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Abstract: Over 50% of nuclear power plants (NPPs) worldwide have operated for over three decades,
leading to a surge in decommissioning projects. This study addresses the gap in current guidelines by
analyzing risks in nuclear decommissioning. Using the fuzzy-AHP technique, tasks within disman-
tling radioactive concrete structures are prioritized. Findings reveal structural and human-related
risks across five main cutting tasks. Collision emerges as a significant concern, particularly during
wire saw installation and concrete block hoisting hole creation. Subcategory risk priorities highlight
variations in risk across tasks, with jamming, falling, and falling objects identified as top concerns dur-
ing wire saw transportation. This study emphasizes the importance of comprehensive risk assessment
in enhancing safety during decommissioning. It underscores the need to consider both physical risks
and risks to personnel throughout the process. By prioritizing safety, stakeholders can ensure worker
safety and operational efficiency while minimizing hazards. This research contributes to standardized
safety protocols for nuclear decommissioning worldwide, aligning with sustainable energy practices.
The outcomes offer practical insights for safety manual development and decision-making processes.
This study represents progress in ensuring safety during nuclear decommissioning, paving the way
for further refinement of safety protocols and guidelines tailored to decommissioning sites.

Keywords: nuclear decommissioning; risk assessment; fuzzy analytic hierarchy process; worker’s
safety; decommissioning guidelines; risk prioritization

1. Introduction

The subject of nuclear decommissioning is gaining more significance among govern-
ments, regulators, and industries because many nuclear power plants (NPP) will reach their
end of life in the next 2 decades [1]. More than half of the world’s NPPs are getting older
and are passing 30 years old. The details vary by country or specific plant, but generally,
these plants run for 30 to 60 years [2]. Some might be shut down because of problems
like aging facilities, technical safety challenges, economic issues, or political and social
reasons. After shutting down, there are plans for activities like recovering nuclear fuel,
getting rid of coolant, and cleaning up contamination before taking apart the reactor [3,4].
Dismantling, according to the International Atomic Energy Agency (IAEA), means doing
all the necessary technical and managerial tasks safely to completely remove an NPP
that is no longer useful and to take apart or modify the rules that applied to it [5]. The
process involves several steps, like easing site regulations. Originally, “decommissioning”
meant closing a nuclear facility, but nowadays we mostly use this term in accordance with
current safety laws [6]. According to the Electric Power Research Institute (EPRI) in the
United States, NPP decommissioning has four stages: 1-planning how to decommission,
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2-changing the organization’s setup, 3-transitioning the facility, and 4-completing the de-
commissioning [7]. This breakdown shows that having a proactive plan for dismantling is
crucial for successfully decommissioning an NPP.

The implementation of strong risk management procedures becomes increasingly es-
sential as project complexity increases. These procedures involve identifying and assessing
potential hazards, executing suitable responses to manage these risks, and monitoring
project progress following the implementation of risk reduction measures [8]. Better and
more precise risk assessments for different steps of the decommissioning can help leaders
in charge of these projects to understand the dangers that may threaten an employee. This
understanding allows them to take the right steps to identify, prioritize, and lessen the
impact of these risks. In this regard, previous studies have attempted to identify and rank
many risks including waste management, safety, radiological, etc. [9-12] However, there
has not been an extensive study that systematically ranks (prioritizes) the elements of
risks to assist in making decisions regarding both the structural aspects and the safety of
workers involved. Previous research by [13] emphasized the importance of systematic risk
assessment in nuclear decommissioning projects, highlighting that such projects involve
numerous hazards and complexities that must be carefully managed. Without a systematic
approach to prioritize these risks, decision-makers may overlook critical factors, leading to
potential accidents or delays in project completion [14].

The process begins with a thorough review of existing literature and global standards,
particularly referencing guidelines from the International Atomic Energy Agency (IAEA).
Expert consultations are conducted through group meetings and face-to-face interviews
with professionals and experts in the field, ensuring comprehensive insight into the com-
plexities of nuclear decommissioning. Through these consultations, a risk classification
system is established, identifying specific risk factors for each cutting operation. The fuzzy
analytic hierarchy process (fuzzy-AHP) methodology is then applied to enhance decision-
making precision, accommodating uncertainties and subjective judgments inherent in the
assessment process. This involves a series of steps including pairwise comparisons, judg-
ment aggregation, weight determination, risk assessment, and defuzzification, ensuring a
transparent and robust analysis of decommissioning risks. The methodology is validated
through rigorous scrutiny of expert judgments, ensuring the integrity and reliability of
the findings.

2. Literature Review

Building upon the limitations identified in the existing literature, the objective of
this study is to conduct a comprehensive risk assessment for NPP decommissioning,
encompassing factors related to both structural dismantling and worker safety. This
research employs a fuzzy-AHP methodology to systematically evaluate and prioritize these
risks, considering their uncertainties and interdependencies. To integrate fuzzy logic with
AHP, the study aims to provide a detailed understanding of risk factors and derive priority
rankings. The ultimate goal is to develop practical guidelines and recommendations
to enhance safety measures and decision-making processes in NPP decommissioning
projects, thus addressing the identified gaps in the literature and contributing to improved
safety outcomes.

While previous studies have made efforts to identify and rank various risks associated
with nuclear decommissioning projects [9-12], there remains a notable gap in the literature
concerning the systematic prioritization of these risks to aid decision-making regarding
both structural aspects and worker safety. The absence of a systematic approach to risk
assessment in prior research raises significant concerns regarding the effectiveness and
comprehensiveness of risk management strategies in nuclear decommissioning projects.
One key aspect for this gap is that previous studies have primarily focused on identifying
and categorizing risks without systematically assessing and prioritizing them. This lack of
systematic risk assessment not only weakens the safety and efficiency of decommissioning
efforts but also obstructs the ability to proactively address risks and ensure the well-being
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of workers involved. Without a structured framework for prioritizing risks, decision-
makers may face challenges in adequately addressing critical factors, potentially leading to
overlooked hazards, accidents, or project delays [13,14]. Considering the aforementioned
gaps in the literature surrounding systematic risk assessment in nuclear decommissioning
projects, it is imperative to bridge this deficiency by consolidating existing knowledge
and insights. To address this need, Table 1 synthesizes previous research efforts focused
specifically on the identification and evaluation of structural and safety risks associated

with nuclear decommissioning,.

Table 1. Literature review table.

Limitation of the

Authors Objective Scope Factors Research Method Result Study
Proposing a Context-specific
framework for guidelines, Practical guidelines réj:aei}ﬁoi;fgg}alz;
quantitative risk emerging concerns - Quantitative risk for radiation safety, L
Heo et al. (2022) - .o Radiation safety, applicability across
assessment in radiation safety, assessment need for broader .
(1l methodology for broader worker exposure methodolo, applicability different
L ey soran &y PP decommissioning
radiation safety of applicability across research contexts
workers contexts
Fuzzy-based risk o Offered safety Uncertam )
assessment Uncertainties in behavior rules based effectiveness of their
Kim et al. (2020) methodology to expert judgments, Uncertainties, safety Fuzzy-based risk on relative risk model due to input
address fuzzy analysis for . assessment and data quality,
[2] N - behavior rules changes, addressed N
uncertainties, approximate methodology AT and reliance on
. A uncertainties in -
offering safety opinions tiud ¢ subjective
behavior rules expertjudgments judgments
Evaluating and aI};}a)TiIZ;lfi(lii?)t/at,o
Awodi et al. (2023) rankli?lgnﬁzigarctors decorﬁxlses?(l;nin 18 risk factors Fuzzy-based Idenctcl)f;izicilﬁsé;u;;ural different projects,
[9] d e . ; ne affecting project TOPSIS - and the complexity
ecommissioning risk analysis projects high-ranked factor .
projects of putting the

method into practice

Ok et al. (2022)
[13]

Prioritizing accident
scenarios,
evaluating risks
through risk matrix

Focusing on
accident scenarios,
high-risk situations

Radiological
accidents,
economical risks,
hazardous risks,

Risk matrix, AHP

Identified high-risk
situations,
emphasized need
for more data and
experience for

and AHP delays refining risk
assessments
];egsgﬁg;gl\lli’?’s Str:r:;llr:ilé]zlr)lQSk Tailoring risk factors Developed WBS and Does not consider
Moon et al. (2020) decommissionin mana yem,e At for Structural and usiﬁ WBS RBS model, chart the entire work
[15] & g ersonnel risks . g ¢ combining various rocess for NPP
work for structural NPP P introducing RBS & p
Lo T risk factors decommissioning
and job risk decommissioning
Identified and Limited scope of
Identifying and Identification and evaluated 105 expertise,

Awodi et al. (2021)
[16]

evaluating risk
factors for nuclear

evaluation of risk
factors for nuclear

Finance, safety, legal
framework, strategy,

Literature search,
expert judgment

important risk
factors, grouped

uncertainty in risk
assessment, lack of

decommissioning decommissioning technology approach into 9 families, choosing the type of
projects projects highest-ranking risk facility and
families identified generalizability
Need for more
extensive data and
experience to refine
risk assessments
Developing safety Safety measures Tgi\lel?)d If;);ﬂl(r”;l;er
K . evaluation method  proportional to risks, Identified safety P .
udo, Sugihara . - L7 comprehensive
using graded criteria for Safety measures, Graded approach measures, criteria

(2021)
[17]

approach, focusing
on safety measures
and risk criteria

classifying
magnitude of effects
for risks

risk criteria

for safety evaluation

for radiation
exposure risks

system and criteria
for assessing

severity based on
accident type
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Table 1. Cont.

Limitation of the

Authors Objective Scope Factors Research Method Result Study
Developing remote Successful
dlsmantlmg system, . . achievement of a Current
presenting a Developing remote Cutting semi-automated technological tools
semi-automated dismantling system, methodologies, . . .
H . A , Development of remote dismantling may not be entirely
yun et al. (2024) robotic system for process monitoring worker’s workload, - . .
- . . remote dismantling system through suitable for
[18] enhanced efficiency technologies for real-time :
. . system control framework challenging
and protection of automated operational development conditions dusin
workers in nuclear operations challenges digitallr)no dell decommissioning
faci-lit}_r ) building
decommissioning
Evaluation of
Analyzing and workers’ behavior in Worker safety, AHP model, fuzzy Esta})hshed
. nuclear . . evaluation system
. categorizing unsafe e personnel training, evaluation method,
Lietal. (2018) . decommissioning, . . . and fuzzy Lack of focus on
, behaviors, X .. safety awareness, virtual simulation, R .
[19] . . virtual training . . . evaluation model, equipment safety
proposing virtual methods, lack of virtual simulation, software roposed virtual
training methods £ - fuzzy evaluation development Prope
ocus on equipment training method
safety
. . . Enhanced Acknowledged
Analyzing three Analysis of cutting . understanding of challenge of linear
cutting techniques techniques within Environmental role of alternatives orderin
Van de Walle et al. for dismantling the the framework of impact, difficulty in P 08
X R a MCDA, AHP and criteria, alternatives,
1995 [20] thermal shield of the classical quantifying factors accommodated addressed through
Belgian BR3 nuclear ~ multi-criteria utility in monetary terms uncertainty and fuzzy-AHP &
reactor theory incomparability technique
Source survey, .
waste management, I:%‘;ieaisg
Analyzing and decommissioning framework for Subjective criteria
Sun et al. (2016) dlsc'ussmg factors Decommissioning step, Analytic hierarchy selecting we1ght} e
influencing . decommissioning e assumption of
[21] d s 2 strategy analysis process (AHP) decommissioning ind d
ecommissioning cost, strategy, identified independence,
strategy decommissioning fac tors’ar\ d their limited factor scope
technology, public relative importance
acceptance

As explained in Table 1 prior studies have attempted to tailor risk factors and develop
methodologies, yet they have encountered challenges such as insufficient scope, inaccu-
racies in risk classification systems, and a lack of comprehensive analysis of regulatory
factors. Moreover, while efforts have been made to enhance worker safety through frame-
works and evaluation systems, there is a noticeable absence of integrated approaches that
simultaneously address both structural and worker-related risks. These gaps underscore
the necessity for further research aimed at conducting a comprehensive risk assessment for
nuclear decommissioning operations.

3. Research Methodology
3.1. Risk Assessment Model Framework

This section explains the methodology employed in our research, which consists of
three key stages aimed at comprehensively assessing risks in NPP decommissioning. The
first stage involves identifying risk factors inherent in NPP decommissioning. Subsequently,
a work breakdown structure (WBS) is established to systematically organize tasks, laying
the groundwork for subsequent analysis. The second stage encompasses the develop-
ment of a risk breakdown structure (RBS), tailored specifically for the decommissioning
process, focusing on the identification and correlation of hazards with global standards
and real-world operational dynamics. Finally, the third stage entails applying a fuzzy-
AHP methodology to calculate risk priorities and weights, utilizing expert judgments
synthesized through fuzzy logic-based approaches. All the stages in detail are shown in
Figure 1.
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Figure 1. Risk assessment model.
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3.2. Identifying Risk Factors in NPP Decommissioning

The process begins with the identification of characteristics of radioactive concrete
structures’ cutting operations. This step is followed by an analysis of similarity with
construction demolition work to leverage existing knowledge and insights. Subsequently,
a WBS is established for radiation concrete structure cutting work, providing a systematic
framework for organizing tasks and activities. The establishment of the WBS serves as
a foundation for subsequent steps, including conducting a fuzzy-AHP-based survey for
weight calculation. This survey involves quantifying the relative importance of criteria and
alternatives using fuzzy sets, contributing to the overall risk assessment process. The study
focused on the decommissioning process of Kori Unit 1, a nuclear power plant located in
Busan, Korea. Constructed in 1972, the site’s rich history provided a robust foundation
for the analysis of decommissioning risks and associated methodologies. The Kori Unit
1 Current Decommissioning Plan Work Procedure Report serves as a reference point for
understanding specific tasks and procedures involved in decommissioning activities at
the Kori Unit 1 plant. Using this information, risks associated with cutting radioactive
concrete structures during NPP decommissioning are assessed. This assessment includes
comparing the risk profile with that of construction demolition work and conducting
face-to-face interviews with experts and practitioners to gather additional insights and
validate findings.

The Project Management Institute (PMI) defines a WBS as “a hierarchical decomposition
of the total scope of work to be carried out by the project team to accomplish the project objectives
and create the required deliverables. The WBS organizes and defines the total scope of the project
and represents the work specified in the current approved project scope statement” [22]. In other
words, WBS is breaking down all the work that a project team needs to do to reach its
goals and create the necessary outcomes. Due to limited cases and data available on
NPP decommissioning, expert opinions were sought for consultation and validation of
the WBS. Through this process, a structural risk classification system for various tasks in
nuclear decommissioning was identified, along with similarities observed with construction
demolition work. Particularly challenging and obscure major decommissioning tasks
and operations were subsequently modified and improved. Unlike typical construction
demolition processes, nuclear decommissioning operations cannot always proceed in a
top-down direction due to the structural uniqueness of a reactor. Due to the presence of
radioactive elements in the concrete [23], a detailed sequence and method of dismantling
must be applied differently for each section that is being dismantled [24]. Additionally,
to secure the narrow space around the radioactive concrete inside the reactor, openings
for operations should be installed [25]. Furthermore, pathways and channels should be
installed to hedge against structural and personnel-related risks in advance.

A work classification system was developed (Figure 2) with a total of four classification
levels. In this study, the cutting operations were further refined based on Levels 3 and
4, and from this, structural and personnel risks were derived to identify risk factors for
each cutting operation. Structural risk refers to the structural requirements for the lead
support structure [26] and the potential risks that can lead to direct damage to the structure
itself, equipment, and facilities due to various potential hazards that may occur in the
construction demolition process. Work-related risks represent harm to the human body
or injuries that may occur as a result of structural risks at work [27]. The structural and
personnel risks derived in this study were analyzed based on the risk profiles for each
operation specified in the construction demolition work. To clearly identify the derivation of
structural and personnel risks that may occur in nuclear decommissioning operations based
on the similarity between construction demolition work and nuclear decommissioning,
group meetings and face-to-face interviews were conducted with individuals with more
than ten years of experience in the field and seven experts from research institutions.
Through group meetings and face-to-face interviews with professionals in the field of
nuclear decommissioning projects and structures, overlapping elements were integrated
and removed, and the concept of risk for each cutting operation was concretized and
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refined. Through this series of processes, structural and personnel risks that may occur
during the dismantling of radioactive concrete structures in NPPs were derived and the

results are shown in Table 2.

dismantling || contamination || non-radioactive radioactive concrete
Level 1 ] ) punching transportation
preparation removal concrete cutting cutting
|
Level 2 wire saw installation drﬂhng for concrete removal wire saw cuts residue removal
|
wire saw wire saw concrete residue
Level 3 . . drilling to remove concrete ||wire saw cuts
transport installation ) removal
v v ¥ ) ,
. , preparing
importin . .
P 8 to install a drill . wire saw
wire saw o wire saw .
wire saw fixation disassembly
v v v v v
Level wire saw wire saw bori wire saw chain L
4 positioning installation oring . . crane lifting
installation
v v ¥ ! v
carrying inserting wire
reparation lacing on the
wire saw Prep for lifting and cutting P 8
and setup floor
accessories fixing crane

Figure 2. NPP decommissioning work classification system (WCS).

Table 2. Structural and personnel risks.

Risk Explanation

Collisions caused by equipment collisions or collisions in confined spaces
Collapse due to separation from the main body of the structure
Destruction and collapse of collapsing buildings and structures

Electrocution due to power failure, power overload, short circuit, and

Collision
Structural collapse
Destruction and Collapse

Electric shock
Falling

Fire and explosion

Cutting
Falling objects
Entrapment

Fragmentation

Respiratory

shortsighted connections
Falling from a high place (person)

Damage caused by fire and explosions during construction
Cutting of body parts of a cutting worker due to drills or cutting tools
Falling of structural elements or construction equipment
Workers getting stuck between equipment or in narrow spaces and gaps
Injuries caused by fragments during installation and cutting, such as wire

saw installation

Respiratory injuries caused by dust generated during drilling or cutting

3.3. Developing RBS

A comprehensive description of the development of RBS, specifically tailored for the
decommissioning process of cutting radioactive concrete structures in NPPs, was provided.
Beginning with the derivation of hazards for each type of cutting work, we systemati-
cally identified structural risks, operational challenges, and human-related factors. These
hazards were then correlated with global standards from organizations to ensure align-
ment with industry norms. Through interviews with experts and practitioners, we refined
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the RBS to reflect real-world operational dynamics and challenges. The RBS was further
enriched by mapping hazards to specific cutting tasks, enabling targeted risk mitigation
strategies throughout the decommissioning process. Ultimately, the establishment of the
RBS served as a foundational tool for guiding risk assessment, decision-making, and
resource allocation, enhancing safety and operational efficiency in NPP decommission-
ing endeavors.

The International Atomic Energy Agency (IAEA) defines preparation guidelines for the
establishment of decommissioning plans to protect citizens, workers, and the environment,
and to prevent accidents and damages [28]. Most advanced countries in the nuclear field
have established safety management systems based on these guidelines and standards
provided by IAEA (United States Guidelines [29-31]). However, there is diversity in
decommissioning technology and related practices, and uncertainties are inherent in specific
items, necessitating additional development. Consequently, this study conducted expert
consultations while referencing and utilizing international standards to derive risk factors
for each nuclear decommissioning operation.

This study, based on the global standards set forth by the International Atomic Energy
Agency (IAEA), assigned indices to the decommissioning risks of NPPs (Table 3) and,
in collaboration with experts, matched them with the cutting operations of radioactive
concrete to derive the specific risks associated with each cutting operation.

Table 3. Identified hazards in NPP decommissioning (modified from IAEA, 2013).

Category Hazard Factor Index
Direct radiation source A01
Improper shielding removal A02
. . Radioactive material (solid, liquid, gas A03
Radioactive hazard Lethal elements ( q 82s) AO4
Contaminated liquid or substance A05
Other radioactive sources (smoke detectors, lighting rods) A06
Oxygen B01
Sodium B02
Explosives B03
. . Flammable gasses (e.g., acetylene, propane), liquids, dust B04
Fire and explosion hazard Combustibl‘g7 / flammagble mi;};erialsp P a B05
Compressed gasses B06
Hydrogen B07
Overheating and fire due to overloading circuits, portable heaters, cutting techniques B08
High voltage Co1
Electric shock hazard Power overload and malfunction C02
Improper circuit disconnection/prevention of negative connections C03
Kinetic energy D01
. Potential energy (energy of springs, weighing energy of graphite) D02
Physical hazard Deterioration %)}f/comp%ients?strfcture, ind §ysterr§ };erf(%rrrfance D03
Steam D04
Extreme temperatures (high temperatures, hot surfaces, low-temperature phenomena) D05
High pressure (compression systems, compressed air) D06
Working at heights (e.g., ladders, platforms, bosun’s chair) E01
Formation of underground caverns (precipitation) due to excavation, rain, waste erosion ~ E02
Vehicle traffic E03
Hazard factors within the working Heavy lifting, material handling, heavy equipment, manual lifting, overhead risks, FO4
environment falling objects, crane risks
Improper lighting E05
Inadequate ventilation E06
Noise (high noise areas and equipment) E07

Dust E08
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Table 3. Cont.
Category Hazard Factor Index
Pinch points, sharp objects E09
Confined spaces E10

Hazard factors related to pinch points and

sharp objects

Personnel/organizational hazard factors

Power tools, compressed gas cylinders, welding and cutting, water jet cutting/abrasion, E11
abrasive cutting techniques, abrasives, sawing

Remote working areas E12
Obstruction of exits or passageways E13
Personal constraints FO1
Aspects of safety culture F02
Inadequate training for work phases F03
Inadequate protective measures for work phases F04

Based on information matched to each cutting operation from the IAEA’s nuclear
decommissioning risk factors, interviews were conducted with professionals in the field
of NPP decommissioning projects and structures. This led to the derivation of risk factors
for cutting operations involving radioactive concrete structures, as shown in Table 3. By
adding the drilling process to the cutting operations, this study demonstrated that the
results are suitable for reflecting the characteristics of nuclear decommissioning compared
to previous research.

Based on an analysis of potential risk factors associated with cutting operations in NPP
decommissioning projects, structural and personnel risks specific to each cutting operation
were identified and matched. This matching process involved conducting interviews with
professionals and experts in the field with over ten years of experience. These identified risk
factors were meticulously aligned with completed cutting operations involving radioac-
tive concrete structures. This systematic approach ensured that each cutting operation’s
structural and personnel risks were accurately classified, culminating in the development
of a comprehensive risk classification system, as depicted in Figure 3. To guarantee the
reliability and objectivity of our study, precise measures were implemented in the selec-
tion of experts and the data collection process. Experts were carefully chosen based on
clear criteria, encompassing their years of experience in the field, specific roles related to
nuclear decommissioning, and demonstrated expertise in risk assessment methodologies.
This evaluation process ensured a balanced representation across diverse dimensions of
expertise. Moreover, the data collection process was conducted with meticulous attention
to detail and transparency. Standardized protocols were employed during interviews and
surveys to minimize biases, with clear instructions provided to participants. Efforts were
made to avoid leading or biased questioning techniques, thereby fostering an environment
conducive to objective data collection. To validate the integrity of the data collected, re-
sponses from multiple experts were cross-referenced, and pilot studies were undertaken to
refine the survey instruments. Additionally, the obtained results were precisely compared
with existing literature and industry standards to ensure consistency and reliability, fur-
ther enhancing the credibility of our findings. In the data collection process, maintaining
objectivity was essential, with strict adherence to standardized procedures and protocols.
Participants were encouraged to freely express their perspectives, and no attempts were
made to influence their responses. Any potential biases were transparently acknowledged
and addressed, underscoring our commitment to maintaining the integrity of the study.
While exhaustive efforts were made to mitigate biases and ensure representativeness, it is
imperative to acknowledge the inherent limitations of any sampling methodology.
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1. Establishment

Establishment of nuclear decommissioning work classification system based on the

of WCS latest decommissioning plan
v
Nuclear decommissioning structural and personnel risk identification
2. Risk

Construction and demolition ) ) )
. . Conducting expert interviews
project profile

v

3. Risk Factor

Identification

IAEA (Global Standard-Based

) o Creating risk factor index and dictionary
Risk Factor Identification)

v

4. Structural and
Workers Risk Matching

Nuclear decommissioning cutting operation risk assessment and matching

Interviews targeting experts with over 10 years of practical experience and research

Figure 3. Risk classification system establishment process.

First, based on the profiling of construction demolition work, group meetings and
face-to-face interviews were conducted with seven professionals and experts in the field
for over ten years to extract the structural and personnel risks that may occur in the
nuclear decommissioning process. Second, based on the global standards presented by
the International Atomic Energy Agency (IAEA), indices were assigned to the identified
nuclear decommissioning risks, and a basic framework for matching risk factors to cutting
operations was established. Third, based on face-to-face interviews with professionals
in the field of nuclear decommissioning projects and structures, the process of matching
risk factors to cutting operations was further refined. Next, the risk factors for cutting
operations involving radioactive concrete were derived based on the classification system.
These were then matched with the indices obtained from Table 3. Fourth, utilizing the
risk factor indices, structural and personnel risks were matched in Table 4 to derive the
structural and personnel risks specific to each cutting operation. This process facilitated the
construction of the risk classification system. Through this, the structural and personnel
risks for cutting operations involving radioactive concrete structures within the NPP were
presented as shown in Table 5. Based on the risk classification system derived in this
chapter, the fuzzy-AHP technique was applied for risk assessment, and the prioritization
of structural and operational risks was conducted.
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Table 4. Risk classification for NPP decommissioning cutting tasks based on IAEA hazards.

Risk Factor Matching with IAEA

fixation failure

Level 3 Level 4 Risk Factor Hazard
Wire saw entr Obstacle passage, structure E03, E04, EO05,
y interference, equipment falling E10, E13, FO1
Wire saw equipment proper Interference during movement in
Wire saw transportation ositionin quip prop different tasks, location selection, AO05, E05, E10, E13, FO1
[1] p & radiation contaminated area
Wi s Aachment e WIS R g0, o,
Transportation of attachments . +P E05, E10, E13, FO1
interference
Attachment device detachment,
Wire saw installation preparation =~ worker proximity to detached E10, E11, FO1
equipment
Wire saw installation
[2] Wire saw installation Detachment during connection D01, E11, F01, FO4
Preparation, commissioning Errqrs durlr'lg commssioning and C03, E11, FO1
equipment installation
Risk of falling, electric shock,
equipment entrapment during
Drill rig securing anchor installation, risk of heavy €01, €02, E04, EO5,
. . . o E10, E13, F01, FO3
object falling during drill rig
Concrete block hoisting hole fixation
3] Drillin Equipment conduction, electric C01, C02, E04, E05,
8 shock during drilling E10, E13, F01, FO3
Wire 1r}sert.10n for hoisting and 'Possﬂ.?lhty of falling during wire E05, E10, E13, FO1, F03
crane fixation insertion
Arrangement of objects and
equipment, risk between
Wire saw equipment and cutting surface, EO05, E10, E13, FO1, FO3
concerns about passage within the
working radius
Tension, twisting, and risks
Cutting using wire saw Wire saw chain installation dgrlng installation of wiream the D01, E05, F01, FO3
[4] wire saw body and cutting area
grooves
Dust generation, ripping,
detachment, worker access within
Cuttin the range, detachment during B08, C02, D01, E01, E07,
& wire saw operation, short circuit E08, E10, E11, F01, F04
and leakage due to electrical
usage, fire occurrence
. ‘ Moving the worksﬂe., moving E01, E03, E04,
Wire saw disassembly heavy objects, material removal,
. . E10, E13, F01, FO3
exposing the cutting surface
Removal of cut concrete Moving heavy objects, equipment
[5] Crane hoisting YOVINg Neavy Objects, equip E04, E11, FO1, FO3, FO4
fixation failure
Placing on the floor Moving heavy objects, equipment  po, g1y goy1 Fo3, Fo4
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Table 5. Structural and human risk classification system for NPP decommissioning cutting tasks.

Level 4 Risk Factor Index Structural Risk Human Risk

Electric I . Respiratory
Shock Constriction Task Risk Exposure System

y
B
fes]
B

Collapse Collision Conduction Electricity Fire Collision Cutting

[1] Wire saw import E03, E04, E05, E10, E13, FO1

[1] Wire saw equipment proper
positioning

[1] Transporting wire saw
attachments

A05, E05, E10, E13, FO1

4
[ ] ®
EO01, E03, E04, E05, E10, E13, FO1 .

[2] Wire saw installation preparation E10, E11, FO1

o ® o ®
o o o o
o [ [ J [
o o [ [
[2] Wire saw installation DO1, E11, FO1, F04 o o ) o o
[2] Preparation, test run 03, E11, Fo1 o [ ) o o o
[3] Fixing the drill rig 01, C02, E04, EO5, E10, E13, FO1, F03 () o o o o o
(3] Drilling 01, C02, E04, E05, E10, 13, FO1, F03 o o o o o )
E?X];E‘(":j”"g wireinsertionand crane g0 £ g3 Fo1, O3 o o o o
[4] Wire saw installation E05, E10, E13, FO1, F03 o [ ) o o o o
[4] Wire saw chain installation DO1, E05, FO1, F03 o o ) o o o
(4] Cuting 505, C02,DO1, EOL, E07 E08, E10,EL1, o1, ® ® o o o () () o
[5] Wire saw disassembly E01, E03, E04, E10, E13, FO1, F03 o o o o o
[5] Crane hoisting E04, E11, FO1, FO3, F04 o o o [ ) o )
[5] Placing on the floor E04, E11, FO1, F03, Fo4 () o o o o )
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3.4. Fuzzy-AHP Based Risk Assessment

Fuzzy-AHP involves structuring a problem into a hierarchy of goals, criteria, and
alternatives, followed by the establishment of a fuzzy pairwise comparison matrix wherein
fuzzy sets represent the relative importance of criteria. Expert judgments are synthesized
to aggregate opinions, and specialized methods are applied to calculate fuzzy weights of
criteria, accounting for uncertainty. A unique step in Fuzzy-AHP involves defuzzification
to map fuzzy sets to crisp values for comparison. Furthermore, consistency checks ensure
logical coherence among pairwise comparisons, facilitating reliable decision-making amidst
uncertainty and vagueness [32,33]. Fuzzy-AHP, introduced by Chang after the research by
Laarhoven and Pedryez, uses a triangular fuzzy function as a new complementary method
called the expert analysis method [34,35]. This method has been used to complement the
shortcomings of AHP by calculating absolute importance. The purpose of adopting the
combined fuzzy-AHP method is to address the subjectivity and impracticality limitations of
expert judgments in AHP-based pairwise comparisons. Fuzzy-AHP is commonly divided
into five phases: (1) pairwise comparison using fuzzy numbers, (2) calculation of the fuzzy
synthetic extent value, (3) degree of possibility of the extent value, (4) weight calculation,
and (5) weight normalization [36].

Our study utilizes fuzzy logic within the AHP framework to determine risk priorities
and calculate weights for various factors involved in nuclear decommissioning. Fuzzy
logic offers a reliable methodology for handling the inherent uncertainty and imprecision
in expert judgments, crucial in the context of nuclear decommissioning where empirical
data may be limited. Through a structured process, expert judgments are aggregated using
fuzzy logic-based approaches, converting linguistic terms into numerical values known as
fuzzy numbers. These fuzzy numbers are then used in pairwise comparisons to prioritize
risks, ensuring a comprehensive understanding of the relative importance of each factor.
The transparency in weight calculation is maintained by detailing the criteria used for
determining weights based on AHP judgments and fuzzy logic methodology. Specifically,
criteria for judgment aggregation and weight determination are clearly outlined, providing
insight into the rationale behind the assigned weights. Moreover, the robustness of the
fuzzy logic results is ensured through validation and sensitivity analyses, demonstrating the
consistency and reliability of the methodology. Any limitations or assumptions associated
with the fuzzy logic approach are openly discussed, along with strategies employed to
address them, ensuring the validity of the results. Overall, our study provides a transparent
and rationale-driven approach to risk assessment in nuclear decommissioning, leveraging
fuzzy logic to enhance decision-making processes and safety protocols in the industry.

In comparing the fuzzy-AHP method with other potential approaches for nuclear
decommissioning risk assessment, it becomes evident that each method offers unique
advantages and limitations. Probabilistic risk assessment (PRA), a quantitative technique,
excels in providing a rigorous analysis of risk likelihoods and consequences, yet may
struggle with uncertainties and imprecise data inherent in subjective judgments. Similarly,
multi-criteria decision analysis (MCDA) offers a structured approach to decision-making
by evaluating alternatives based on multiple criteria, but may lack the ability to effec-
tively handle the vagueness and ambiguity present in subjective assessments. However,
fuzzy-AHP stands out for its ability to integrate fuzzy logic with the analytic hierarchy
process (AHP), enabling decision-makers to represent imprecise information and subjective
judgments in a structured manner. This approach not only ensures transparency and
consistency in the decision-making process but also enhances the robustness of the analysis
by accommodating uncertainties and preferences. Thus, while PRA and MCDA have
their merits, fuzzy-AHP emerges as a more suitable option for nuclear decommissioning
risk assessment due to its flexibility, transparency, and adaptability to the complexities of
real-world decision contexts.

After surveying experts and identifying risks for tasks that are involved in the process,
fuzzy-AHP is used to calculate the weight of risks of each task. Figure 4 shows the process
of fuzzy-AHP’s calculation.
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] decision the criteria
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Figure 4. The calculation process of fuzzy-AHP [35].

e  Structure the problem: breaking down the decommissioning process into a struc-
tured hierarchy.

e Establish fuzzy pairwise comparison matrix: quantify the relative importance of
criteria and alternatives using fuzzy sets. In another words, compare the importance
of tasks (k) with respect to worker risk level (H) using pairwise comparisons in
Formula (1).

P 0
H=Y Y filx (1)
K=1 j=1

H = worker risk level.
Expected number of days of worker disability due to accidents during demolition
work.

e  fix = the frequency or probability of the occurrence of risk j for task k.

e [ = the severity of risk j for event (task) k.

e I =the weight of event (task) k, WBS Level 3 and 4 shown in Figure 2, fuzzy-AHP.

e  Synthesize the judgements: assess the frequency and severity of risks (fix and )
associated with each task (k).

e  Calculate the fuzzy weights of the criteria: aggregating the fuzzy sets in the pairwise
comparison matrix to derive overall weights for each criterion. Determine the weights
(hy) in Formula (1) of each event (or task) based on the AHP judgments and fuzzy
logic methodology.

e  Defuzzify the fuzzy weights: defuzzification is necessary to map fuzzy sets (repre-
senting the relative importance of criteria) to crisp values for comparison. This step
enables us to rank criteria based on their overall importance in the decommissioning
process. Convert assessed frequency evaluated by a fuzzy number into a single value
using the defuzzification Formula (2).

e  Fuzzy number = (I, m, U).

Defuzzification = % 2)
e I (infimum): the lower bound or minimum value of the fuzzy number. It repre-
sents the smallest possible value within the fuzzy set.
e M (modal value): the value of the fuzzy number at which its membership function
reaches its maximum value. In other words, it is the peak or center of the fuzzy set.
e U (supremum): the upper bound or maximum value of the fuzzy number. It
represents the largest possible fuzziness.

e  Check the consistency: finally, consistency checks ensure the reliability of judgments
and the coherence of pairwise comparisons.
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The process of risk assessment based on fuzzy-AHP is structured in the following
order: establishing a risk classification system based on expert AHP surveys, followed by
the application of fuzzy techniques. In this study, to address the difficulty in obtaining
data due to the characteristics of NPPs, a risk derivation and classification system based on
expert interviews was established. To overcome the lack of empirical data due to subjective
assessments, the fuzzy-AHP technique was applied to complement the existing evaluation
method with a probabilistic and statistical approach. A survey was conducted based on the
analytic hierarchy process (AHP) targeting experts in the field of architecture. Importance
was calculated through the survey. For assessing the importance of structural and human
risks, a two-step hierarchical paired comparison was conducted for a total of 42 items (21
each for frequency and severity). The survey participants were professionals with over 10
years of experience in the field of architecture, and a total of 27 experts (Table 6) responded
to the survey for analysis. The applied process is shown in Figure 5.

Table 6. Summary of survey respondents.

Experience (Years) 10-14 15-19 20-24 25-29 30+ Total
Number of people 6 9 7 3 2 27

Survey questionnaire structure for comparative risk assessment by nuclear decommissioning job type

A 4

Survey implementation and importance calculation based on analytic hierarchy process (AHP) for experts in the

field of architecture

v

Analysis of survey results using fuzzy technique-based AHP for deriving weights of risk frequency and severity

v

Deriving weight and priority of job types based on frequency x severity weighted risk

Figure 5. Fuzzy-AHP-based risk assessment process.

Fuzzy logic was chosen as the preferred method for determining the risk assessment
model for NPP radioactive concrete structure decommissioning due to its ability to handle
uncertainties and imprecisions inherent in expert judgments. While there are various tools
available such as statistical analysis, machine learning, and artificial intelligence and used
by others [1,37], fuzzy logic offers a well-established framework for capturing and process-
ing linguistic uncertainties, which are common in risk assessment processes. Moreover,
fuzzy logic allows for the integration of expert knowledge and subjective assessments,
crucial in domains like nuclear decommissioning where empirical data may be scarce or
difficult to obtain. Additionally, research studies have demonstrated the effectiveness of
fuzzy logic in risk assessment applications, as highlighted in references such as [38].

The risk assessment was conducted based on fuzzy techniques, analyzing the AHP
survey results. The study focused on the decommissioning process of Kori Unit 1, an NPP
located in Busan, Korea. Constructed in 1972, the site’s rich history provided a robust foun-
dation for the analysis of decommissioning risks and associated methodologies. Focusing
on the target construction work of radioactive concrete cutting, a pairwise comparison
was carried out for both structural and personnel risks for each type of work. In the first
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step, frequency was assessed, and in the second step, the potential severity of more serious
consequences in the event of an accident. At the end, a total of 27 surveys were utilized
to calculate the weights. Fuzzy-AHP, utilizing fuzzy numbers defined by multiple values
rather than a single value, determined the weights based on the 9-point triangular fuzzy
numbers applied by Kaya [39]. By mixing works of [39-41] we developed Table 7. The
evaluation of attribute weights commenced with the development of a comprehensive
questionnaire, followed by the administration of surveys and expert interviews. The precise
determination of attribute weights holds paramount significance in the extraction of analo-
gous cases from the case base. Nonetheless, the potential for improved precision in these
weights through increased expert involvement highlights a limitation stemming from the
inadequacy in the number of experts engaged in the evaluation process. Attribute weight
computations were executed by seasoned experts with substantial experience in nuclear
decommissioning. Additionally, rigorous scrutiny of received surveys was undertaken to
mitigate potential misunderstandings and errors. Notably, the response rate was exemplary,
with all 27 distributed questionnaires being returned, resulting in a response rate of 100%.
The received surveys were checked for consistency, and 27 passed the consistency test
(CR < 0.1). Based on the surveys, weights among the attributes were determined.

Table 7. Nine-point scale triangular fuzzy number.

Linguistic Terms Score
Absolute Strong (As) (2,25,3)
Very Strong (VS) (1.5,2,2.5)
Fairly Strong (FS) (1,15,2)
Slightly Strong (SS) (1,1,15)
Equal 1,1,1
Slightly Weak (SW) (0.66,1,1)
Fairly Weak (FW) (0.5,0.66, 1)
Very Weak (VW) (0.4,0.5,0.66)
Absolutely Weak (AW) (0.33,0.4, 0.5)

4. Results and Discussion

The risk evaluation was conducted for the risks identified by work type. The risks for
the major construction types in the dismantling of nuclear radiation concrete structures,
along with their detailed subtypes, were derived as follows Tables 8 and 9. Based on this, a
fuzzy-AHP pairwise comparison survey was constructed and conducted.

Table 8. Wire saw transport risk derivation.

Construction Type

Detailed Subtype

Risk

Wire saw transport

Saw installation

Concrete block hoisting hole

Cutting

Removing concrete cut piece

Wire saw transportation

Saw positioning

Saw accessory equipment transport
Saw installation preparation

Saw installation

Preparation and test run

Hole drilling machine positioning
Drilling

Inserting hoisting wire and fixing crane
Saw alignment

Chain installation

Cutting

Dismantling saw
Crane hoisting
Lowering to the ground

Fall, collision, conduction, pinch point, drop, cutting
Fall, collision, conduction, constriction, drop, cutting
Fall, collision, conduction, constriction, drop, cutting
Fall, collision, conduction, constriction, drop, cutting
Fall, collision, conduction, constriction, drop

Fall, collision, conduction, constriction, drop

Fall, collision, electric shock, constriction, drop

Fall, collision, electric shock, jamming

Fall, collision, jamming

Fall, collision, jamming, cutting

Fall, collision, jamming, cutting

Collision, electric shock, respiratory protection, collapse,
debris

Fall, collision, jamming, electric shock

Fall, collision, jamming, electric shock

Fall, collision, jamming, electric shock
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Table 9. Risk priorities for tasks.
Taks Risks
z[;z;ory Subtype Falling Collision Conduction Jamming Dropping Cutting Electric Shock  Respiratory  Fracture Collapsing
Wire saw Importing the wire saw 0.181 0.148 0.144 0.277 0.167 0.083 - - - -
transportation Proper positioning 0.135 0.144 0.203 0.201 0.173 0.145 - - - -
Accessory transport 0.170 0.179 0.165 0.192 0.196 0.098 - - - -
. Installation preparation 0.214 0.203 0.217 0.215 0.149 - - - - -
Wire saw Installation 0.204 0.205 0214 0.186 0.127 - - - - -
installation Preparation and testrun ~ 0.130 0.143 0.170 0.143 0.156 0.201 - - - -
Hoisting hole Fixing the drill 0.203 0.213 0.165 0.152 - - 0.166 - - -
preparation Drillir?g o . 0.383 0.200 0.169 - - 0.260 - - -
Insertlr}g hplstmg wire and 0552 0.254 ) 0.194 ) . B ; ) B
crane fixation
Wire saw Alignment 0.272 0.241 - 0.282 - 0.205 - - - -
operation Chain installation 0.284 0.186 - 0.234 - 0.296 - - - -
cutting 0.092 - - - - 0.176 0.246 0.249 0.237
Dismantling Dismantling wire saw 0.317 0.234 - 0.232 - - 0.217 - - -
and crane Crane hoisting 0.280 0.315 - 0.297 - - 0.109 - - -
lowering Lowering 0.212 0.342 - 0.322 - - 0.125 - - -
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Risk priorities for cutting work types were derived as the final result of the research.
Table A2 explains all risks mentioned in the below tables in detail. Weights represent the
importance or significance of each risk factor within the context of wire saw transportation.
The weights were calculated and normalized based on expert assessments and represent
the relative importance of each risk. Priority indicates the order of importance or urgency
of addressing each risk factor. It was determined based on the calculated weights, with
higher weights indicating higher priority.

After deriving the parameter “H” based on the frequency (fi) and severity (Iy) of
each risk factor associated with specific tasks in the nuclear decommissioning process,
these values were used to calculate weights for each risk factor. These weights were then
scaled onto a range from 0 to 1 using a fuzzy-AHP technique shown as “Risks” in Table 9.
This scaling process provided a clearer understanding of the priorities for each task by
standardizing the weights and allowing for direct comparison between different risk factors.
By bringing the weights onto a uniform scale, project managers and stakeholders could
more effectively assess and prioritize the structural and personnel risks associated with
each task, enabling informed decision-making and resource allocation to mitigate potential
hazards and ensure the safety and success of the decommissioning project.

Table 10 summarizes the top three highest risks for each main cutting task involved in
the decommissioning of radioactive concrete structures. Overall, the most significant risk
across tasks is “Collision”, indicating the potential for equipment clashes or impact with
surrounding structures or objects. The highest degree of carefulness should be exercised
during concrete block lifting hole creation and wire saw installation, where collision poses
a substantial risk. Specifically, careful attention should be paid during drilling machine
fixation and wire saw installation preparation, where collision, falling, and electrocution
are prevalent risks. Similarly, during wire saw cutting and removal of cut concrete, collision
remains a significant concern, requiring thorough planning and execution to mitigate
potential accidents.

Table 10. Summary of the results and showing the three highest risks for each task.

Main Cutting Task Subcategory Risk Priority

Importing the wire saw Jamming > Falling > Dropping

Wire saw transportation Proper positioning Conduction > Jamming > Falling
Accessory transport Jamming > Falling > Dropping
Installation preparation Conduction > Falling > Jamming

Wire saw installation Installation Conduction > Collision > Falling
Preparation and test run Cutting > Equipment Conduction > Falling
Fixing the drill Collision > Falling > Electrocution

Hoisting hole preparation Drilling Falling > Electrocution > Collision
Inserting hoisting wire and crane fixation  Falling > Collision > Jamming
Alignment Jamming > Falling > Collision

Wire saw operation Chain installation Cutting > Falling > Jamming
cutting Collapse > Respiratory System > Electrocution
Dismantling wire saw Falling > Collision > Jamming

Dismantling and crane lowering ~ Crane hoisting Collision > Jamming > Falling
Lowering Collision > Jamming > Falling

The risk analysis conducted for decommissioning activities involving the disman-
tling of radioactive concrete structures revealed a comprehensive understanding of the
structural and human-related risks associated with five main cutting tasks. These tasks
encompassed wire saw transportation, wire saw installation, concrete block hoisting hole
creation, wire saw cutting, and removal of cut concrete. Structural risks during wire saw
transportation and installation predominantly centered on collisions, conduction, electrical
issues, and falling objects, while concrete block hoisting hole creation presented risks of
collisions, conduction, and falling objects. Wire saw cutting posed structural risks such
as collapse, collisions, electrical issues, falling objects, and fire, whereas removal of cut
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concrete primarily involved risks of collisions and falling objects. Moreover, human-related
risks observed across all cutting tasks included collisions, cutting, falling, jamming, and
exposure to radioactive contamination. Additionally, specific risks like electric shock and
dislocation were identified in certain tasks. Detailed subcategory risk priorities were
confirmed within each main cutting task, providing a nuanced understanding of the priori-
tization of risks. For example, during wire saw transportation, the prioritization of risks
varied across subcategories, with jamming, falling, and falling objects emerging as top
concerns. These findings offer valuable insights for stakeholders engaged in the planning
and execution of decommissioning operations. By identifying and prioritizing risks at both
the structural and human levels, stakeholders can develop targeted mitigation measures
to enhance worker safety and operational efficiency during nuclear decommissioning
endeavors. This comprehensive risk assessment serves as a crucial resource for guiding
decision-making processes and ensuring the successful execution of decommissioning
projects while minimizing potential hazards and maximizing safety protocols.

In addition to providing insights into the specific risks associated with decommis-
sioning tasks, it is imperative to outline how these findings can be effectively applied to
real-world scenarios and adapted for use in various nuclear decommissioning projects,
both within the current site and in similar contexts internationally. The practical application
of these risk assessments lies in their ability to inform decision-making processes and
guide the development of tailored mitigation strategies. For instance, stakeholders can
utilize the identified risk priorities to allocate resources efficiently, implement targeted
safety measures, and design comprehensive training programs for workers involved in
decommissioning activities. Moreover, the utilization of this risk assessment extends be-
yond immediate operational considerations; it can also serve as a valuable reference for
regulatory authorities and policymakers in formulating guidelines and standards aimed at
enhancing safety protocols across the nuclear industry. By illustrating specific methodolo-
gies for applying these findings in practice, such as integrating them into project planning
frameworks or incorporating them into training curricula, the effectiveness and relevance
of the risk assessment are further emphasized, ensuring its practical value in safeguarding
both workers and the surrounding environment. Stakeholders can employ these insights
to develop robust safety protocols, allocate resources efficiently, and ensure compliance
with regulatory standards, thereby enhancing worker safety and environmental protection
throughout the decommissioning process.

This study thoroughly examines the structural and personnel risks associated with the
decommissioning of radioactive concrete structures. It is crucial to explore the complex
connections between these risks and how they can affect each other. Decommissioning
operations are constantly changing, and risks often mix together in complicated ways,
leading to a series of effects that can make risks worse or better. For example, if there is
a problem with moving a wire saw, it might not just be dangerous for the workers, but it
could also make other risks worse, like releasing radioactive material, damaging equipment,
or causing delays. Understanding these connections is very important for managing risks
effectively. It helps stakeholders predict and deal with possible chain reactions before
they become bigger problems. Additionally, it is important to consider external factors,
like changes in environmental rules or advances in decommissioning technology, to keep
the findings relevant over time. These outside factors can introduce new risks or change
how serious existing risks are, so it is necessary to keep updating risk management plans
to deal with these changes. Including discussions about risk connections and outside
factors in the analysis gives a better understanding of the changing risk landscape during
nuclear decommissioning. This helps stakeholders make smart choices and put strong
safety measures in place to protect workers and the environment.

5. Conclusions

With the increasing number of aging NPPs worldwide and the growing nuclear
decommissioning market, there is a pressing need for pre-identification and response
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strategies for risks during the decommissioning phase. This study has provided insight
into the many risks involved in dismantling old nuclear structures made of concrete and
managing radiation exposure. By using a systematic method to identify and rank these
risks, this study has laid the groundwork for improved safety measures.

e Key findings and analysis:

o  Both physical risks (e.g., falling objects, machinery malfunctions) and risks to
personnel (e.g., injuries, radiation exposure) must be considered throughout the
decommissioning process.

o  Specific tasks such as moving wire saws, installing saws, creating holes for lifting
concrete blocks, cutting concrete, and removing cut concrete present unique
dangers.

o  Attention must be paid to potential hazards such as jamming, overheating,
collapses, release of harmful particles, and collisions during these tasks.

Understanding these specific risks enables the development of targeted safety plans.
By prioritizing the most critical risks, safety can be ensured while maintaining opera-
tional efficiency. While this study represents progress in ensuring safety during nuclear
decommissioning, further work is needed.

e Recommendations for further work:

o  Further testing of safety measures in real-world scenarios is necessary.

o  Continued collaboration with experts is essential to refine safety protocols.

o  The creation of clear safety guidelines tailored to the challenges of decommis-
sioning sites is crucial.

It is important to note that the findings of this study represent a context-specific
assessment and it may not be directly applicable to all nuclear decommissioning situations.
Variations in site conditions, technologies used, and local regulations can significantly
impact the generalizability of the results. Authors should highlight this aspect to ensure
that stakeholders interpret the findings within the appropriate context. Additionally, while
the fuzzy-AHP model was employed to assess and prioritize risks, further verification and
validation are needed to ensure its suitability and accuracy in different scenarios.

Future work involves comprehensive statistical analysis to validate the model’s effi-
ciency. Empirical data will be collected, subjected to statistical scrutiny, and compared with
traditional methods to demonstrate superiority. Leveraging statistical techniques aims to
enhance the model’s strength and applicability in real-world scenarios, advancing safety
protocols and decision-making processes.

Author Contributions: Conceptualization, H.M. and Y.A.; methodology, N.K. and H.M.; validation,
Y.J., N.K. and S.M.; investigation, Y.J. and H.M.; resources, Y.A.; writing—original draft preparation,
H.M. and S.M.; writing—review and editing, S.M., Y.J. and Y.A.; supervision, N.K,, Y.J. and Y.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by North Carolina Agricultural and Technical State University
and the research fund of Hanyang University (HY-2024-3734).

Conflicts of Interest: The authors declare no conflict of interest.



Buildings 2024, 14, 1536

21 0f 23

Appendix A

Table A1l. Partial example of AHP survey.

Comparison Items Very Important Equal Very Important Comparison Item
Wire saw cutting 5 4 3 1 2 3 4 5 Wire saw installation
Wire saw cutting 5 4 3 1 2 3 4 5 Perforation for hoisting

concrete blocks
Wire saw cutting 5 4 3 1 2 3 4 5 Cutting using a wire saw
Wire saw cutting 5 3 1 2 3 4 5 Removing cut concrete
Wire saw installation 5 4 3 1 2 3 4 5 Perforation for hoisting
concrete blocks
Wire saw installation 5 4 3 1 2 3 4 5 Cutting using a wire saw
Wire saw installation 5 4 3 1 2 3 4 5 Cutting and removing
concrete
Eo.n er ete perforation for 5 4 3 1 2 3 4 5 Cutting using a wire saw
oisting
Co.nc.rete perforation for 5 4 3 1 2 3 4 5 Cutting and removing
hoisting concrete
Cutting using a Wire saw 5 4 3 1 2 3 4 5 Cutting and removing

concrete

Table A2. Explanation of risks.

Risk Description
This risk pertains to the potential of workers or equipment falling during
Falling the transportation or introduction of wire saw equipment. It could result
from improper handling or unstable conditions.
Collision The risk of collisions occurring during transportation, which could lead to
damage to equipment or injury to workers.
. Concerns related to electrical conduction, which could pose a risk of
Conduction . . R
electric shock during transportation.
Drop/Falling This r{sk mvo‘lves the p0551b¥11ty of equipment or materials being dropped
or falling during transportation.
. Risks associated with the cutting process itself, which could lead to injuries
Cutting .
or accidents.
Constriction Risks related to tight or confined spaces during positioning.
Jammin The risk of pinch points occurring during transportation, which could lead
& to injuries to workers or damage to equipment.
Potential for workers to suffer electric shock due to power-related hazards
Electric shock such as power failure or equipment malfunction during decommissioning
activities.
Possibility of workers sustaining bone fractures or breaks from falls, being
Fracture . . . . . .
struck by falling objects, or accidents involving heavy machinery.
Collapsing Danger of structures or components unexpectedly collapsing during

decommissioning, posing hazards such as crushing or trapping workers.

Respiratory protection

Risk of respiratory system harm from exposure to hazardous airborne
contaminants generated during concrete demolition, necessitating the use
of appropriate respiratory protective equipment.
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