units, reducing 

system-level dependencies and enabling incremental deployment. 

The objective of this paper is not to establish INIC as a uniquely preferred container 

design. The broader objective is to examine whether passive stabilization possesses a 

non-empty feasible domain under the simultaneous constraints of criticality safety, 

thermal stability, and structural integrity. INIC is introduced as a representative 

implementation within that feasible domain. 

The study therefore distinguishes between the general design conditions and the 

particular physical configuration used to illustrate them. The criticality constraint 

requires maintenance of an adequate subcritical margin under conservative geometry 

and moderation assumptions. The thermal constraint requires passive dissipation of 

bounded decay heat without dependence on active cooling. The structural constraint 

requires mechanical stability, immobilization, and resistance to disturbance over the 

intended interim period. 

If these constraints can be satisfied simultaneously, multiple engineering 

implementations may be possible. The contribution of the present study is to 

demonstrate one conservative modular realization and to define a pathway by which its 

safety performance can be progressively validated. 

By reframing debris management as a problem of passive, modular stabilization rather 

than transport-oriented storage, this work aims to expand the design space available for 

post-accident nuclear engineering. The proposed concept is intended as a practical and 

testable approach that can contribute to bridging the gap between debris retrieval and 

final disposal. A further objective is to avoid a single large-scale, one-time commitment. 

Because the system is modular, validation can proceed through progressively increasing 

debris inventories. Each completed validation unit can remain as a stabilized module, so 

experimental progress and decommissioning progress occur within the same operational 

sequence. 

A key feature of the proposed concept is that routine post-installation access is not 

required for safety. The baseline configuration is sealed and passively stable, without 

dependence on inspection ports, active cooling interfaces, or embedded electronics. This 

does not imply absolute technical irreversibility. Engineered intervention may remain 



possible if future treatment or disposition technologies justify reopening or dismantling 

selected modules. 

The distinction is therefore between safety independence and physical impossibility of 

access. INIC does not require future access to remain safe, but neither does the strategy 

require permanent commitment to a single downstream technology. 

 

 

2. Background and Related Work 

 

2.1 Characteristics of Fukushima Fuel Debris 

Fuel debris generated during the Fukushima Daiichi accident is fundamentally different 

from conventional spent nuclear fuel. It consists of heterogeneous mixtures of uranium 

fuel, zirconium cladding, stainless steel, and structural materials that underwent 

melting, relocation, and resolidification under severe accident conditions. 

Recent investigations, including sample retrieval and non-destructive analysis, have 

revealed that the debris exhibits: 

• complex multi-phase structures (e.g., U–Zr–O and Fe-based phases), 

• significant porosity and void distribution, and 

• relatively low residual fissile enrichment compared to fresh fuel. 

These characteristics imply that debris behavior cannot be accurately represented by 

homogeneous fuel models and must instead be treated as irregular, compositionally 

diluted systems. Recent characterization results reported by TEPCO indicate that the 

debris consists of heterogeneous U–Zr–O phases, Fe–Ni metallic components, and 

distributed porosity, with relatively low residual enrichment compared with fresh fuel 

[3]. 

This behavior is consistent with experimental and analytical observations reported in 

Fukushima debris characterization studies and broader severe-accident fuel assessments 

[3,6–9]. 



 

2.2 Current Status of Debris Retrieval and Challenges 

 

The retrieval of fuel debris at Fukushima Daiichi is still in an early stage. Initial trial 

retrievals have demonstrated the feasibility of small-scale sampling, but full-scale 

removal remains technically and operationally challenging. 

Key constraints include: 

• high radiation environments limiting direct human access, 

• underwater operations required for dust suppression and shielding, 

• uncertainties in debris distribution and structural conditions, and 

• limited availability of proven large-scale retrieval technologies. 

Given these factors, debris retrieval is expected to proceed gradually over several 

decades. 

These constraints are widely documented in official decommissioning roadmaps and 

technical assessments [1,2,5]. 

 

 

2.3 Conventional Interim Storage Approaches 

Interim storage of high-level radioactive materials is typically based on systems 

designed for transport and eventual relocation. These include: 

• dry storage casks, 

• shielded canisters, and 

• centralized storage facilities. 

Such systems are generally optimized for: 

• standardized geometry and handling, 

• compatibility with transport regulations, and 

• retrievability for future disposal. 



These design principles are well established in international spent-fuel storage 

frameworks and engineering guidance [15–17]. 

While these approaches are well established, they inherently assume that materials will 

be moved within a defined timeframe. 

 

 

2.4 Limitations in the Context of Fukushima Debris 

Applying conventional interim storage concepts directly to Fukushima debris presents 

several challenges. 

First, the heterogeneous and partially characterized nature of the debris complicates 

conditioning processes required for transport-ready packaging. 

Second, the assumption of early transport may introduce additional handling steps, each 

associated with operational risk. 

Third, the timeline for final disposal remains uncertain, reducing the advantage of 

transport-oriented design optimization. 

These factors suggest that an alternative approach—one that prioritizes stabilization at 

or near the point of retrieval—may be beneficial under certain conditions. 

 

 

2.5 Emerging Perspectives on On-Site Stabilization 

Recent studies and policy discussions have highlighted the importance of on-site or 

near-site stabilization strategies in complex decommissioning scenarios [2,5]. 

Such approaches emphasize: 

• reduction of handling and transport steps, 



• use of passive safety features, and 

• incremental risk reduction. 

However, most existing proposals remain conceptual or are limited to adaptations of 

conventional storage technologies, rather than fundamentally rethinking the design 

basis. 

 

 

2.6 Position of the Present Study 

The present study is positioned as an application of constraint-based passive 

stabilization rather than as advocacy for a single fixed container geometry. 

The relevant design question is whether the intersection of three principal constraint sets 

is non-empty: 

• the criticality-safe domain; 

• the passively thermally stable domain; and 

• the structurally stable and immobilized domain. 

The intersection of these domains defines the feasible domain for passive stabilization. 

A design lying within this intersection may differ in dimensions, materials, cartridge 

geometry, shielding composition, or auxiliary features while remaining consistent with 

the same underlying safety logic. 

INIC is presented as a representative example located within this feasible domain. Its 

modular cartridge, welded containment boundary, high-density concrete 

immobilization, and bounded fissile inventory provide one conservative means of 

satisfying the three principal constraints. 

This distinction is important because it avoids treating an early conceptual geometry as 

the only possible implementation. Future engineering development may modify the 

physical configuration while preserving the constraint structure established in this study. 

 



 

3. Concept Overview of the INIC System 

 

3.1 Overall Concept 

The In-Situ Ultra-Heavy Immobilization Container (INIC) is a representative modular 

architecture developed to examine the feasibility of passive stabilization at or near the 

point of debris retrieval. 

The design is governed by three principal constraints: 

• maintenance of subcriticality under conservative material, geometry, and 

moderation conditions; 

• passive rejection of bounded decay heat without active cooling; and 

• structural immobilization capable of maintaining mechanically stable 

containment over the intended interim period. 

The physical configuration described below represents one conservative solution within 

the intersection of these constraints. Safety is not attributed to the INIC name or 

geometry itself, but to satisfaction of the governing constraints. 



Within this representative implementation, stability is achieved primarily through mass, 

structural simplicity, sealed cartridge-level isolation, and independent module 

management. A conceptual cross-sectional representation is shown in Figure 1. 

 

Figure 1. Representative cross-sectional implementation of an INIC module within the 

feasible domain of constraint-based passive stabilization. The system consists of a sealed 

debris cartridge embedded within a steel receiving cylinder and fully immobilized by high-

density concrete. The upper region may include an optional thermoelectric passive beacon 

module and an embedded plate antenna, both positioned beneath a ceramic information plate. 

These components are non-safety auxiliary features and may be omitted, allowing a fully inert 

configuration composed solely of structural materials. The diagram is simplified and not to 

scale. In final configurations, the upper recessed region may be further covered with 

additional concrete, resulting in a continuous external surface. The illustrated geometry 

is one representative implementation and is not intended to exclude alternative 

configurations satisfying the same criticality, thermal, and structural constraints. 

 

 



3.2 Structural Configuration 

The INIC module consists of three primary components: 

• Inner sealed cartridge   

• Steel receiving cylinder (jacket)   

• High-density concrete encapsulation   

The fuel debris is first placed within a sealed cartridge, which is then inserted into the 

receiving structure. The surrounding volume is subsequently filled with high-density 

concrete, forming a monolithic structure. 

This configuration ensures: 

• mechanical stabilization of the cartridge, 

• radiation shielding through mass, and 

• long-term structural integrity. 

 

 

3.3 Reference INIC Module 

To provide a consistent basis for evaluation, a reference INIC module configuration is 

defined. 

The reference module (INIC-M) is characterized by: 

• Total mass: approximately 35–40 t   

• Diameter: approximately 2.5 m   

• Concrete thickness: approximately 0.6 m   

• Steel outer shell thickness: approximately 30 mm   

• Fissile mass limit: approximately 35 kg   



• Decay heat: approximately 10 W (reference), 20 W (bounding)  

This reference configuration is used consistently as a reference basis for the conceptual 

criticality, thermal, and structural screening discussed in this study. 

For higher-risk debris, an extended configuration (INIC-L) is defined with: 

• Total mass: approximately 60 t   

• Diameter: approximately 3.0 m   

• Fissile mass limit: up to 50 kg (screening upper bound) 

 

 

3.4 Dual-Layer Containment Concept 

Containment in the INIC system is achieved through a dual-layer structure: 

• Primary containment: sealed inner cartridge 

• Secondary containment: concrete-embedded monolithic structure 

The inner cartridge provides immediate confinement of debris and internal atmosphere, 

while the surrounding structure ensures mechanical protection and long-term 

immobilization. 

This layered approach avoids reliance on a single containment boundary and improves 

robustness against localized failure. 

 

 

3.5 Encapsulation Process 

The encapsulation process is designed to bridge the transition from underwater retrieval 

to near-dry sealed conditions. 



The process consists of: 

• drainage after retrieval 

• temporary sealing using a threaded inner lid 

• reduced-pressure drying via a small extraction port 

• optional directional airflow assistance 

• inert gas backfilling 

• final sealing by welding 

Drying is conducted under near-dry conditions rather than complete dehydration, with 

moderate temperature support (typically around 50°C, optionally up to 80°C) to 

accelerate moisture removal. 

This process ensures that water is not retained as a long-term internal condition. 

 

 

3.6 Material and Thermal Characteristics 

The INIC system does not depend on specific materials but instead defines 

performance-based requirements: 

• Corrosion resistance over long timescales, 

• Compatibility between metallic and cementitious components, and 

• Tolerance to radiation exposure. 

Thermally, the system relies on passive heat dissipation through conduction, with the 

concrete acting as a thermal buffer. 

Given the low decay heat of the debris, the design objective is to avoid active cooling; 

confirmation requires module-specific thermal analysis. 

 

 

3.7 Risk Localization through Modular Independence 



A defining feature of the INIC strategy is the localization of risk at the module level. 

Fuel debris is not treated as a single centralized inventory whose safety depends on the 

successful completion and continued operation of one large facility. Instead, the 

inventory is divided into units that are: 

• individually loaded; 

• individually sealed; 

• individually characterized; 

• individually evaluated; and 

• individually managed. 

There are no shared cooling systems, interconnected containment boundaries, or 

centralized active safety functions required to maintain module stability. Consequently, 

uncertainty, degradation, or operational interruption affecting one unit does not 

automatically propagate to other units. 

In this sense, the principal system-level function of modularization is not merely 

construction convenience. It is risk localization. Each completed module converts a 

portion of heterogeneous retrieved debris into an independently bounded and passively 

stable inventory. 

This architecture also limits the scale of any single validation error. Design 

modifications may be introduced between successive modules without invalidating 

modules that have already demonstrated compliance with the applicable acceptance 

criteria. 

 

 

3.8 Design Variants 

Two representative module classes are defined: 

• INIC-M (standard module): 

designed for typical debris with moderate radiological and thermal 

characteristics 



• INIC-L (enhanced module): 

larger and heavier configuration for higher-risk debris requiring increased 

shielding and transport resistance 

The use of multiple module classes allows adaptation to varying debris conditions 

without altering the fundamental design concept. These classes should not be 

interpreted as an exhaustive design catalogue. They are representative points within a 

broader feasible domain. Intermediate or smaller experimental configurations may be 

used during progressive validation, while alternative materials or dimensions may be 

adopted if the same governing constraints are satisfied. 

The design is fully compatible with configurations that exclude all embedded electronic 

systems. In such cases, the module consists solely of structural materials, enabling a 

completely passive and maintenance-free containment system. 

 

 

3.9 Concept Summary 

 The INIC system can be summarized as a passive, modular, and mass-based 

stabilization concept. 

Its distinguishing features include: 

• reliance on structural mass rather than active systems, 

• dual-layer containment through cartridge and monolithic structure, and 

• integration of encapsulation directly into the retrieval workflow. 

These elements together define a design framework that is fundamentally different from 

transport-oriented storage systems. 

 

 

4. Encapsulation and Sealing Process 



 

4.1 Process Overview 

The encapsulation and sealing process of the INIC system is designed to transition fuel 

debris from an underwater retrieval environment to a stable, near-dry, sealed condition. 

Unlike conventional approaches that assume either fully wet storage or ideal dry 

conditioning, the present method adopts an intermediate and practical strategy: 

• water-assisted retrieval for safety and operability, followed by 

• controlled drying and inert gas sealing at the cartridge level. 

This staged approach ensures both operational feasibility and long-term stability. 

The overall encapsulation and sealing workflow is summarized in Figure 2. 



 



Figure 2. Process flow for INIC encapsulation and sealing. The process transitions fuel debris 

from underwater retrieval to near-dry sealed conditions through staged drainage, reduced-

pressure drying with optional airflow assistance, inert gas backfilling, and final welded sealing. 

The sequence is designed to be robust against variability in debris composition and residual 

moisture, avoiding reliance on ideal drying conditions. 

Individual process parameters are subject to staged experimental validation and may be 

adjusted according to debris quantity, porosity, retained moisture, and cartridge 

configuration. 

 

 

4.2 Post-Retrieval Handling and Drainage 

Following retrieval, debris is transferred into the inner cartridge while still under 

controlled conditions. Given that underwater operations are expected during retrieval, 

residual water is initially present. 

The first step of the encapsulation process is therefore: 

• gravity-assisted drainage, 

• removal of bulk water, and 

• stabilization of debris within the cartridge. 

This step reduces free water without requiring immediate complete drying. 

 

 

4.3 Temporary Sealing and Pre-Drying Configuration 

After initial drainage, the cartridge is closed using a threaded inner lid. 

This lid: 

• provides mechanical fixation, 



• allows partial sealing during intermediate handling, and 

• incorporates a small extraction port for subsequent drying. 

At this stage, the cartridge is not yet hermetically sealed, allowing controlled gas 

exchange during the drying process. 

 

 

4.4 Reduced-Pressure Drying Mechanism 

Drying is performed by applying reduced pressure through the extraction port. 

The process relies on: 

• lowering the internal pressure to promote evaporation, 

• removal of moisture vapor via extraction, and 

• optional assistance using directional airflow (multi-directional injection and top-

side suction). 

The objective is not complete dehydration, but achieving a near-dry condition, in which: 

• free water is largely removed, and 

• residual moisture is minimized to a level that does not affect long-term stability. 

The required drying duration cannot be fixed independently of debris mass, fragment 

size, porosity, retained-water pathways, cartridge free volume, pressure level, heating 

condition, and airflow configuration. Drying time is therefore treated as an 

experimentally determined acceptance parameter rather than as a universal fixed value. 

Preliminary engineering trials may initially examine durations on the order of several 

hours, but no universal drying duration is assumed in the present framework. 

 



 

 

Figure 3. Representative upper structural configuration of the INIC module and sealed 

debris cartridge. The illustration identifies the ceramic information plate, optional 

embedded antenna, optional non-safety thermoelectric beacon, passive service cover, 

high-density concrete layer, threaded cartridge lid, central gas-service port, and full 

circumferential weld. The thermal-gradient panel illustrates a possible passive energy 

pathway for auxiliary signaling; neither the beacon nor the antenna is required for 

containment, criticality safety, thermal stability, or structural integrity. The 

configuration is conceptual and not to scale. 

 

 

4.5 Thermal Assistance 

Moderate heating may be applied to enhance drying efficiency. 

Typical conditions: 

• reference temperature: ~50°C 

• optional upper range: up to ~80°C 

This temperature range is proposed as a preliminary process-temperature range. 

Compatibility with cartridge materials, debris constituents, retained-water behavior, gas 

generation, and remote equipment must be established experimentally. 



Heating is treated as a process enhancement, not a required operational condition. 

 

 

4.6 Inert Gas Backfilling 

After completion of the drying phase, the cartridge is filled with an inert gas. 

The primary candidate is: 

• helium, due to its chemical inertness and thermal conductivity. 

Alternative options such as argon may be used depending on availability and design 

considerations. 

The purpose of inert gas backfilling is to: 

• eliminate reactive atmospheric components (e.g., oxygen), 

• reduce corrosion potential, and 

• stabilize the internal environment over long time periods. 

 

 

4.7 Final Sealing by Welding 

Once the inert atmosphere is established, the cartridge is permanently sealed. 

This involves: 

• welding of the lid perimeter, and 

• sealing of the extraction port. 

A full circumferential weld is adopted as the reference permanent closure. The threaded 

lid provides temporary mechanical closure and positioning during drainage, drying, and 

inert-gas replacement, but is not treated as the final hermetic boundary. The central 

service port is separately sealed after completion of gas backfilling. 



The welding process may be implemented using: 

• fixed welding arms with controlled positioning, and 

• rotation of the cartridge to achieve full circumferential coverage. 

 

This configuration enables consistent sealing quality while maintaining operational 

simplicity. 

 

 

4.8 Seal Integrity and Structural Fixation 

Following sealing, the cartridge becomes a fully enclosed unit containing: 

• near-dry debris, 

• inert gas atmosphere, and 

• welded structural closure. 

Subsequent insertion into the INIC module and concrete encapsulation provides: 

• mechanical fixation, 

• additional sealing redundancy, and 

• protection against external disturbances. 

Thermal contraction after sealing may further enhance mechanical tightness of the 

closure, although this effect is considered secondary. 

 

 

4.9 Process Robustness 

The encapsulation process is designed to be robust against variability in: 

• debris composition, 



• residual moisture content, and 

• operational conditions. 

By avoiding reliance on perfect drying or highly precise environmental control, the 

process remains practical for real-world deployment. 

 

 

4.10 Process Summary 

The INIC encapsulation and sealing process establishes a transition from wet retrieval 

to stable containment through: 

• staged water removal, 

• reduced-pressure drying, 

• inert gas stabilization, and 

• welded permanent sealing. 

This integrated process is a key element of the INIC concept, enabling safe and practical 

immobilization of heterogeneous fuel debris. 

The encapsulation process does not depend on any embedded monitoring or electronic 

systems, and is fully compatible with configurations that remain entirely passive after 

sealing. 

 

 

4.11 Gas Generation and Internal Pressure Considerations 

Potential gas generation mechanisms, including radiolytic hydrogen production, 

residual moisture decomposition, and helium accumulation from tritium decay, are 

acknowledged in the INIC design framework. 

Reduction of residual water is expected to reduce one source of radiolytic gas 

generation, but the magnitude of this reduction has not yet been quantified. Cartridge 



free volume and pressure capacity must be selected using bounded gas-generation and 

temperature histories rather than assumed to provide adequate pressure buffering. 

While detailed pressure evolution modeling is beyond the scope of this study, the design 

does not rely on absolute suppression of gas generation, but on maintaining structural 

integrity under bounded internal pressure conditions. 

 

 

5. Integrated Safety Concept 

 

5.1 Safety Design Philosophy 

The INIC system adopts a safety philosophy based on passive robustness and structural 

simplicity. 

Rather than relying on active control systems or tightly coupled infrastructure, safety is 

achieved through: 

• physical containment, 

• mass-based stabilization, and 

• functional independence of each module. 

This approach is intended to minimize failure modes and reduce dependence on external 

systems or long-term operational control. 

 

 

5.2 Layered Safety Structure 

Safety within the INIC system is implemented through multiple independent layers: 

• Primary layer: sealed inner cartridge 



• Secondary layer: monolithic concrete-embedded structure 

• Tertiary layer: module-level mass and geometry providing mechanical stability 

Each layer contributes a different function: 

• containment of radioactive material, 

• mechanical protection and shielding, and 

• resistance to movement or disturbance. 

This layered arrangement is intended to reduce dependence on any single barrier. The 

consequences of individual and combined barrier failures require systematic 

engineering evaluation. 

 

 

5.3 Functional Independence and Bounded Consequence 

Each INIC module is designed to satisfy its safety functions independently. No shared 

cooling system, shared internal atmosphere, interconnected containment boundary, or 

continuously operating centralized control system is required. 

This independence limits both physical coupling and consequence coupling. A defect, 

anomalous measurement, or progressive degradation identified in one module can be 

evaluated and managed without automatically changing the safety state of the remaining 

inventory. 

The relevant system-level principle is therefore: 

Risk is localized. 

The strategy does not claim that individual modules are incapable of degradation. 

Rather, it ensures that degradation remains limited in physical extent, develops 

progressively, and can be assessed at the level of the affected unit. 

 

 



5.4 Passive Safety Characteristics 

The INIC system is fundamentally passive in nature. 

Key characteristics include: 

• no requirement for active cooling, 

• no dependence on power supply, 

• no need for continuous human intervention, and 

• no active pressure control systems. 

Thermal, mechanical, and containment functions are all maintained through intrinsic 

physical properties of the system. 

This reduces both operational complexity and vulnerability to external disruptions. 

 

 

5.5 Conservative Safety Envelope 

The conservative safety envelope is defined as the intersection of three governing 

constraint domains: 

• the criticality domain, within which the prescribed subcriticality criterion is 

maintained; 

• the thermal domain, within which bounded decay heat is dissipated passively 

without unacceptable temperature rise; and 

• the structural domain, within which the cartridge remains immobilized and the 

module retains mechanical stability. 

A candidate configuration is considered feasible only where all three conditions are 

satisfied simultaneously. Figure 4 addresses representative configurations bounding the 

criticality component of this larger feasible-domain framework. 

 

 



5.6 Treatment of Abnormal Conditions 

The INIC concept explicitly considers abnormal scenarios, including: 

• potential water ingress, 

• mechanical disturbance or impact, and 

• partial degradation of materials over long timescales. 

Rather than attempting to eliminate all such scenarios, the design ensures that: 

• their effects remain bounded, and 

• they do not lead to rapid or catastrophic failure. 

For example, flooded conditions are treated as conservative bounding cases in criticality 

analysis, while mechanical disturbances are mitigated through mass and structural 

configuration. 

The INIC concept does not rely on complete exclusion of water ingress or 

environmental interaction as a primary safety function. Instead, safety is based on a 

bounded-consequence approach in which potential degradation processes, such as 

limited water ingress, corrosion, or concrete cracking, are assumed to occur gradually 

and remain manageable without leading to rapid or catastrophic failure. 

In addition, the intended deployment within controlled above-ground facilities allows 

periodic inspection and facilitates external repair of surface degradation if necessary. 

Importantly, the flooded condition is incorporated as a mandatory bounding case rather 

than excluded from the safety framework. The design is required to satisfy the proposed 

subcriticality criterion under this condition; confirmation will require composition-

specific and benchmark-validated neutron-transport analysis. 

 

 

5.7 Separation of Safety and Monitoring Functions 

The INIC system strictly separates core safety functions from monitoring and 

management support. 



Core safety is ensured solely by: 

• the sealed cartridge, 

• structural immobilization, and 

• passive thermal behavior. 

Monitoring functions, including beacon signaling and sensing systems, are entirely 

optional and may be omitted without affecting safety performance. 

This allows the system to be realized as a fully inert structure when maximum long-

term simplicity and reliability are prioritized. 

 

 

5.8 Long-Term Safety Perspective 

The INIC concept is designed for long-duration deployment, potentially spanning 

several decades. 

Accordingly, the safety strategy emphasizes: 

• resistance to gradual degradation rather than prevention of all change, 

• absence of time-dependent active systems, and 

• detectability of slow failure modes. 

The system is therefore tolerant of long-term uncertainties in institutional control, 

environmental conditions, and material evolution. 

 

 

5.9 Safety Concept Summary 

The integrated safety concept of INIC can be summarized as follows: 

• safety is achieved through passive physical principles, 



• risk is reduced through modular isolation, and 

• robustness is ensured through layered containment and conservative 

assumptions. 

This approach provides a stable and resilient framework for the management of 

heterogeneous fuel debris under uncertain long-term conditions. 

 

 

6. Criticality Safety 

 

6.1 Design Approach 

Criticality safety in the representative INIC implementation is addressed through a 

mass-limited and configuration-bounded approach. 

Precise control of every debris fragment is neither assumed nor required. However, the 

safety evaluation does not disregard configuration. Instead, conservative bounding 

configurations are defined to encompass credible compact, elongated, segmented, 

reflected, and flooded states. 

Given the heterogeneous and irregular nature of Fukushima fuel debris, precise control 

of internal geometry is neither practical nor assumed. 

Instead, subcriticality is intended to be controlled through: 

• limiting the total fissile mass within each cartridge, 

• accounting for material dilution inherent in debris composition, and 

• avoiding geometries that promote neutron multiplication. 

This approach provides robustness against uncertainties in internal configuration. 

 

 



6.2 Fissile Mass Limitation 

The primary safety control parameter is the fissile mass contained in each module. 

The reference design adopts: 

• INIC-M (standard module): approximately 35 kg fissile equivalent 

• INIC-L (enhanced module): up to approximately 50 kg (screening upper bound) 

These values are proposed as preliminary screening limits. Their adequacy for 

maintaining the specified subcriticality margin has not yet been demonstrated and must 

be evaluated for declared U–Pu isotopic compositions, densities, geometries, 

moderation states, reflection conditions, and computational uncertainties. 

In addition to uranium-based reference comparisons, the presence of plutonium isotopes 

in Fukushima fuel debris is explicitly considered in the bounding safety framework. 

Plutonium-bearing phases are expected to be highly diluted within heterogeneous 

matrices and are not present in optimal moderation or geometric configurations. 

Even under conservative assumptions involving mixed U–Pu systems and external 

flooding conditions, the imposed fissile mass limits and geometrically unfavorable 

configurations are intended to prevent the establishment of a critical assembly. 

Confirmation that kₑff remains below 0.95 for mixed U–Pu debris requires composition-

specific, benchmark-validated neutron-transport analysis. 

 

 

6.3 Debris Composition Effects 

Fukushima fuel debris is characterized by significant material heterogeneity, including: 

• uranium oxide phases, 

• zirconium-based compounds, 

• iron and structural materials, and 

• oxygen-rich matrices with voids. 



This composition results in substantial dilution of fissile material compared to 

homogeneous fuel systems. 

For safety evaluation, conservative assumptions are adopted by treating the debris as an 

equivalent uranium-bearing system, while recognizing that actual configurations may be 

less reactive than selected bounding models, but this cannot be assumed without 

composition- and geometry-specific analysis. 

 

 

6.4 Geometric Configurations 

To account for uncertainties in internal arrangement, three representative configurations 

are considered: 

• Compact configuration: bounding conservative case 

• Elongated configuration: reduced neutron interaction 

• Segmented configuration: dispersed and heterogeneous structure 

The compact configuration is treated as an initial candidate bounding case. Whether it 

bounds all elongated, segmented, moderated, and reflected configurations must be 

confirmed through parametric neutron-transport analysis. 

 

 

6.5 Moderation Scenarios 

Three moderation conditions are evaluated: 

• Dry condition: expected operational state after encapsulation 

• Reflected condition: presence of surrounding material 

• Flooded condition: conservative abnormal scenario 

The flooded condition is treated as a bounding case and not as a normal design state, 

due to the near-dry encapsulation process. 



These geometric and moderation conditions are summarized visually in Figure 4. 

 

Figure 4. Representative geometric and moderation configurations defining the 

criticality component of the bounding safety envelope. The upper row shows (a) 

compact, (b) elongated, and (c) segmented configurations. The lower row shows (d) 

near-dry, (e) reflected, and (f) fully flooded conditions. The flooded compact case is 

treated as a conservative abnormal screening condition. All representative 

configurations are intended to satisfy kₑff < 0.95. The figure represents bounding 

categories rather than validated licensing calculations. 

The illustrative kₑff ranges presented in this study are preliminary configuration-based 

screening targets informed by established criticality-safety principles and reference 

methodologies [11–13]. They are not outputs of a documented neutron-transport 

calculation campaign. 

For future quantitative evaluation, the heterogeneous and partially characterized debris 

may initially be represented using conservative equivalent homogeneous models 

together with unfavorable compact, reflected, and flooded configurations. Such models 

would require explicitly declared material compositions, densities, fissile-isotope 

vectors, moderation conditions, dimensions, nuclear-data libraries, computational bias, 

and uncertainty treatment. 



Accordingly, Figure 4 defines the categories of configurations that must be examined, 

rather than demonstrating that the proposed numerical criterion has already been 

satisfied. Confirmation of the design envelope will require traceable MCNP or 

SCALE/KENO analysis and validation against relevant criticality-safety benchmarks. 

 

 

6.6 Representative 𝑘ₑff Estimates 

The representative values reported in Table 1 correspond directly to the geometric and 

moderation configurations illustrated in Figure 4. 

In particular, the compact configuration under flooded conditions is treated as the 

bounding conservative case for criticality safety evaluation. 

Illustrative kₑff screening ranges are assigned to the representative configurations for 

preliminary comparison. 

 

Table 1 summarizes the illustrative screening ranges. 

 Table 1. Illustrative screening ranges for effective multiplication factor under 

representative bounding configurations. The ranges are conceptual engineering targets 

and must not be interpreted as validated neutron-transport calculation results. 



 

The numerical ranges in Table 1 are included to define preliminary screening targets 

and relative configuration tendencies. They are not outputs of a documented MCNP, 

SCALE/KENO, or benchmark-validated calculation campaign. Before engineering 

qualification, each range must be replaced or confirmed by traceable computational 

results using declared material compositions, densities, dimensions, moderation 

assumptions, nuclear-data libraries, uncertainty treatment, and benchmark validation. 

 

 

6.7 Acceptance Criteria 

The preliminary screening criterion is: 

𝑘ₑff < 0.95, 



including applicable computational bias, uncertainty, and administrative margin in 

subsequent validated assessments. Lower 𝑘ₑff values are not excluded; no lower 

preferred bound is imposed. 

This provides margin against uncertainties in: 

• material composition, 

• geometry, and 

• moderation conditions. 

 

 

6.8 Safety Implications 

The configuration-based evaluation framework presented in this study indicates that 

conservative passive stabilization may be achievable across representative dry, 

reflected, and flooded bounding configurations. 

The representative screening ranges suggest that: 

• the assumed configurations may be compatible with a subcritical design domain, 

subject to validated analysis; 

• criticality behavior is governed by fissile inventory together with conservative 

configuration and moderation controls; and 

• the framework permits uncertainties in heterogeneous debris to be addressed through 

bounding configurations rather than precise fragment-by-fragment control. 

These observations support the engineering plausibility of the proposed constraint-based 

passive stabilization concept.The representative kₑff ranges presented in this study are intended 

solely as preliminary engineering screening targets and should not be interpreted as validated 

neutron-transport calculation results. Confirmation of compliance with the proposed acceptance 

criterion (kₑff < 0.95) will require traceable Monte Carlo neutron-transport analyses (e.g., MCNP or 

SCALE/KENO), together with benchmark validation, uncertainty evaluation, and configuration-

specific material characterization. 

 



 

7. Thermal Behavior and Heat Management 

 

7.1 Design Approach 

The thermal design of the INIC system is based on passive heat dissipation without 

reliance on active cooling systems. 

Given the relatively low decay heat of Fukushima fuel debris, the system prioritizes: 

• simplicity, 

• long-term stability, and 

• robustness against system failure. 

Heat is dissipated through conduction across the structural layers of the module, and no 

internal convection or forced cooling mechanisms are required. 

 

 

7.2 Heat Source Characterization 

Fuel debris at Fukushima Daiichi has undergone long-term cooling since the accident. 

However, a module-specific decay-heat value cannot be established without defining 

the loaded debris mass, isotopic inventory, burnup history, and cooling time. 

For preliminary screening, a reference heat load of 10 W per cartridge and a bounding 

input of 20 W are adopted as conceptual design inputs rather than measured or validated 

site-specific values. These inputs must be confirmed or revised through inventory-

specific decay-heat assessment before engineering qualification. 

A module-specific radiological source term has likewise not yet been established. The 

illustrative activity range of 10¹⁴–10¹⁶ Bq is retained solely as a preliminary shielding 

input and must be replaced by characterization-based isotopic source terms before 

quantitative dose assessment. 



 

 

7.3 Heat Transfer Mechanism 

Heat transfer within the INIC module occurs through a multi-layer conduction pathway: 

⚫  fuel debris (heat source) 

⚫  sealed metallic cartridge 

⚫  surrounding internal structure 

⚫  high-density concrete 

⚫  outer structural shell 

The dominant mechanism is conduction, with the concrete acting as a thermal buffer 

due to its large heat capacity. 

The temperature estimates are consistent with steady-state conductive heat transfer 

approximations across a multi-layer cylindrical geometry. In a simplified steady-state 

representation, the temperature rise may be expressed as ΔT = Q·Rₜₕ, where Q is the 

decay heat and Rₜₕ is the total thermal resistance of the cartridge, internal interfaces, 

concrete layer, outer shell, and external heat-transfer boundary. For a cylindrical 

multilayer system, Rₜₕ depends on the thermal conductivity and logarithmic radius ratio 

of each layer. This relationship provides a basis for subsequent screening but does not 

by itself confirm the proposed temperature ranges. 

This configuration: 

• smooths temperature gradients, 

• prevents localized overheating, and 

• ensures gradual heat dissipation to the external environment. 

 

 

7.4 Temperature Estimates 



For conceptual screening, cartridge-surface temperatures of approximately 40–60°C and 

outer-surface temperatures near 20–35°C are treated as preliminary target ranges rather 

than calculated predictions. Geometry-specific conductive or finite-element analysis is 

required to confirm these ranges. 

 

 

7.5 Role of Encapsulation Temperature 

During the encapsulation process, moderate heating may be applied to enhance drying 

efficiency. 

Typical conditions include: 

• reference temperature: ~50°C 

• optional upper range: up to ~80°C 

This temperature range: 

• promotes evaporation under reduced pressure, 

• remains within safe limits for materials, and 

• is consistent with expected decay heat conditions. 

Importantly, this heating is limited to the process stage and is not required for long-term 

operation. 

 

 

7.6 Long-Term Thermal Stability 

Under the assumed low heat inputs and large thermal mass, temperature evolution is 

expected to be gradual. Whether active cooling can be excluded and acceptable 

temperature limits can be maintained must be confirmed by geometry-specific steady-

state and transient thermal analyses. 



 

 

7.7 Thermal Safety Implications 

The proposed passive thermal architecture is intended to eliminate dependence on 

continuously operating cooling equipment. Its qualification will require demonstration 

that specified material and containment temperature limits are not exceeded under 

normal, abnormal, and credible degraded heat-transfer conditions. Until such analyses 

are completed, the absence of overheating cannot be treated as an established result. 

 

 

7.8 Occupational and Public Dose Considerations 

All retrieval, drying, sealing, and module-assembly operations are assumed to be 

performed remotely or behind appropriate shielding in accordance with the ALARA 

principle [14]. The present study does not calculate occupational doses. Compliance 

with applicable dose limits must be demonstrated through task-specific source terms, 

shielding configurations, operation times, distances, and remote-handling procedures. 

Likewise, public and site-boundary doses have not been quantified in the present 

conceptual study. The proposed concrete thickness provides a basis for subsequent 

shielding assessment, but site-specific dose evaluation remains necessary. 

 

 

7.9 Shielding Performance Considerations 

From a radiation shielding perspective, the INIC module benefits from its substantial 

concrete thickness (typically 50–80 cm), which provides significant attenuation of 

gamma radiation. 



The proposed concrete thickness provides a conceptual basis for substantial gamma 

attenuation. However, the present study does not calculate attenuation factors or 

external dose rates. Quantitative shielding performance must be established through 

photon-transport analysis using characterized radionuclide inventories, photon-energy 

spectra, concrete composition and density, module geometry, and facility layout 

[14,19]. Such shielding thicknesses are commonly used in radiation shielding 

applications in radiation protection design and are known to provide substantial dose 

rate reduction under comparable source term conditions. 

The proposed thickness is expected to provide substantial attenuation, but no 

quantitative surface-dose or site-boundary-dose conclusion is drawn here. Such 

conclusions require photon-transport calculations using characterized module-specific 

source terms and facility geometry. 

These estimates are based on conservative source term assumptions and do not rely on 

optimized shielding geometries. 

 

 

8. Structural and Mechanical Stability 

 

8.1 Design Approach 

The structural design of the INIC system is based on passive mechanical stability 

achieved through mass, geometry, and material robustness. 

Instead of relying on anchoring systems or active stabilization mechanisms, the system 

utilizes: 

• large module mass, 

• low center of gravity, and 

• monolithic integration through concrete encapsulation. 

This approach ensures that the module behaves as a stable mechanical body under both 

normal and extreme conditions. 



 

 

8.2 Reference Structural Parameters 

A common reference configuration is adopted for evaluation: 

• INIC-M: approximately 2.5 m diameter, total mass ~35–40 t 

• INIC-L: approximately 3.0 m diameter, total mass ~60 t 

• concrete thickness: approximately 0.6 m 

• steel outer shell: approximately 30 mm 

These parameters provide both structural strength and sufficient inertia to resist external 

disturbances. 

 

 

8.3 Load Conditions 

The structural performance of the module is evaluated under representative loading 

conditions: 

• static load due to self-weight, 

• handling and installation loads, 

• seismic excitation, and 

• accidental disturbance (screening level). 

Among these, seismic loading is treated as the dominant design consideration. 

 

 

8.4 Seismic Stability 



The large mass, wide base, relatively low aspect ratio, and monolithic internal structure 

are expected to provide inherent resistance to overturning, sliding, and internal relative 

movement. However, the present study does not establish a quantified seismic margin. 

Engineering qualification will require explicit evaluation of module geometry, center of 

gravity, floor-response acceleration, rocking and uplift behavior, base friction, impact 

interaction between adjacent modules, foundation capacity, settlement, and possible 

anchoring requirements. Accordingly, the necessity or absence of anchoring cannot yet 

be determined from the conceptual geometry alone. 

 

 

8.5 Overturning and Sliding Resistance 

Overturning resistance depends on the module weight, center-of-gravity height, base 

dimensions, and imposed acceleration. Sliding resistance depends principally on module 

weight, floor-response acceleration, base-interface friction, and any anchoring or 

restraint provided. These parameters must be evaluated quantitatively before an 

overturning or sliding margin can be claimed. 

 

 

8.6 Monolithic Structural Integrity 

After insertion of the sealed cartridge, the module is filled with high-density concrete, 

forming a monolithic structure. 

This configuration: 

• distributes mechanical loads uniformly, 

• eliminates internal void-driven instability, and 

• protects the cartridge from localized stress concentration. 

The cartridge is mechanically supported by the surrounding material, preventing 

movement or damage under external loads. 



 

 

8.7 Long-Term Material Stability 

The INIC system adopts a performance-based material selection approach. 

Key considerations include: 

• long-term durability of concrete under environmental and radiological exposure, 

• corrosion resistance of metallic components, and 

• compatibility between materials to avoid degradation at interfaces. 

Specific material choices are not fixed, allowing the use of best-available technologies 

at the time of implementation. 

Concrete degradation mechanisms such as leaching, carbonation, and chloride-induced 

corrosion are explicitly considered in the long-term design perspective. Even under 

conservative assumptions of gradual material loss or strength reduction, the safety 

function of the INIC system remains governed by bulk mass and geometric shielding. 

The design objective is to retain required containment, shielding, and immobilization 

functions despite bounded material degradation. Demonstration of this objective will 

require time-dependent assessment of concrete cracking, leaching, carbonation, 

irradiation effects, steel corrosion, interface degradation, and environmental exposure. 

It is emphasized that structural steel components are not relied upon as the sole long-

term safety barrier. Instead, the overall safety function is governed by the combined 

effects of mass, geometry, and distributed containment. Even under progressive 

corrosion scenarios, the contribution of progressive steel corrosion to system 

performance must be evaluated within the specified interim period. 

 

 

8.8 Failure Mode Considerations 



Representative degradation and failure modes requiring evaluation include surface and 

through-thickness concrete cracking, corrosion, interface separation, settlement, impact 

damage, water ingress, and local loss of shielding material. The design objective is that 

credible degradation should progress slowly and remain detectable, but this behavior 

has not yet been demonstrated experimentally or analytically. 

 

 

8.9 Structural Safety Implications 

The structural concept is intended to achieve: 

• passive structural stability, 

• gradual and localized failure modes, and 

• avoidance of single-point mechanical failure. 

This contributes to a robust and resilient containment solution suitable for long-term 

deployment. 

 

 

9. Deployment and Implementation Strategy 

 

9.1 Implementation Philosophy 

The deployment strategy of the INIC system is based on incremental on-site 

stabilization rather than centralized large-scale reprocessing or immediate transport-

oriented conditioning. 

This philosophy reflects the practical constraints of Fukushima Daiichi, where: 

• retrieval operations are expected to proceed gradually, 

• debris characteristics remain heterogeneous and only partially characterized, and 



• long-term disposal pathways will require extended institutional and technical 

preparation. 

Under these conditions, the INIC system is intended to function as a practical 

stabilization architecture that can be introduced progressively, without requiring 

completion of a fully mature downstream disposal infrastructure before deployment. 

 

 

9.2 Integration with Retrieval Operations 

The INIC process is designed to align with retrieval operations expected under high-

radiation and partially underwater working environments. 

A representative operational sequence is as follows: 

⚫ underwater cutting and collection of debris, 

⚫ transfer of debris into the inner cartridge, 

⚫ staged drainage and near-dry conditioning, 

⚫ inert gas backfilling and welded cartridge sealing, 

⚫ transfer of the sealed cartridge to the INIC assembly station, 

⚫ insertion into the pre-installed receiving cylinder, and 

⚫ final monolithic encapsulation by high-density concrete filling. 

This sequence allows the stabilization process to remain closely coupled to retrieval, 

thereby reducing the number of intermediate handling steps and avoiding unnecessary 

reconfiguration of the debris. 

 

 

9.3 Cartridge-Level Processing as an Operational Advantage 

A central implementation advantage of the INIC concept is that critical process steps are 

localized at the cartridge level. 



These include: 

• temporary closure, 

• reduced-pressure drying, 

• inert gas backfilling, and 

• final welded sealing. 

Because these steps are performed on the inner cartridge rather than on the full module 

body, the processing volume remains small and controllable. This reduces equipment 

scale, simplifies remote handling, and allows standardization of the sealing workflow. 

This cartridge-level approach is also consistent with the modular design philosophy of 

the overall system. 

 

 

9.4 Assembly of the Final INIC Module 

After sealing, the inner cartridge is transferred to the module assembly stage. 

The sealed cartridge is inserted from above into the pre-installed receiving cylinder 

located inside the INIC body. A service-cover unit, which may incorporate 

supplementary thermoelectric and anomaly-indication functions, is then positioned at 

the upper access region. 

High-density concrete is subsequently introduced to fill the remaining structural 

volume. This process produces a monolithic body in which: 

• the primary sealed cartridge is mechanically fixed, 

• the receiving cylinder is structurally integrated, and 

• the upper access region is protected while retaining limited functional pathways 

for supplementary monitoring support. 

The final result is a single immobilized stabilization unit. 

Following installation, any recessed or access-related regions at the top of the module 

may be fully covered with additional concrete, resulting in a continuous outer surface. 



This final configuration eliminates exposed structural interfaces and further enhances 

long-term stability and resistance to external disturbance. 

 

 

9.5 Incremental Validation Strategy 

The INIC concept is specifically structured to permit progressive rather than all-at-once 

validation. 

Initial experiments need not begin with the reference upper fissile inventory. Validation 

may proceed through successively increasing loading stages, for example: 

• several grams; 

• several tens of grams; 

• approximately 100 g; 

• approximately 1 kg; 

• approximately 5 kg; 

• approximately 10 kg; 

• approximately 20 kg; and 

• the proposed module-specific upper loading limit. 

These stages are illustrative rather than mandatory. Progression to the next stage would 

occur only after the relevant acceptance criteria have been satisfied. 

At each stage, measurements and inspections may address: 

• neutron multiplication and criticality indicators; 

• temperature distribution and passive heat rejection; 

• drainage and residual-moisture behavior; 

• gas composition and internal pressure; 

• sealing and weld integrity; 

• corrosion and material compatibility; 

• radiation fields and shielding performance; and 

• remote handling and process reproducibility. 



The purpose of this progression is not to extrapolate blindly from small tests to full 

modules. It is to identify discontinuities, unexpected couplings, and scale-dependent 

effects before larger inventories are introduced. 

Accordingly: 

Safety is progressively demonstrated. 

This differs from deployment strategies in which a large centralized facility must first 

be completed before the principal operating assumptions can be tested under realistic 

conditions. 

 

 

9.6 Validation as Decommissioning Progress 

A distinctive feature of modular validation is that a successfully completed 

experimental unit need not become discarded test equipment. 

Where regulatory authorization, material accountability, and acceptance criteria permit 

the use of actual debris, each completed cartridge or module may remain as a stabilized 

inventory unit. The validation process therefore produces two results simultaneously: 

• engineering evidence regarding the performance of the stabilization framework; 

and 

• permanent or long-duration reduction of the quantity of unstabilized retrieved 

debris. 

Research activity and decommissioning activity are consequently aligned. Each 

validated deployment step reduces the remaining unmanaged inventory rather than 

postponing risk reduction until completion of a full-scale facility. 

This does not eliminate the need for non-radioactive mock-ups, surrogate-material 

testing, or dedicated qualification specimens. It means that the transition from 

experimental validation to operational stabilization can be continuous rather than 

separated by a complete redesign. 



 

 

9.7 Modular Deployment Strategy 

The INIC system is inherently modular. 

Each module is: 

• physically independent, 

• functionally independent, and 

• deployable without requiring completion of a larger interconnected system. 

This provides several implementation advantages: 

• deployment can proceed incrementally as retrieval progresses, 

• completed modules remain stable even if broader operations are delayed, and 

• failure or interruption in one module does not compromise others. 

Such modularity is particularly valuable in decommissioning environments 

characterized by uncertainty, long timelines, and uneven operational progress. 

 

 

9.8 Site Placement and Infrastructure Requirements 

The INIC concept is intended for deployment within the Fukushima site or an 

immediately controlled adjacent area. 

The system does not require: 

• deep geological emplacement, 

• transport-ready storage pad systems optimized for repeated relocation, or 

• continuous active thermal management infrastructure. 



Placement may be implemented in engineered zones using standard heavy handling, 

concrete construction, and module positioning techniques. 

This distinguishes INIC from both large centralized storage facilities and repository-

scale infrastructure. 

In the revised design basis, INIC modules are assumed to be placed within simple, 

engineered and controlled above-ground isolation facilities that provide protection from 

direct environmental exposure such as rainfall, wind, and groundwater interaction. This 

configuration enhances long-term stability while maintaining accessibility for 

inspection and maintenance. 

 

 

9.9 Handling and Transport Positioning 

The INIC design is fundamentally stabilization-oriented rather than transport-oriented. 

For the reference class (INIC-M), dimensions remain compatible with a moderate 

handling scale, while for the enlarged security-oriented class (INIC-L), increased size 

and mass intentionally reduce ease of ordinary transport. 

In many jurisdictions, standard road transport is subject to dimensional and weight 

constraints. Accordingly, enlarged module classes may inherently resist unauthorized or 

covert relocation by virtue of their geometry and mass. 

In this sense, transportability is not treated as a core design objective. Instead, the 

degree of transport difficulty may itself contribute to passive security. 

 

 

9.10 Operational Efficiency 

By stabilizing debris close to the point of retrieval, the INIC process reduces operational 

complexity in several ways: 



• fewer intermediate packaging steps, 

• reduced need for temporary wet storage of unstable material, 

• simplified integration between retrieval and containment, and 

• incremental completion of durable modules. 

This does not imply that the process is trivial. However, compared with approaches that 

require early standardization into transport-ready forms, the INIC concept may reduce 

logistical coupling and workflow fragmentation. 

 

 

9.11 Role in the Overall Decommissioning Strategy 

The INIC system is not proposed as a substitute for final disposal. 

Its intended role is to function as an intermediate but robust stabilization layer between 

retrieval and eventual long-term disposition. 

In practical terms, this means that INIC can: 

• reduce immediate post-retrieval risks, 

• buy time for future disposal decisions, and 

• preserve material in a physically stable and monitorable form. 

This bridging role is especially important under conditions where repository timelines, 

conditioning technologies, or policy frameworks remain uncertain. 

 

 

9.12 Avoidance of Technology Lock-In 

INIC is intended to provide safe stabilization under present uncertainty, not to 

predetermine the ultimate treatment route for all subsequently retrieved debris. 



If future advances make separation, reprocessing, partitioning, transmutation, alternative 

waste-form production, or repository-specific conditioning practicable, later modules 

may be redirected to those pathways. Previously stabilized modules retain their interim 

safety value and do not require immediate modification merely because a new 

technology becomes available. 

The modular deployment sequence therefore permits policy and technology to change 

between batches. This avoids a system-wide commitment to one treatment architecture 

before its long-term technical, regulatory, and societal feasibility has been established. 

In this sense: 

No technology lock-in is required. 

The strategy preserves decision time while continuing to reduce present risk. 

 

 

9.13 Deployment Summary 

The implementation strategy of INIC is defined by: 

• close integration with retrieval operations, 

• cartridge-level standardization of critical steps, 

• monolithic final stabilization at the module level, and 

• incremental on-site deployment. 

These features collectively support the practical applicability of the concept under real 

decommissioning constraints. 

 

 

10. Monitoring, Identification, and Management Support 

 



10.1 Design Positioning 

The INIC system clearly separates core safety functions from optional monitoring and 

management support. 

Core safety is ensured exclusively by: 

• sealed containment within the inner cartridge, 

• structural immobilization within the monolithic module, and 

• passive thermal and mechanical stability. 

Monitoring and signaling functions, including thermoelectric-assisted beacon systems, 

are explicitly treated as optional features. 

The design fully supports configurations in which no embedded electronics or signaling 

devices are included, thereby achieving a completely inert, fully sealed system 

composed only of structural materials such as steel, concrete, and ceramic. 

This flexibility allows the system to be adapted to different operational philosophies, 

ranging from enhanced monitoring support to maximum long-term simplicity and 

reliability. 

 

 

10.2 Radiation-Based Identification (Primary Method) 

Each INIC module inherently possesses a unique radiological signature determined by: 

• isotopic composition, and 

• internal structural configuration of the debris. 

This signature can be measured externally using non-invasive techniques such as 

gamma spectroscopy. 

Key characteristics of this method include: 

• no reliance on internal power sources, 



• persistence over long timescales, and 

• direct linkage to the physical contents of the module. 

Because of these properties, radiation spectral identification is treated as the primary 

identification mechanism. 

It enables: 

• verification of module identity, 

• comparison with baseline measurements, and 

• detection of inconsistencies or substitution attempts. 

 

 

10.3 Thermoelectric-Assisted Beacon System (Optional) 

As an optional enhancement, the INIC module may incorporate a thermoelectric-

assisted beacon system. 

This system utilizes internal temperature gradients to generate low-level electrical 

power and may provide intermittent signaling or anomaly indication. 

However, this component is not required for safety, containment, or structural stability. 

In configurations prioritizing maximum long-term robustness, the beacon system may 

be entirely omitted, resulting in a fully passive and inert containment structure. 

 

 

10.4 Anomaly Detection and Signaling 

The beacon system may incorporate basic sensing capabilities, including: 

• detection of mechanical shock or abnormal vibration, 

• response to structural disturbance, and 

• changes in operational state. 



Under such conditions, the system may alter its signal pattern to indicate a potential 

anomaly. 

In addition, the loss of expected signal may itself serve as an indication requiring 

inspection. 

This approach provides a simple and robust method for anomaly awareness without 

introducing complex monitoring infrastructure. 

 

 

10.5 Structural Integration of Monitoring Components 

Monitoring components are integrated within the upper access region of the INIC 

module. 

This placement is intentional: 

• the upper region represents the primary access pathway to the internal cartridge, 

and 

• any intrusive action is likely to pass through this area. 

The components may be: 

• partially embedded within the surrounding concrete, 

• protected by structural layers, and 

• connected through limited pathways for signal transmission and thermal 

interaction. 

This integration ensures that: 

• monitoring functions are physically protected, and 

• tampering attempts are likely to affect observable system behavior. 

 

 



10.6 Passive Tamper Indication Concept 

The INIC system incorporates a passive approach to tamper indication. 

Rather than preventing all possible unauthorized actions, the design ensures that such 

actions become: 

• physically difficult, 

• operationally visible, and 

• detectable through multiple indicators. 

These include: 

• changes in radiological signature, 

• abnormal beacon signals, and 

• loss of expected monitoring output. 

This layered approach enhances detectability without introducing dependence on 

complex surveillance systems. 

 

 

10.7 Long-Term Management Considerations 

Over long durations, monitoring systems may degrade or cease operation. 

The INIC design explicitly accounts for this by ensuring that: 

• loss of beacon function does not affect safety, 

• identification remains possible via radiological methods, and 

• degradation of monitoring capability is itself detectable as a system state. 

This allows the system to remain manageable even under reduced institutional control. 

 

 



10.8 Role in Operational Management 

Monitoring and identification functions support practical management activities, 

including: 

• inventory tracking, 

• periodic inspection, and 

• anomaly investigation. 

They also provide an interface between the passive physical system and higher-level 

management frameworks. 

However, the system does not depend on continuous monitoring for its safe operation. 

 

 

10.9 Conceptual Summary 

The monitoring and identification framework of the INIC system is characterized by: 

• primary reliance on passive radiological signatures, 

• optional supplementary beacon-based signaling, and 

• full compatibility with completely inert, non-instrumented configurations. 

This design ensures that operational awareness can be enhanced where desired, while 

preserving the possibility of a fully passive, maintenance-free containment system. 

As an additional long-term identification strategy, high-resolution ceramic information 

plates may be embedded near the surface of the module. Unlike engraved or low-

resolution markings, these plates can preserve complex visual and textual information 

using fired ceramic printing technology, maintaining legibility over extremely long 

timescales. 



This approach enables the encoding of safety information, identification data, and 

symbolic warnings in a form that remains accessible without reliance on electronic 

systems. 

 

 

11. Discussion 

The principal contribution of this study is not the proposition that one particular heavy 

container geometry should be adopted universally. Rather, the broader contribution is 

the identification of a constraint-based approach to passive stabilization and the 

demonstration that a representative modular configuration can be constructed within the 

simultaneous constraints of criticality safety, passive thermal management, and long-

term structural stability. 

Accordingly, INIC should be interpreted as a representative implementation rather than 

as the feasible domain itself. Alternative cartridge dimensions, shielding materials, 

structural arrangements, module sizes, and auxiliary management features may all be 

acceptable provided that they satisfy the same governing constraints and engineering 

acceptance criteria. The present work therefore establishes a design framework rather 

than prescribing a unique engineering solution. 

A central feature of this framework is risk localization. Instead of treating the retrieved 

fuel debris as one large coupled inventory, the proposed strategy divides it into 

individually sealed, independently evaluated, and separately managed modules. This 

modular architecture limits the physical consequences of uncertainty, degradation, 

manufacturing defects, or operational interruption to the affected unit, thereby 

preventing local problems from automatically becoming system-wide conditions. The 

safety function of modularization is therefore much broader than manufacturing 

convenience; it fundamentally changes how engineering risk is distributed and 

managed. 

A second contribution is the compatibility of the concept with incremental validation. 

The reference loading of a full-scale module is not assumed to be the starting point of 

development. Instead, progressively increasing debris inventories may be evaluated 

through staged experiments, allowing criticality behavior, temperature distribution, 



moisture removal, gas generation, weld integrity, corrosion behavior, radiation fields, 

and remote handling procedures to be confirmed before advancing to larger loading 

stages. In this framework, safety is progressively demonstrated rather than assumed 

only after completion of a large centralized facility. 

A further advantage is that engineering validation and decommissioning progress need 

not be separate activities. Subject to regulatory approval and operational acceptance 

criteria, each successfully validated module may permanently stabilize an actual portion 

of the retrieved debris inventory. Consequently, experimental deployment contributes 

not only to engineering knowledge but also to direct reduction of the remaining 

unstabilized inventory. This alignment between research and decommissioning 

distinguishes the proposed strategy from approaches in which validation is completed 

independently of actual waste management. 

The modular architecture also preserves long-term strategic flexibility. Future 

technological developments—including improved separation techniques, advanced 

reprocessing, partitioning, transmutation, or alternative disposal concepts—may be 

applied to later retrieval campaigns without invalidating the safety benefit of modules 

that have already been completed. The proposed framework therefore avoids premature 

commitment to a single downstream technology and reduces the need for irreversible 

system-wide decisions during the early stages of debris retrieval. 

Like any engineering strategy, the proposed approach involves important trade-offs. 

Encapsulation inevitably increases the overall waste volume compared with untreated 

debris, and large monolithic modules may require additional consideration during 

eventual repository design, thermal management, and emplacement planning. These 

disadvantages are accepted because the primary objective of the concept is immediate 

stabilization under conditions of significant uncertainty rather than optimization for a 

disposal system that has not yet been established. 

Another deliberate design choice is that routine post-installation access is not required 

for safety. The fully sealed monolithic configuration minimizes long-term interfaces and 

reduces vulnerability to external disturbance, thereby simplifying the passive safety 

case. However, routine inaccessibility should not be interpreted as absolute 

irreversibility. If future treatment technologies justify intervention, engineered recovery 

or dismantling remains technically feasible, although such operations are outside the 

baseline concept and would require separate engineering assessment. 



The proposed monitoring architecture further illustrates the distinction between safety 

functions and management-support functions. Optional thermoelectric beacon systems, 

embedded identification devices, or passive information media may improve inventory 

management and operational awareness, but none of these components is required for 

containment, criticality safety, thermal performance, or structural integrity. 

Consequently, the concept remains fully compatible with completely inert 

configurations composed solely of structural materials. 

An additional consideration concerns the historical context in which concepts of this 

type have been evaluated. Previous interim management strategies for spent nuclear fuel 

and radioactive waste have generally been developed under the assumption that 

transport-compatible waste packages would ultimately be transferred to centralized 

storage facilities or geological repositories. Consequently, engineering optimization has 

traditionally emphasized transportability, standardized container geometry, 

retrievability, and compatibility with future disposal systems. These assumptions are 

appropriate for conventional spent fuel, whose geometry, composition, and inventory 

are comparatively well characterized. 

A relevant precedent is the post-accident management of the Three Mile Island Unit 2 

(TMI-2) core debris, where retrieved debris was divided among multiple purpose-

designed canisters for subsequent handling and storage [23]. This demonstrates that 

modular containerization of accident-generated fuel debris is not itself unprecedented. 

Fukushima-related research programmes have likewise emphasized that debris 

characterization is an essential prerequisite for retrieval, storage, treatment, and final 

disposal [4,6–8,22]. 

The novelty claimed here therefore does not lie merely in placing debris into multiple 

containers. Rather, it lies in the integrated combination of cartridge-level near-dry 

conditioning, inert-gas replacement, permanent welded closure, ultra-heavy concrete 

immobilization, module-level passive safety, progressive validation, and explicit 

avoidance of early technology lock-in. Unlike approaches organized principally around 

transport and subsequent centralized handling, the baseline INIC concept prioritizes 

immediate controlled-site stabilization. 

The Fukushima Daiichi fuel debris, however, differs fundamentally from these 

historical design assumptions. The debris is highly heterogeneous in composition, 

geometry, porosity, and fissile distribution, while its retrieval sequence, conditioning 



process, and ultimate disposal pathway remain only partially defined. Under these 

circumstances, optimization for future transport alone may not represent the most 

conservative engineering strategy during the early phases of retrieval. The present work 

therefore explores an alternative engineering objective: passive stabilization 

immediately following retrieval, while preserving flexibility regarding future 

disposition technologies. 

Because the fissile-equivalent limit is not identical to the total debris mass loaded into a 

cartridge, the required module count cannot be obtained by dividing the estimated total 

debris inventory by the proposed 35-kg or 50-kg fissile-equivalent limits. A system-

scale estimate must specify both the average total debris loading per module and the 

corresponding distribution of fissile content. 

For illustration, average total debris loadings of 0.25, 0.5, 1.0, and 2.0 t per module 

would correspond to approximately 3,520, 1,760, 880, and 440 modules, respectively, 

for an assumed total inventory of 880 t. These values are inventory-balance scenarios 

rather than design predictions. The admissible loading would be controlled by 

whichever constraint—criticality, thermal performance, shielding, structural capacity, 

remote handling, or process qualification—becomes limiting. 

If an INIC-M module provisionally contains approximately 10–12 m³ of high-density 

concrete, the corresponding concrete requirement would range from approximately 

4,400–5,280 m³ in the 440-module scenario to approximately 35,200–42,240 m³ in the 

3,520-module scenario. Assuming a preliminary module pitch of approximately 3.0–3.5 

m, the module field alone would occupy approximately 0.4–0.5 ha to 3.2–4.3 ha. 

Foundations, aisles, buffer zones, handling areas, inspection space, drainage systems, 

construction staging, and support buildings would increase the total facility area. 

For these reasons, the present concept should not be interpreted as proposing a massive 

one-time construction project. Rather, it represents a progressively expandable 

engineering framework in which stabilization capacity increases stepwise together with 

operational experience. The principal contribution is therefore not only the 

representative module itself but also the demonstration that a distributed, passively 

stable, and incrementally validated architecture may constitute a feasible alternative 

within the broader design space of Fukushima fuel debris management. 



From an implementation perspective, the proposed system relies primarily on 

established construction methods, conventional structural materials, and robotic 

handling technologies already applicable to Fukushima decommissioning activities. The 

use of cartridge-level processing, modular assembly, and passive stabilization avoids 

dependence on large-scale active infrastructure while remaining compatible with 

existing engineering practice. 

The concept is intended for an interim deployment period on the order of several 

decades (approximately 50–100 years). Rather than assuming perfect long-term 

isolation, the strategy emphasizes passive stability together with long-term 

manageability. Gradual degradation processes, should they occur, are expected to 

remain slow, bounded, and detectable, allowing appropriate engineering responses 

without compromising the overall stabilization philosophy. 

From a regulatory perspective, the proposed framework does not correspond directly to 

existing transport casks or conventional interim storage systems. Instead, 

implementation would likely require a dedicated engineering evaluation pathway under 

site-specific regulatory oversight. In this respect, the concept should be regarded as a 

complementary engineering option intended to bridge the gap between debris retrieval 

and future disposition rather than as a replacement for established disposal strategies. 

Finally, it is important to recognize the current limitations of the study. The present 

work demonstrates the engineering plausibility of a conservative stabilization 

framework but does not yet establish validated design limits for all proposed loading 

conditions. Representative criticality estimates require traceable neutron-transport 

calculations and benchmark validation; thermal performance requires geometry-specific 

numerical analysis; the encapsulation process requires experimentally established 

drying acceptance criteria; and long-term structural performance requires detailed 

evaluation of seismic loading, impact resistance, settlement, corrosion, and material 

degradation. 

The principal value of the proposed framework is that these remaining uncertainties can 

be resolved progressively rather than simultaneously. If a future validation stage fails to 

satisfy an acceptance criterion during one validation stage would not invalidate the 

overall concept; instead, it would define revised loading limits, geometries, process 

parameters, or material selections for subsequent deployment stages. This progressive 



engineering methodology provides a practical pathway for reducing present risk while 

continuously improving technical confidence throughout the decommissioning process. 

The purpose of the present system-scale estimates is not to predict the final 

implementation scale, but to demonstrate that the proposed stabilization strategy 

remains physically quantifiable at the inventory scale. The required module number, 

concrete volume, and facility footprint are engineering variables determined by 

operational loading strategy rather than fixed characteristics of the concept itself. 

 

 

12. Conclusion 

This study has examined passive stabilization of Fukushima fuel debris as a constraint-

based feasibility problem. The relevant question is not whether one predetermined 

container geometry must be adopted, but whether criticality, thermal, and structural 

requirements can be satisfied simultaneously within a non-empty feasible domain. 

INIC has been presented as a representative modular implementation within that 

domain. Its principal elements include cartridge-level loading, staged drainage and 

reduced-pressure drying, inert-gas backfilling, threaded temporary closure, permanent 

circumferential welding, steel-supported installation, and immobilization within high-

density concrete. 

The most important strategic characteristic is risk localization. Debris is divided into 

independently sealed, independently evaluated, and independently managed units. This 

limits physical and operational coupling and prevents uncertainty associated with one 

module from automatically becoming a system-wide condition. 

The modular structure also permits incremental validation. Development may proceed 

from small debris quantities toward larger loading stages while measuring criticality-

related behavior, temperature, moisture removal, gas generation, sealing integrity, 

corrosion, radiation fields, and handling performance. Safety is therefore progressively 

demonstrated rather than deferred until completion of a single large facility. 



Where actual debris can be incorporated under authorized conditions, each successful 

validation unit may simultaneously reduce the inventory of unstabilized material. 

Validation and decommissioning progress can therefore form a continuous process. 

The strategy further avoids technology lock-in. If future separation, reprocessing, 

transmutation, waste-form, transport, or repository technologies become practicable, 

later debris batches may be redirected without eliminating the interim safety benefit of 

modules already completed. 

The present work does not constitute a licensing-grade design and does not yet establish 

validated numerical limits for all proposed configurations. Detailed neutron-transport 

calculations, thermal analysis, sealing qualification, gas-pressure evaluation, shielding 

assessment, structural analysis, and long-term material testing remain necessary. 

Nevertheless, the results establish a coherent basis for a broader proposition: constraint-

based passive stabilization can be investigated through modular, progressively validated 

implementations, of which INIC is one representative example. This approach provides 

a practical pathway for reducing present debris-management risk while preserving 

flexibility for future technological and disposal decisions. 

The proposed framework intentionally accepts certain trade-offs in waste volume and 

future operational flexibility in exchange for immediate passive stabilization under 

uncertainty. 
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