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Rising global trade and port automation have enhanced operational efficiency
but exacerbated environmental pollution and health risks for port workers. This
study explores how digital technologies can mitigate these impacts by managing
pollution, optimizing operations, and protecting worker health. Grounded in
the Resource-Based View (RBV) and Stakeholder Theory (ST), 18 core factors
were identified through expert interviews and literature review. Using the
integrated Decision Making Trial and Evaluation Laboratory-Interpretive Structural
Modeling—Matrix of Cross-Impact Multiplications Applied to Classification
(DEMATEL-ISM-MICMAC) approach, the analysis highlights the pollutant source
digital management system, electrified port equipment, and occupational
health monitoring and early warning systems as key enablers. Additionally, the
carbon footprint tracking and optimization platform significantly enhances
system effectiveness. This research provides a practical digital framework for

green, sustainable port development and improved worker health.
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I. Introduction

The rapid development of international trade has significantly enhanced the
efficiency of port operations. However, the associated environmental pollution
problems are becoming increasingly severe, posing a direct risk to the health of
workers (Puig et al., 2020; Argiiello; Gu et al., 2024; Cao et al., 2021; Fang et al.,
2025). Significant emissions of exhaust gases and particulate matter from port
equipment, vessel operations, and cargo transportation substantially contribute to
air pollution, leading to prolonged occupational exposure to hazardous
substances. This exposure may elevate the risk of adverse health outcomes,
including respiratory disorders and cardiovascular diseases (Clemente et al., 2021;
Garcia-Onetti et al, 2021; Kong et al., 2025). Although port automation
technology has played a significant role in reducing direct worker engagement in
high-risk tasks and improving operational efficiency, the ongoing increase in port
cargo throughput and the diversification of pollution sources have intensified
health risks for workers (Alamoush et al., 2022; Mueller et al., 2023; Yu et al.,
2023). As critical hubs within the global transportation network, ports are
compelled to not only confront the environmental challenges associated with
carbon emissions but also to rigorously address the direct health impacts of
environmental pollution on frontline workers (Castellano et al., 2020; Calan et al.,
2025; Zhang et al., 2023).

In response to this escalating health risk, policymakers and environmental
experts have advocated for stricter environmental regulations to effectively
mitigate port pollution emissions and improve worker health (Di Francesco et al.,
2016; Carlo et al., 2014; Lin et al., 2025; Zhou et al., 2023). Digital technologies
are integral to this process. Real-time air quality monitoring, intelligent traffic
management systems, and the electrification of port equipment provide innovative

methods to reduce workers' exposure to harmful pollutants (Progiou et al., 2021;
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Nogué-Alguer6, 2020; Bhattacharya et al.,, 2024; Calan et al., 2025; Yan et al.,
2022). Nevertheless, despite the demonstrated efficacy of these technologies in
mitigating pollution, the challenges associated with the complexity of technological
integration and the prevention of unintended environmental burdens—while
concurrently safeguarding worker health—remain pressing concerns that demand
prompt and coordinated intervention (Spieler, 1994). Systematically identifying and
comprehensively evaluating the key success factors that mitigate the effects of
port environmental pollution on employee health is imperative for advancing the
greening initiatives of port sectors and improving protective measures for workers.
This undertaking holds substantial academic and practical relevance.

Current studies regarding the health effects of environmental pollution on
workers focus on three main areas. First, research in environmental and
occupational health has focused on the long-term effects of air pollutants,
including particulate matter and exhaust gases on workers' respiratory and
cardiovascular health, particularly the acute and chronic health risks in highly
polluted environments (Clemente et al., 2021; Argiiello, 2020; Garcia-Onetti et al.,
2021; Alamoush et al., 2022; Siroka et al., 2021). However, there is a paucity of
research in this field on the application of emerging digital technologies for
real-time monitoring and health risk assessment. Second, research in supply chain
and logistics management has predominantly focused on air pollution generated
during the transportation of goods and port operations. However, limited research
has been conducted on the application of digital technologies to optimize logistics
processes, reduce pollution sources, and mitigate their impacts on workers’ health
(Sornn-Friese et al., 2021; Merico et al., 2021; Fameli et al., 2020; Cammin et al.,
2020). In the domain of environmental policy and management, scholarly
discourse has predominantly focused on regulatory strategies and environmental
standards aimed at mitigating corporate emissions. Nevertheless, there remains a

notable gap in systematic analyses concerning the deployment of smart
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technologies by enterprises for pollution prevention and the protection of worker
health (Nunes et al., 2020; Clemente et al., 2021; Puig et al., 2020; Lopes et al.,
2013). Notably, there remain gaps in the research on key success factors.

Although existing research on port digitization and environmental pollution
control has advanced, most studies still focus on macro development paths and
lack in-depth analysis of the complex health risk control mechanisms (Jiang et al.,
2024; Zhang et al., 2024; Wang et al., 2019). Notably, significant gaps persist in
the existing literature regarding the application of digital technologies to alleviate
the health impacts of port-related pollution on workers. Moreover, the
incorporation of interdisciplinary perspectives remains insufficient, thereby
hindering a comprehensive understanding of the underlying mechanisms through
which digital technologies enhance the health and safety conditions of port
workers (Progiou et al., 2021). Current evaluations predominantly emphasize the
operational effectiveness of technologies such as the Internet of Things and
artificial intelligence within port environments (Herrero et al., 2022; Guibing et al.,
2021; Li et al., 2024). Despite these technologies demonstrating a positive impact
on operational efficiency and reducing pollution emissions, deficiencies persist in
the systematic analysis of long-term health risk prevention and control for port
workers, sustained health impacts, and comprehensive technical measures.

This study addresses the aforementioned research deficiencies by utilizing a
comprehensive framework of the RBV and ST. Quantitative and qualitative analyses
were conducted by combining expert evaluation with the decision-making trial
and evaluation laboratory, interpretive structural modeling, and matrix impacts
cross-reference multiplication applied to a classification (DEMATEL-ISM-MICMAC)
integrated approach. Eighteen key success factors for digital technology in
mitigating air pollution’s impact on the health of port workers were systematically
identified. To the best of our knowledge, this study is the first to investigate the

role of digital technologies in mitigating the health impacts of air pollution on
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port workers. The findings identify the pollutant source digital management
system, electrified port equipment, occupational health monitoring and early
warning systems, and the localization of international green port standards as
critical factors in leveraging digital technologies to reduce the adverse effects of
environmental pollution on the health of port personnel. Additionally, the
pollutant source digital management system and carbon footprint tracking and
optimization platform significantly contribute to the system’s efficacy. These
factors are vital in protecting the health of port workers and substantially
contribute to the sustainable development of ports.

This study highlights the economic and strategic significance of digital
technologies in mitigating the health impacts of environmental pollution on port
workers. It further delineates the broad implications of these technologies across
environmental, social, and policy domains. By advancing the theoretical
framework of digital technology application in port management and fostering the
integration of multidisciplinary perspectives, this research contributes to the
existing body of literature. The identified key factors and their interrelationships
offer a scientifically grounded foundation for policy formulation and managerial
decision-making, serving as both a practical reference and theoretical guide for

the green and sustainable transformation of ports globally.

II. Literature review

1. Latest developments in digital technology and port environmental
governance

The rapid development of port automation and international trade has significantly

enhanced the efficiency of port operations. However, the environmental pollution
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problems associated with the rapid expansion of international trade are becoming
increasingly severe, posing a direct risk to the health of workers (Merico et al.,
2021; Cammin et al., 2020). As concentrated hubs of carbon and pollutant
emissions, ports are required to optimize resource utilization and strengthen
pollution control through the adoption of advanced technologies (Merico et al.,
2021; Nogué-Alguero6, 2020). In this context, digital technologies—including electrified
equipment, intelligent traffic management systems, clean fuel technologies, and air
quality monitoring systems—have become essential tools in port environmental
governance (Castellano et al., 2020; Nunes et al., 2020). The implementation of
these advanced digital solutions not only enables ports to substantially reduce
carbon emissions and improve operational efficiency but also contributes to
safeguarding employee health (Mueller et al., 2023; Argiiello, 2020).

For instance, intelligent traffic management systems mitigate traffic congestion
and idling emissions by optimizing vehicle scheduling, thereby reducing the
concentration of harmful pollutants in the air (Nogué-Alguero, 2020; Nunes et al.,
2020). Additionally, relevant studies reveal that automated equipment and drone
monitoring technology can more efficiently monitor air quality and achieve
real-time detection and control of pollution sources (Yang et al., 2024). Natalucci
(2019) identifies the Internet of Things as a foundational component of smart
ports, emphasizing the critical role of advanced technologies in driving their
evolution. The incorporation of smart technologies has been shown to significantly
improve port operational efficiency, minimize delays, and enhance both
transparency and safety in port activities (Merico et al., 2021; Puig et al., 2020;
Zio et al., 2024). Furthermore, the implementation of digital technologies mitigates
labor shortages, supports the sustainable operation of port organizations, and
plays a vital role in safeguarding employee health and safety (Yang et al., 2024).

The development of smart ports is simultaneously closely associated with

environmental protection and green concepts and is committed to creating a more
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sustainable operating model (Nunes et al., 2020; Sornn-Friese et al., 2021). By
optimizing information flows, smart ports can integrate transport routes, select the
optimal route, and reduce road congestion around the port area, thereby
increasing transport efficiency, minimizing vehicle waiting times and emissions,
and achieving environmental protection goals (Tsiulin et al., 2020; Heilig et al.,
2017). Heikkila et al. (2022) propose four developmental pathways—fragmented
innovation, port ecosystem, logistics chain alliance, and global closed platform—to
explore the evolution of smart ports, with a comparative focus on automation,
sustainability, and collaboration. Yen et al. (2023) identify the key factors
influencing smart port design across the dimensions of automation, environmental
impact, and intelligence. Hsu et al. (2024) employ the Analytic Hierarchy Process
(AHP) in conjunction with the DEMATEL method to systematically assess the key
indicators of intelligent port service quality and to elucidate their underlying
causal interrelationships. The authors determine that the success of intelligent
ports depends on the assurance of accurate and secure cargo delivery, the
facilitation of efficient electronic document exchange, the minimization of ship
turnaround times, the streamlining of logistics and customs processes, and the

application of big data analytics to improve container transportation optimization.

2. Relevance of environmental pollution to employee health

Research indicates that air pollutants in port environments pose a direct threat
to employee health (Clemente et al., 2021). Pollutants such as particulate matter,
nitrogen oxides, and sulfur oxides have been shown to substantially elevate the
risk of respiratory and cardiovascular diseases (Argiiello, 2020; Vrignat et al.,
2022;). Port workers, particularly those subjected to prolonged exposure in highly
polluted environments, are especially susceptible to the adverse health effects of

these substances (Garcia-Onetti et al., 2021; Alamoush et al., 2022). The
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operational environment within ports is inherently complex, with pollution sources
extending beyond maritime emissions to include activities such as cargo handling
and vehicular transportation (Argiiello, 2020). Thus, effective air quality monitoring
and pollution control measures are critical to mitigating these health risks.

In recent years, technologies such as intelligent air monitoring systems and
health monitoring and early warning systems have enabled ports to better track
pollutant concentrations and respond swiftly to health risks. These systems provide
real-time air quality data and integrate it with employees health status to issue timely
alerts, facilitating the implementation of effective health protection measures. For
instance, Caballini and Paolucci (2022) proposed a risk-awareness-based
mixed-integer programming model to optimize work shift scheduling in maritime
container terminals, aiming to minimize worker risks while enhancing task
allocation efficiency. Their findings showed that this approach reduced maximum
monthly worker risk by 33.9%, demonstrating its broad applicability in port
environments.

In addition to air pollution, a range of occupational hazards within port
environments poses substantial threats to employee health and safety. Workers are
routinely exposed to chemical, physical, and psychological risks associated with
production technologies, operational settings, and labor processes. These risks
include exposure to hazardous substances, extreme temperatures, noise, and high
stress levels (Wang et al., 2017). A thorough understanding of these occupational
hazards, combined with systematic hazard identification, risk assessment, and the
implementation of targeted preventive measures, is essential for ensuring the
protection of employee health in port environments.

Furthermore, the evolution of port operations, particularly the shift to
containerization, has introduced additional workplace risks. For example, at the
Genoa port, the rapid increase in container traffic significantly altered workforce

composition and job tasks, leading to a notable rise in occupational injuries,
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especially among inexperienced workers (Fabiano et al., 2010). Over two decades,
the frequency index of injuries more than doubled, underscoring the need for
improved safety protocols and training programs to address the risks posed by
technological advancements and evolving job demands.

Innovative approaches such as the risk assessment framework proposed by Gul
(2020) and the preventive measures summarized by Wang et al. (2017) offer
practical solutions for mitigating occupational hazards. Gul's methods, which
integrate fuzzy AHP and VIKOR techniques, provide a systematic approach to
evaluating and prioritizing risks, while Wang et al’s comprehensive hazard
identification strategies emphasize the importance of addressing both physical and
systemic safety factors. Together, these approaches deliver strong theoretical and
practical support for improving employee health and safety in port environments.
By integrating air quality management with comprehensive occupational hazard
mitigation and leveraging advanced risk assessment and monitoring technologies,
ports can better protect their workers' health while achieving greater operational

efficiency.

3. Theory development and critical success factors

The RBV and ST provide essential theoretical foundations for analyzing the key
drivers of digital technologies in the transformation of ports toward sustainable
development. RBV asserts that a firm's competitive advantage stems from its ability
to acquire and utilize rare, inimitable, and non-substitutable resources (Khanra et
al., 2022). In recent years, RBV has gradually expanded into the field of green
technology and sustainable development, serving as a crucial instrument for
analyzing how companies can attain environmental and social benefits through
resource integration (Gerhart et al, 2021). In port operations, electrified

equipment, shore power systems, solar and wind power supply systems,
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multi-pollutant monitoring and data analysis systems, and digital implementation
platforms for international green port standards are regarded as key strategic
resources. These technological resources not only improve environmental
governance capabilities by reducing carbon emissions and air pollution but also
substantially bolster the international competitiveness of ports in environmental
governance. For example, the shore power system effectively diminishes auxiliary
engine emissions by supplying clean electricity to moored ships, significantly
improving air quality in the port area and thereby mitigating adverse effects on
employee health (Khanra et al., 2022; Zhang et al., 2021). Similarly, solar and wind
energy supply systems offer sustainable energy options for ports, reducing reliance
on traditional power grids while improving the stability of energy supply.
Additionally, multi-pollutant monitoring and data analysis systems furnish
decision-makers with refined pollution control support via real-time data
collection and analysis. Simultaneously, the digital implementation platform for
international green port standards augments the environmental governance
efficiency and international competitiveness of ports by integrating green
technologies and standardization frameworks. Furthermore, the integration of
these digital technologies has established imitable green competitive barriers,
which have not only augmented the operational efficiency of the port but also
bolstered its comprehensive advantages in environmental governance and
employee health protection (Khanra et al., 2022; Freeman et al., 2020; Guibing et al.,
2021). Therefore, RBV underpins this study, demonstrating how these technological
resources can serve as core resources in port operations to advance the dual goals
of environmental protection and health protection (Khanra et al., 2022).

ST asserts that firms must not only meet shareholder interests but also balance
the needs of other stakeholders (Freeman et al., 2020). As the concept of
corporate social responsibility evolves, the application of this theory in green port

management is becoming more prevalent (Barney et al., 2020). Within the context
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of environmental governance and health protection in port settings, key
stakeholders encompass employees, governmental authorities, supply chain
partners, customers, and local communities (Dmytriyev et al., 2021). This
theoretical perspective provides a framework for examining how digital
technologies facilitate multi-party collaboration through the balancing of interests.
For example, occupational health monitoring and early warning systems and
intelligent occupational disease risk assessment systems provide real-time health
monitoring and risk assessment support for employees via digital platforms,
thereby enhancing employees' trust in health protection measures and effectively
reducing the incidence of occupational diseases. Simultaneously, air filtration and
purification systems have significantly enhanced the working environment by
diminishing the direct impact of environmental pollution on employees.
Additionally, policy incentives and tools such as a digital pollution management
system have enabled the port to comply with regulatory requirements while
bolstering stakeholders' trust in the transparency of port operations. Freeman et
al. (2020) demonstrate that the application of these digital technologies has
facilitated effective collaboration between the port and stakeholders in addressing
environmental pollution and jointly promoting the sustainable development of
green ports. An ST approach offers a better understanding of how digital
technologies can balance the needs of multiple parties and guarantee the
comprehensive benefits of ports in terms of environmental pollution control and

employee health protection (Horisch et al., 2020).

IIl. Research methodology

Figure 1 illustrates the flowchart of the research framework, outlining the

detailed procedural steps of the DEMATEL-ISM-MICMAC methodology.
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(Figure 1) Overall research process map
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1. Selection of key factors and expert survey

At the initial stage of the study, a systematic literature review was conducted to
identify research on the application of digital technologies in environmental
governance and employee health protection within port environments. This review
utilized academic databases including Google Scholar, Web of Science, SCOPUS, IEEE
Xplore, SpringerLink, and Elsevier's ScienceDirect. To ensure a comprehensive
understanding of current advancements, international regulations, policies, and
technical standards were also examined. Subsequently, pre-interviews were
conducted with four senior experts in port management and logistics, each with
over 15 years of professional experience in port operations, environmental
governance, and occupational health. The experts were affiliated with Hanyang

University, Kyung Hee University, and the Ministry of Oceans and Fisheries of
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Korea. Their expertise ensured that the evaluation of the scientific validity and

practical relevance of the initially identified 18 key success factors was both

rigorous and practice-oriented. Based on their consensus, these 18 key success

factors were confirmed (see Table 1).

(Table 1) Critical success factors

Resource—

Code CSFs Definition Based View ?;Zl;ehog%
(RBV) i
Electrification of port cranes, vehicles, and other machinery
st Electrified Port to reduce reliance on fossil fuels and reduce greenhouse v
Equipment gas emissions. Digital systems enable energy consumption
monitoring and optimization.
Shore Power System Implementation of shore power systgrqs to supply eIggtricity
S2 Aoolication to docked vessels, reducing emissions from auxiliary a '
PP engines and improving air quality in port areas.
' Depl f I h I
Solar and Wind eployment of renevvgbe energy sources, such as solar
panels and wind turbines, integrated with digital energy
S3 Power Supply s ! ' v
management platforms to optimize clean energy usage in
Systems
ports.
Intelligent Operation D'igital platforms for optimizing' port operations, rgducing idle
S4 ) time for equipment and vehicles, and enhancing energy ' a
Scheduling System L . )
efficiency through real-time scheduling.
S5 | and Cargo Handling Y dg yStems o P ' o ' a
use, and minimize human exposure to hazardous
Systems )
environments.
Remote Operation
and Automated Digitalized remote control systems for managing automated
S6 Equipment port equipment, improving safety, and mitigating operational '
Management risks.
Systems
Multi-Pollutant Digital systems for real-time monitoring and analysis of air,
S7 | Monitoring and Data | water, and soil pollutants to guide targeted pollution control A a
Analysis Systems measures.
Digitalized Air Smart filtration systems integrated with sensors and digital
S8 Filtration and platforms to improve air quality by removing pollutants '
Purification Systems effectively.
Smart Technology | Digital platforms to oversee and regulate the application of
S9 Application intelligent technologies in port operations, ensuring ' a
Regulatory Platform compliance with safety and environmental standards.
F i -, .
Carbon. ootprint Digital tools to calculate, monitor, and reduce carbon
Tracking and o . ) o
S10 emissions from port operations, supporting sustainability a a

Optimization
Platform

goals.




14

> BMRHST H2E M3

Resource—

L - keholder
Code CSFs Definition Based View ?;Zoe o(csi%
(RBY) i
] tional Health | .. . ) . .
ccgpav lonal Hiea Digital systems for tracking employees' health indicators and
S11 | Monitoring and Early roviding early warnings for potential occupational hazards v
Warning Systems P 9 ¥ & P P '
Smart Occupational Digital platforms for evaluating and predicting occupational
S12 Disease Risk ’ diZease risks, enablin groactii)/e manag emenpt J v
Assessment System ’ gp 9 ’
Employee Health | Centralized digital records of employees’ health data to track
S13 Digital Records trends, support personalized interventions, and facilitate v
System efficient healthcare delivery.
Pollutant Source | Application of digital tools to identify, monitor, and manage
S14 | Digital Management | pollution sources, enabling better control and mitigation a '
System strategies.
Digital
Impl tati -, ) )
mplementation Development of digital tools to implement and monitor
S15 Platform for . ) ' v
) adherence to international standards for green ports.
International Green
Port Standards
Localization of ) . ) ) ) )
) Tailored digital solutions for adapting and implementing
516 | International Green lobal green port standards to local contexts v v
Port Standards 9 g P :
Collaborative o . .
) Digital integration of port health systems with external
Platforms With ) . - )
S17 ) healthcare providers to ensure timely and efficient medical v
External Medical )
services.
Systems
Green Subsidies and | .. . .
18 Policy Incentive Digital tools to manage and promote government subsidies v

Mechanisms

and incentives for green port technologies and practices.

Source: Mueller et al., 2023; Castellano et al., 2020; Progiou et al., 2021; Nogué-Alguero, 2020; Sornn-Friese et al.,
2021; Merico et al., 2021; Fameli et al., 2020; Cammin et al., 2020; Nunes et al., 2020; Clemente et al.,
2021; Argiiello, 2020; Garcia-Onetti et al., 2021; Alamoush et al., 2022; Caballini and Paolucci, 2022; Gul,
2020; Li et al., 2024; Guibing et al., 2021; Khanra et al., 2022; Zhang et al., 2021; Dmytriyev et al., 2021,
Horisch et al., 2020; Tsiulin et al., 2020; Heikkild et al., 2022; Yen et al., 2023; Yang et al., 2024; Natalucci,
2019; Jiang et al., 2024; Zhang et al., 2024; Progiou et al., 2021; Zhang et al., 2019; Jia & Cui, 2021;
Zarbakhshnia & Ma, 2024)

In the second phase of the investigation, more than 100 maritime institutions

in South Korea were involved, leading to the identification of 56 potential

collaborative partners.

Following correspondence via email,

16

institutions

expressed affirmative interest, with 27 subject matter experts affirming their

willingness to contribute to the research. Ultimately, owing to schedule conflicts

with some experts, a total of 20 experts with over 7 years of industry experience

completed the survey (see Table 2).
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(Table 2) Expert demographics

Profile Information Number of Respondents Percentage (%)

Sex Distribution

Male 14 70
Female 6 30
Work Experience
7-10 years 6 30
11-15 years 10 50
16+ years 4 20
Sector of Employment
Shipping Companies 12 60
Port Authorities 4 20
Logistics Providers 4 20
Job Role
Senior Leadership 8 40
Mid-level Management 6 30
Technical/Operations 6 30

Total Respondents=20

The investigation gathered expert insights using a multifaceted approach that
included email correspondence, in-depth interviews, and structured questionnaires.
Initially, data collection was conducted via a matrix completion technique;
however, some experts encountered challenges with the intuitive alignment of
codes and corresponding names, which compromised the ease and precision of
the data entry process. Therefore, the research team optimized the questionnaire
by converting it to a Likert scale format with detailed concept descriptions (Feng
and Ma, 2020) to simplify the filling process and improve data reliability. Twenty
questionnaires were distributed, with a 100% response rate. After screening, one
questionnaire was invalidated because of the obvious diagonal distribution of the
scores, resulting in the final count of 19 valid questionnaires. Table 3 presents an

example of one of the expert's scores.
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(Table 3) Standardized questionnaire completed by an expert

Factors | S1 | S2 | S3 | S4 | Sb | S6 | S7 | S8  S9 | S10| S11 | S12| S13| S14| S15| S16| S17| S18
S1 0 3 4 4 1 0 2 2 0 4 3 1 2 1 4 3 0 0
S2 4 0 1 1 3 1 0 3 0 4 1 4 1 1 1 0 3 4
S3 0 2 0 0 2 0 2 0 3 1 2 0 1 4 0 4 4 0
S4 1 2 0 0 2 3 1 3 0 2 4 0 2 4 0 2 2 1
S5 0 1 1 3 0 4 1 4 0 3 1 4 3 1 4 3 1 0
S6 3 1 2 0 0 0 0 2 4 2 2 0 2 3 4 0 2 3
S7 4 4 1 1 1 3 0 2 1 4 1 4 3 1 1 3 1 4
S8 0 2 2 1 1 1 2 0 2 0 0 1 1 0 2 3 1 0
S9 3 1 1 3 2 3 1 2 0 1 2 4 4 3 2 4 2 3
S10 4 0 0 3 3 0 1 1 4 0 3 3 0 0 2 3 3 4
S11 4 3 3 1 3 4 3 3 0 3 0 0 0 2 1 0 2 4
S12 2 3 3 4 0 0 0 0 3 0 2 0 0 2 0 3 1 2
S13 2 4 2 0 0 1 4 1 3 4 2 0 0 3 2 2 3 2
S14 4 0 2 2 4 0 1 1 2 1 3 2 3 0 0 4 1 4
S15 1 3 3 4 1 0 1 2 0 1 4 1 0 3 0 1 1 1
S16 4 4 1 2 0 2 1 0 4 0 4 3 4 2 2 0 4 4
S17 0 4 3 2 4 0 3 0 4 1 0 0 3 4 1 2 0 0
S18 2 4 4 1 0 3 4 3 3 2 3 1 3 0 3 3 1 2

2. DEMATEL-ISM-MICMAC method

In the third phase, the DEMATEL-ISM-MICMAC methodology was employed

to analyze how digital technologies mitigate health impacts from port-related

air pollution. This method was selected over alternatives such as the Analytic

Hierarchy Process (AHP), Analytic Network Process (ANP), fuzzy logic, and

Structural Equation Modeling (SEM),

owing to

its

superior

capacity for

analyzing complex systems and effectively addressing information uncertainty

(see Table 4).
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(Table 4) Comparison of the DEMATEL-ISM-MICMAC integrated method with traditional methods

L ) Complexity L
Model Application area Advantages Disadvantages of calculation Applicability
Can reveal cause-effect
System analysis, relationships and Highly dependent on input
DEMATEL ) " ) ) . .
~ISM evaluation of critical | hierarchical structures, |data, and the results may Medium High
success factors suitable for analyzing be subjective
complex systems
) ) ) | |
Considers the interactions Comp e mode
. . - ) construction and
Analytic Decision support, | between decision—-making ) )
L . calculation and high ) )
Network multi-criteria factors, suitable for . High Medium
- ) - ) requirements for
Process decision making | complex decision-making . ,
. decision-makers
issues )
expertise
) . Unable to deal with the
) Single-objective : ) ) )
Analytic c . Simple to use, with a clear interaction between
) decision-making, . A .
Hierarchy S structure, suitable for factors and highly Low High
multi—criteria ) L .
Process . ) hierarchical issues dependent on subjective
decision—-making .
weights
Fuzz Handles ambiguity and | Complex rule setting and
Fuzzy - ¥ ) uncertainty, suitable for adjustment, and highly . )
. decision—-making, . Medium High
Logic fuzzy control complex, non-linear dependent on parameters
¥ systems in practical applications
While dealing with
) cause-effect The model is complex, and
Fuzzy System analysis, . ) ) ) ) .
. .| relationships, it combines | the results may be less High High
DEMATEL | uncertainty analysis ) . )
fuzzy logic to quantify interpretable
uncertainty
) Data requirements are
Causal research, | Simultaneously analyzes |, . . )
Structural : . ) high, and interpretation of
. analysis of the relationships between A ) ) )
Equation . ) ) . results requires a certain High Medium
) relationships multiple variables and can .
Modeling ) ) A level of statistical and
between variables | verify theoretical models .
modeling knowledge
Integrates causal
relationship analysis
(DEMATEL), hierarchical
Svstem analvsis structure decomposition
ystem anaers, (ISM), and
evaluation of critical . -
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The DEMATEL-ISM-MICMAC integrated approach provides a robust framework
for analyzing complex systems, especially in strategic contexts . DEMATEL
quantifies causal relationships, simplifying the analysis of systems with limited
data (Ebrahimi et al., 2024; Yorulmaz et al., 2022; Gan et al., 2022; Braga et al.,
2021; Mubarik et al., 2021). ISM builds on this by converting the direct relationship
matrix into a multi-level hierarchical structure, revealing dependencies and
influence paths between elements, thereby assisting decision-makers in prioritizing
key drivers and strategic planning(Wang et al., 2018; Shakerian et al., 2019).
MICMAC further refines the analysis by categorizing elements based on their
driving forces and interdependencies, enabling differentiated management
strategies and identifying high-impact factors for system optimization (Agarwal et
al., 2023). This comprehensive approach provides a multi-perspective analysis of
complex systems, facilitating the mitigation of port environmental pollution's
impact on employee health through digital technology. Recent applications of

DEMATEL-related methods in maritime research are delineated in Table 5.

(Table 5) Recent studies incorporating the DEMATEL method

Author Industry Method Number of factors
Wan et al., 2021 Shipping Fuzzy DEMATEL 10
Kuzu, 2021 Shipping Fuzzy DEMATEL 18
Kuzu et al., 2023 Shipping Fuzzy DEMATEL 18
Feng et al., 2024 Manufacturing DEMATEL-ISM-MICMAC 19
Sheykhan et al., 2024 Service Fuzzy-DEMATEL-ISM-MICMAC 16

3. DEMATEL-ISM-MICMAC Calculation Procedure

This study adopts an integrated DEMATEL-ISM-MICMAC approach to
systematically identify and analyze the interrelationships and hierarchical structure
of the CSFs involved in port environmental pollution control and employee health

protection. The procedure begins with the construction of a direct influence
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matrix, based on expert evaluations of pairwise influence between factors. In this
matrix, each element represents the degree to which factor influences factor, with
the diagonal elements set to zero, indicating no self-influence.

To ensure numerical stability and facilitate further calculations, the matrix is
normalized using the row maximum method, generating the normalized matrix as
follows:

Q.-
ij
b.. = -

n
max 3] o,
1

j=1

Subsequently, both the direct and indirect effects among factors are captured by

computing the total influence matrix, using a geometric series expansion:
T=BI-B"!

where is the identity matrix. The element in denotes the overall influence that
factor exerts on factor across the system.

From matrix, the core attributes of each factor are derived. The influence
degree defined as the sum of the -throw in matrix, quantifies the total impact
exerted by factor on the system. Conversely, the influenced degree obtained from
the sum of the -th column, represents the total influence received by factor. The
centrality, indicating the systemic importance of a factor, is computed as , while
the causality (or cause degree), distinguishing driving versus result factors, is given
by . To determine the relative importance of each factor, the centrality values are
normalized to produce the weights:

M.

_ 1

- n
Y M
i=1

These metrics form the basis for constructing the causal diagram, where each

w;

factor is plotted on a two-dimensional graph with centrality as the -axis and
causality as the -axis, thereby visually representing the system's structure of interactions.

To further explore the hierarchical relationships among factors, the study
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proceeds with Interpretive Structural Modeling (ISM). The total influence matrix is
first augmented with the identity matrix to yield the overall influence matrix . A
threshold value, typically the average of the elements in, is then applied to

transform into a binary reachability matrix, where:

(1, if hy =
Fii=V0, if hyn

Based on matrix, the reachability set, the antecedent set , and their intersection
are computed for each factor. A factor satisfying is identified as a top-level factor.
This factor is then removed from the matrix, and the process is repeated
iteratively to determine the full multi-level hierarchical structure of the system.

Finally, MICMAC analysis is employed to assess the driving power and
dependence of each factor. The driving power is computed as the row sum of
matrix, representing the extent to which a factor influences others. The
dependence is calculated as the column sum, reflecting how much a factor is
influenced by others. These values are used to create a two-dimensional
driving-dependence diagram, where factors are distributed across four quadrants:
autonomous factors (low driving, low dependence), linkage factors (high driving,
high dependence), independent drivers (high driving, low dependence), and
dependent outcomes (low driving, high dependence). This analysis enables a clear
identification of core drivers, dependent variables, and the structural stability of

the governance framework. Thereby supporting evidence-based strategic planning.

IV. Results and Discussion

1. Results and discussion of the DEMATEL method

First, the comprehensive influence matrix was computed according to the

formula (Table 6).
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Factors

S1

S2 | S3

S4 | S6 | S6

S7 | S8

S9 | S10 | SM

S§12 | S13

S14

S15

S16

S17

S18

S1

0.1464

0.2166{0.2116

0.1879/0.1878|0.1807

0.22990.2435

0.1601/0.1971{0.1803

0.15580.2324

0.2855

0.2140

0.2080

0.2520

0.1728

S2

0.1484

0.1211/0.2109

0.1001/0.0993|0.1812

0.1156|0.1243

0.1653|0.2203|0.1797

0.1468/0.1238

0.2425

0.1215

0.1859

0.1862

0.0087

S3

0.0021

0.1790{0.1103

0.12040.1387 |0.0872

0.1306|0.1149

0.132410.11580.1380

0.0956 |0.1556

0.1674

0.0818

0.1821

0.1008

0.1299

S4

0.1030

0.0933/0.1792

0.0728/0.1355|0.0730

0.1678/0.1523

0.15658/0.1100|0.1064

0.1226|0.1111

0.1181

0.1149

0.0934

0.0941

0.0656

S5

0.1019

0.1262|0.1761

0.14800.0887|0.1366

0.14770.1701

0.1157/0.1198/0.1314

0.0786|0.1863

0.1793

0.1709

0.1641

0.1930

0.0746

S6

0.1967

0.16820.2208

0.1478|0.1803|0.1254

0.1799/0.2125

0.167210.2219|0.2248

0.1235/0.1675

0.2711

0.2051

0.2317

0.1637

0.1720

S7

0.1820

0.1775]0.2053

0.11563/0.1141{0.1201

0.1051/0.1754

0.1234/0.1473|0.1544

0.1454/0.1139

0.2002

0.0966

0.1999

0.1263

0.1318

S8

0.1169

0.0813/0.1276

0.0904/0.0910{0.1343

0.08440.0862

0.0919/0.09410.1253

0.0598|0.1455

0.1506

0.1157

0.1074

0.1489

0.0615

S9

0.1878

0.1575]0.1908

0.1354/0.13610.1009

0.17480.1276

0.1036|0.2086|0.1145

0.1049/0.1998

0.2364

0.1388

0.1236

0.1857

0.0865

S10

0.1297

0.1353/0.1866

0.0988/0.0994 | 0.0863

0.1082|0.1783

0.1106|0.1075|0.0975

0.0683|0.1802

0.2054

0.0812

0.1415

0.1277

0.1104

S11

0.1435

0.174310.1887

0.1893/0.1509|0.1557

0.1877,0.1842

0.1219/0.2097|0.1349

0.1586|0.1883

0.2646

0.1739

0.1626

0.1838

0.1609

S12

0.1064

0.19270.1257

0.0939/0.1285|0.1406

0.1418/0.1738

0.1383/0.1743|0.1731

0.0829/0.1109

0.2120

0.1358

0.1605

0.1679

0.1637

S13

0.1740

0.1585|0.1544

0.1015/0.1380{0.1661

0.1565|0.1669

0.1629/0.1965|0.1795

0.1063|0.1231

0.2240

0.1461

0.1649

01717

0.0915

S14

0.1693

0.1400{0.2126

0.1781]0.1381/0.1751

0.15770.2251

0.1983/0.2361{0.2130

0.1210/0.1674

0.1858

0.179%

0.1652

0.2291

0.1627

S156

0.2132

0.220710.1838

0.18130.1571|0.1875

0.2198/0.2106

0.14500.2026 | 0.2227

0.1119/0.1454

0.2520

0.1240

0.2119

0.2346

0.1280

S16

0.1731

0.1856|0.1782

0.1396|0.1223|0.1627

0.15900.1275

0.1678/0.2224|0.1779

0.13390.1667

0.18838

0.1045

0.1299

0.18%

0.1341

S17

0.0952

0.1391/0.1117

0.0970{0.0987{0.1299

0.1521/0.1269

0.0909|0.1953|0.1232

0.132410.1755

0.1933

0.1024

0.1650

0.1040

0.0770

S18

0.139%

0.19130.1427

0.12890.1273|0.0975

0.1065/0.1314

0.1391/0.2105|0.1266

0.1232/0.1353

0.1873

0.1104

0.1942

0.2026

0.0788

Subsequently, the multiple attributes of the 18 factors (Cl1 to C28) were

systematically detailed, encompassing their influence on other factors, degree of

influence, centrality, rationality, weight, as well as their rankings and attribute

classifications (i.e., causal or resultant factors) within the analysis framework (see

Table 7 for details).

(Table 7) Results of Factor Analysis: Influence, Centrality, and Weighted Ranking

Factor Influence Affected Centrality Cause Weight Sort Factor attributes
S1 3.66231 2.61896 6.28127 1.04335 0.06401 2 Cause factor
S2 2.77124 2.85812 5.62936 -0.08688 0.05737 7 Result factor
S3 2.2816 3.11668 5.39828 -0.83508 0.05501 10 Result factor
S4 2.06762 2.32626 4.39388 -0.25864 0.04478 18 Result factor
S5 2.49893 2.33166 4.83059 0.16727 0.04923 15 Cause factor
S6 3.38018 2.44068 5.82086 0.9395 0.05932 5 Cause factor
S7 2.64288 2.72407 5.36695 -0.08119 0.05469 12 Result factor
S8 1.91288 2.9313 4.84418 -1.01842 0.04937 14 Result factor
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Factor Influence Affected Centrality Cause Weight Sort Factor attributes
S9 2.713 2.49013 5.20313 0.22287 0.05303 13 Cause factor
S10 2.25304 3.18972 5.44276 -0.93668 0.05547 9 Result factor
S11 3.12331 2.80205 5.92536 0.32126 0.06039 3 Cause factor
S12 2.62275 2.072 4.69475 0.55075 0.04784 16 Cause factor
S13 2.78221 2.82867 5.61088 -0.04646 0.05718 8 Result factor
S14 3.25408 3.76332 7.0174 -0.50924 0.07151 1 Result factor
S15 3.35196 2.41674 5.7687 0.93522 0.05879 6 Cause factor
S16 2.86344 2.98174 5.84518 -0.1183 0.05957 4 Result factor
S17 2.30953 3.07029 5.37982 -0.76076 0.05483 1" Result factor
S18 2.57188 2.10044 4.67232 0.47144 0.04762 17 Cause factor

After systematically analyzing the 18 key success factors for environmental
pollution control and employee health protection in ports and combining the
weight and centrality of each factor in Table 5, the four most important core
factors are identified. They are as follows: Pollutant Source Digital Management
System (S14, weight 0.07151, centrality 7.0174), Electrified Port Equipment (SI,
weight 0 .06401, centrality 6.28127), Occupational Health Monitoring and Early
Warning Systems (S11, weight 0.06039, centrality 5.92536), and Localization of
International Green Port Standards (516, weight 0.05957, centrality 5.84518). These
factors play a central role in the system with their significant weights and
centralities and serve as key drivers of the green transformation of ports and the
protection of employee health.

S14 is the central driver in the system, with a weight of 0.07151 and a centrality
of 7.0174, thus establishing its prominent position in the system. The core
function of S14 is to comprehensively and, in real-time, digitally monitor the
primary sources of pollution in the port and its surrounding areas. This monitoring
method aids managers in accurately locating pollution sources, optimizes pollution
control strategies, and provides a basis for scientific decision-making (Argiiello,
2020; Puig et al., 2020; Gul, 2020; Garcia-Onetti et al., 2021). Furthermore, by

integrating multidimensional environmental data, S14 plays a vital role in
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synergizing with other health management and environmental governance
measures. For example, it can support the implementation of health monitoring
systems (such as S11) and provide environmental data support for precision health
interventions.

S1 constitutes a key factor in advancing environmental governance in ports,
ranking second with a weight of 0.06401 and a centrality value of 6.28127. The
core value of S1 is demonstrated by the replacement of traditional fuel-powered
equipment with electrified alternatives (such as electric cranes and electric
vehicles), which markedly diminishes carbon emissions and the generation of air
pollutants (Castellano et al., 2020: Zhang et al., 2021; Horisch et al., 2020).
Additionally, S1 also optimizes resource utilization efficiency and reduces energy
consumption using a digital energy management system. This multidimensional
collaborative governance approach improves the quality of the port environment,
directly increases employee comfort, and serves as an important infrastructure for
promoting the development of green ports.

S11 monitors the health status of employees in real time, integrates environmental
data to preemptively identify potential health risks, and issues early warnings (Gul,
2020; Garcia -Onetti et al., 2021). S11 emerges as a core factor in health
management with a weight of 0.06039 and a centrality of 5.92536. Its functions
encompass real-time data collection, health risk assessment, and the formulation
of personalized health intervention plans. This data-driven management approach
has significantly reduced the incidence of occupational diseases while bolstering
employee trust and satisfaction, offering a crucial human resources assurance for
the port’s green transformation.

S16 is a strategic factor in green port governance, with a weight of 0.05957 and
a centrality of 5.84518. The main function of S16 is to localize and adapt
international green port standards to the actual needs of the port. This process

improves the practicality and operability of the standards while also reducing costs
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through flexible implementation. Additionally, the implementation of S16 fosters
collaboration among multiple stakeholders (such as port managers, governments,
and international organizations), providing an institutional guarantee for the port’s
green transformation.

In addition to the core factors abovementioned, other factors also play a vital
supporting role in the system, establishing a multidimensional collaborative health
management and environmental governance framework. For example, S10
provides comprehensive carbon emission monitoring and optimization strategies to
support ports in attaining efficient carbon emission reduction targets (Dmytriyev
et al., 2021; Tsiulin et al., 2020). The multidimensional data analysis capabilities
of S10 offer a scientific basis for resource optimization and pollution control,
significantly enhancing governance efficiency. Alternatively, S9 provides a vital
guarantee for technology promotion and collaboration by improving the
transparency and management efficiency of digital technology. S6 significantly
diminishes equipment operation risks while improving operational efficiency
through intelligent scheduling and real-time monitoring. This system is crucial in
high-risk, high-pollution operating scenarios, and its precise management capabilities
provide essential technical support for health management and environmental
governance. S18 facilitates the widespread adoption of clean technologies and
green management measures by providing financial assistance (Dmytriyev et al., 2021;
Horisch et al., 2020; Castellano et al., 2020; Zhang et al., 2021). For example, the
promotion of green energy equipment and digital management platforms via
incentive mechanisms has effectively lowered the threshold for the popularization
of green technologies, hence facilitating the green transformation of ports.

In health management, S13 and S12 provide a scientific basis for personalized
health management by comprehensively collecting and analyzing employee health
data. These two systems work in synergy with S11 to improve health management

efficiency and significantly decrease the incidence of occupational diseases (Zhang
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et al., 2024; Yang et al., 2024; Heikkild et al., 2022). S17 further augments the
comprehensive capabilities of the port health management system by integrating
with external medical systems.

In pollution control, S7 and S8 extend the real-time monitoring capabilities of
pollutants, offering key data support for the formulation of comprehensive control
measures. For example, S7 optimizes pollution control strategies by capturing data
on pollutants in the air and water using intelligent sensors, whereas S8 further
refines the accuracy and efficiency of air quality management. S4 and S5 markedly
reduce energy waste and pollution emissions while optimizing the efficiency of
port operations (Castellano et al., 2020; Sheykhan et al., 2024). Through intelligent
technology, these systems improve resource utilization and provide operational
support for the development of green ports.

The cause-effect relationship is visualized by plotting centrality on the x-axis

and causality on the y-axis (Figure 2).

(Figure 2) Centrality-cause degree scatter plot
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2. ISM results and discussion

The interrelationships among the system factors were further examined through

the construction of the ISM total influence matrix (see Table 8) and the

reachability matrix (see Table 9). Based on the reachability matrix, the reachability

set, antecedent set, and intersection set for each factor were determined (see

Table 10). Thereby elucidating the hierarchical structure and interaction dynamics

among the identified factors. This process provided key support for constructing

the ISM and revealed the driving paths and dependencies between factors.

(Table 8) Overall impact matrix

Factors

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

S13

S14

S156

S16

S17

S18

S1

1.1464

0.2166

02116

0.1879

0.1878

0.1807

0.2299

0.2435

0.1601

0.1971

0.1803

0.1558

0.2324

0.2855

0.2140

0.2080

0.2620

0.1728

S2

0.1484

1121

0.2109

0.1001

0.0993

0.1812

0.1156

0.1243

0.1653

0.2203

0.1797

0.1468

0.1238

0.2425

0.1215

0.1859

0.1862

0.0087

S3

0.0021

0.1790

1.1108

0.1204

0.1387

0.0872

0.1306

0.1149

0.1324

0.1158

0.1380

0.0956

0.1656

0.1674

0.0818

0.1821

0.1008

0.1299

S4

0.1030

0.0033

0.1792

1.0728

0.1355

0.0730

0.1678

0.1623

0.1558

0.1100

0.1064

0.1226

011

0.1181

0.1149

0.0034

0.0041

0.0656

Sb

0.1019

0.1262

0.1761

0.1480

1.0887

0.1366

0.1477

0.1701

0.1157

0.1198

0.1314

0.0786

0.1863

0.1793

0.1709

0.1641

0.1930

0.0746

S6

0.1967

0.1682

0.2208

0.1478

0.1803

1.1254

0.1799

0.2125

0.1672

0.2219

0.2248

0.1235

0.1675

0.27Mm

0.2051

0.2317

0.1637

0.1720

S7

0.1820

0.1775

0.2063

0.1153

0.1141

0.1201

1.1051

0.1764

0.1234

0.1473

0.1544

0.1454

0.1139

0.2002

0.0066

0.1999

0.1263

0.1318

S8

0.1169

0.0813

0.1276

0.0904

0.0910

0.1343

0.0844

1.0862

0.0919

0.0041

0.1253

0.0598

0.1455

0.1506

0.1157

0.1074

0.1489

0.0615

S9

0.1878

0.1575

0.1908

0.1354

0.1361

0.1009

0.1748

0.1276

1.1036

0.2086

0.1145

0.1049

0.1998

0.2364

0.1383

0.1236

0.1857

0.0865

S10

0.1297

0.1353

0.1866

0.0988

0.0094

0.0863

0.1082

0.1783

0.1106

1.1075

0.0975

0.0688

0.1802

0.2054

0.0812

0.1415

0.1277

0.1104

S11

0.1435

0.1743

0.1887

0.1893

0.1509

0.1557

0.1877

0.1842

0.1219

0.2097

1.1349

0.1586

0.1883

0.2546

0.1739

0.1626

0.1838

0.1609

S12

0.1064

0.1927

0.1257

0.0939

0.1285

0.1406

0.1418

0.1738

0.1383

0.1743

0.1731

1.0829

0.1109

0.2120

0.1358

0.1605

0.1679

0.1637

S13

0.1740

0.1585

0.1544

0.1015

0.1380

0.1661

0.1565

0.1669

0.1629

0.1965

0.179%

0.1063

1.1231

0.2240

0.1461

0.1649

0.1717

0.0015

S14

0.1693

0.1400

0.2126

0.1781

0.1381

0.1751

0.1677

0.2251

0.1983

0.2361

0.2130

0.1210

0.1674

1.1858

0.179%

0.1652

0.2291

0.1627

S16

0.2132

0.2207

0.1838

0.1813

0.1571

0.1875

0.2198

0.2106

0.1450

0.2026

0.2227

0.1119

0.1454

0.2620

1.1240

02119

0.2346

0.1280

S16

0.1731

0.1856

0.1782

0.139%6

01223

0.1627

0.1590

0.1275

0.1678

0.2224

0.1779

0.1339

0.1667

0.1888

0.1045

1.1299

0.18%4

0.1341

S17

0.0952

0.1391

01117

0.0970

0.0987

0.1299

0.15621

0.1269

0.0909

0.1953

0.1232

0.1324

0.1755

0.1933

0.1024

0.1650

1.1040

0.0770

S18

0.139%

0.1913

0.1427

0.1289

0.1273

0.0975

0.1085

0.1314

0.1391

0.2106

0.1266

0.1232

0.1353

0.1873

0.1104

0.1942

0.2026

1.0788

(Table 9) Up to 4-Matrix

Factors | S1

S2

S3

s4

S

S6

S7

S8

S9

S10

S11

S12

S13

S14

S156

S16

S17

S18

S1

0

1

1

0

1

0

S2

S3
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Factors| S1 | S2 | S3 | S4 | S6  S6 | S7 | S8 | S9 | S10 | S11 | S12 | S13 | S14 | S16 | S16 | S17 | S18
S4 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S5 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
S6 1 0 1 0 0 1 0 1 0 1 1 0 0 1 1 1 0 0
S7 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0
S8 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
S9 0 0 0 0 0 0 0 0 1 1 0 0 1 1 0 0 0 0
S10 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0
S 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0
S12 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0
S13 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0
S14 0 0 1 0 0 0 0 1 1 1 1 0 0 1 0 0 1 0
S15 1 1 0 0 0 0 1 1 0 1 1 0 0 1 1 1 1 0
S16 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
S17 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0
S18 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 1

(Table 10) Computing the reachability set, antecedent set, and intersection set

Factor Reachability Set Antecedent Set Intersection Set

S Ri:{fi|Fij:1} ‘gz:{fz|‘F;1:1} rNS;
S1 1,2,3,7,8,10,13,14,15,16,17 1,6,15 1,15
S2 2,3,10,14 1,2,15 2

S3 3 1,2,3,6,7,14 3

S4 4 4 4

S5 5 5 5

S6 1,3,6,8,10,11,14,15,16 6 6

S7 3,7,14,16 1,7,15 7

S8 8 1,6,8,14,15 8

S9 9,10,13,14 9,14 9,14
S10 10,14 1,2,6,9,10,11,13,14,15,16,17,18 10,14
SN 10,11,14 6,11,14,15 11,14
S12 12,14 12 12
S13 10,13,14 1,9,13 13
S14 3,8,9,10,11,14,17 1,2,6,7,9,10,11,12,13,14,15 9,10,11,14
S15 1,2,7,8,10,11,14,15,16,17 1,6,15 1,15
S16 10,16 1,6,7,15,16 16
S17 10,17 1,14,15,17,18 17
S18 10,17,18 18 18
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Through an in-depth analysis of the reachability sets, antecedent sets, and their
intersections, the hierarchical distribution of the various system factors was
systematically identified, as illustrated in Figure 3. These findings provided a
robust foundation for constructing the hierarchical structure of the system and
facilitated a clear delineation of the roles and positions of key factors within the
overall framework. Consequently, we employed the ISM method to hierarchically
classify key factors and then systematically examined the hierarchical role and
functional relationship of these factors in the process of utilizing digital
technology to mitigate the impact of environmental pollution in ports on

employee health.

(Figure 3) Hierarchical structure of factors (ISM method)

Note: The numbers in the circles represent the 18 key success factors (S1 to S18).
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The ISM hierarchy diagram clearly shows the logical path of each factor from the
basic layer to the core strategy layer, revealing a hierarchical and synergistically
efficient governance system. Every factor at each layer plays a distinct and
indispensable role within the system, collaborating to facilitate the achievement of
the top-level strategic objectives (Figure 3). S6, as a basic layer factor, is the
fundamental component of the entire system. S6 focuses on the basic guarantee
of system operation, providing the most basic support for system stability. Above
the basic layer, S1, S9, and S15 serve as transitional factors in the middle and
lower layers, playing a bridging role. S1 mitigates greenhouse gas emissions and
improves energy efficiency via the electrification of port equipment, S9 augments
the efficiency and transparency of technological collaboration through a smart
technology supervision platform (Tsiulin et al., 2020; Heikkild et al., 2022; Heilig
et al., 2017; Nogué-Alguero, 2020), and S15 consolidates individual health data
through a health digital record system to inform decision-making for scientific
interventions (Yen et al., 2023; Alamoush et al., 2022). These factors collectively
strengthen the system's implementation capabilities and establish a solid foundation
for higher-level factors.

In the middle layer, S2, S7, S12, and S13 serve as driving factors, covering key
areas, including environmental governance, health protection, and policy
incentives. S2 directly improves port air quality by reducing pollution from moored
ships via shore power systems, S7's multi-pollutant monitoring system offers data
support for scientific governance measures, S12 provides additional support for
employee health protection through collaboration with external medical systems,
and S13 establishes a scientific basis for managing employee health data through
a health digital file system. These drivers directly enhance the operational
efficiency of the governance system while offering policy and technical support to
higher-level factors. At the intermediate and advanced levels, S14 and S18 function

as strategic elements that effectively bridge policy measures with the core
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objectives of governance. S14 strengthens the governance capabilities of the
system through a digital pollution source management system (Progiou et al., 2021;
Garcia -Onetti et al., 2021), whereas S18 promotes the widespread adoption of
green management measures through policy incentives (Caballini and Paolucci,
2022; Horisch et al., 2020; Sornn-Friese et al., 2021). These factors possess a high
driving force in the governance system and are crucial in achieving the overall
strategic objectives. At a higher level, S11, S16, and S17, as overarching factors,
collectively represent resource integration and synergies. S11 facilitates real-time
monitoring of employee health status and risk warnings via occupational health
monitoring and early warning systems, S16 enhances compliance by advocating
the localized application of international green port standards, and S17 offers
supplementary support for employee health protection through collaborations with
external medical systems. These factors further enhance the resilience and synergy
of the port's environmental governance system.

At the top level, S3, S4, S5, S8, and S10 serve as strategic level factors that
coordinate and guide the entire governance system. These factors integrate the
underlying technologies and middle-level drivers and directly address the core
objectives of port governance. For example, S3 markedly diminishes port carbon
emissions through a green energy supply system (Merico et al., 2021; Zhang et al.,
2024), S8 improves the accuracy and responsiveness of air quality monitoring
through a digital air purification system, and S4's intelligent operation scheduling
system optimizes operational efficiency and minimizes energy waste (Dmytriyev et
al., 2021; Sornn-Friese et al., 2021: Freeman et al., 2020; Horisch et al., 2020).
Additionally, the carbon footprint tracking platform provided by S10 provides vital
support for the port's emission management. Through synergy, these top-level
factors construct an efficient governance framework that comprehensively
supports the strategic goals of the port's green transformation and employee

health protection.
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3. MICMAC results and discussion
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By examining the driving force and dependence relationships among the 18

factors, we plotted a driving force-dependence diagram (Figure 4). In the figure,

the abscissa represents the driving force, whereas the ordinate represents the

dependence. This analysis illustrates the functional characteristics of each factor

within the system, aiding in the identification of key factors that drive system

dynamics and weak links that are highly dependent on other factors. It provides

data support for optimizing system design and decision-making.

(Figure 4) Driving force—dependency analysis of 18 key factors
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The factor in the upper right quadrant (high driving force, high dependence)
includes S14, which has a central driving role in the system. S14 integrates
multi-source data via a digital pollution source management system to facilitate
real-time monitoring and precise governance of pollution sources, which has a
significant synergistic and driving effect on other system modules (Puig et al.,
2020; Progiou et al., 2021; Alamoush et al., 2022). The high driving force of this
factor ensures the technical implementation and policy support of pollution
control and health protection, whereas its high dependence reflects its close
connection with the underlying support factors. S14’s functions are directly related
to the attainment of the system's goals, necessitating the prioritization of investing
resources to ensure their efficient operation. Factors in the upper left quadrant (high
driving force, low dependence) include S10. As an independent technology-driven
module, S10 delivers accurate monitoring and data support for port carbon
emissions via a carbon footprint tracking and optimization platform (Freeman et
al., 2020; Alamoush et al., 2022). It plays a critical role in reducing carbon
emissions and optimizing pollution control decisions while also enhancing the
autonomy and adaptability of the system. S10's high driving force makes it a core
technical guarantee for the development of environmental governance and green
technology in ports, whereas its low dependence guarantees its stability and
independence in system operation. Factors in the lower right quadrant (low driver,
high dependence) include S1, S15, and S7. These factors play a supporting role,
and their effectiveness is highly dependent on the support of core drivers. S1's
electrification of port equipment directly supports the port's green transformation by
decreasing greenhouse gas and noise emissions; however, its further optimization
necessitates a combination of policy incentives and technological advancements
(Sornn-Friese et al., 2021; Yang et al., 2024). S15 implements international green
port standards through digitalization, connecting governance measures with a

standardized framework. Its implementation relies on the support of data collection
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and analysis modules (such as S14 and S10) (Tsiulin et al., 2020; Clemente et al.,
2021). S7, as a multi-pollutant monitoring system, enhances the timeliness and
accuracy of pollution control data; nevertheless, its scope of action is limited and
requires the collaboration of core driver modules to improve its functions (Heilig
et al., 2017; Yang et al., 2024). The factors in the lower left quadrant (low driving
force, low dependence) comprise basic support modules, including S3, S8, S16,
and S17. These factors have a limited role in the system, but by maintaining the
underlying capabilities, they ensure the stability and resilience of the system's
operation. S3 offers stable energy support through a clean energy system,
establishing a basis for the promotion of green technology. S8, as an air filtration
and purification system, enhances the air quality of the working environment and
is a key technical support for safeguarding employee health (Natalucci, 2019; Gul,
2020). S16 promotes the operability and practical effectiveness of standard
implementation by localizing and adopting international green port standards
(Dmytriyev et al., 2021 Horisch et al., 2020). S17 provides the necessary technical
support for the implementation of employee health protection measures through

collaboration with external medical systems.

V. Conclusion

The rapid advancement of digital technology has emerged as a critical factor in
mitigating the health impacts of environmental pollution in port settings,
functioning as a key driver in advancing the green transformation and sustainable
development of the port industry. This study systematically examines 18 key
success factors that affect the management of port environmental pollution and
the protection of employee health through expert evaluation combined with the

DEMATEL-ISM-MICMAC method. A comprehensive analytical framework that
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integrates RBV and ST is constructed, revealing the complex interactions and
synergies among the factors.

The study reveals that Pollutant Source Digital Management System (S14), Electrified
Port Equipment (S1), Occupational Health Monitoring and Early Warning Systems
(S11), and Localization of International Green Port Standards (S16) are the core
key factors of digital technology in mitigating the impact of port environmental
pollution on employee health. These factors not only have a high weight and
centrality in the system but also serve as the core driving force for its efficient
operation. Additionally, the study identified S6 as a core factor in the basic layer
that provides a fundamental guarantee of the operational stability of the
governance system. The top-level core factors (e.g., Solar and Wind Power Supply
Systems (S3), Intelligent Operation Scheduling System (S4), Automated Storage and
Cargo Handling Systems (S5), Digitalized Air Filtration and Purification Systems
(S8), and Carbon Footprint Tracking and Optimization Platform (S10)) coordinate
and lead the strategic direction of the system. Through functions such as green
energy supply, intelligent scheduling, and carbon footprint tracking, they strongly
promote the realization of the goals of green port transformation and employee
health protection. Furthermore, S14 and S10 are significant technological drivers,
with innovative digital solutions driving improvements in pollution control
efficiency and employee health protection. This study comprehensively reveals the
core key factors and synergistic mechanisms of digital technology in mitigating the
impact of environmental pollution in ports on employee health. It provides an
important theoretical basis and practical guidance for advancing the green
transformation of ports and the protection of employee health, as well as serving
as a strong reference for the formulation of industry environmental protection

policies and the application of digital technology.
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1. Theoretical significance

This study investigates the role of digital technology in alleviating the health
impacts of environmental pollution in port contexts and offers theoretical
contributions from multiple perspectives. Firstly, it substantially enhances the
theoretical framework concerning the application of digital technology in port
governance by systematically elucidating the synergistic mechanisms through
which digital technologies operate within complex systems. Unlike previous
studies (e.g., Caballini and Paolucci, 2022; Gul, 2020), which primarily focused on
pollution control, efficiency improvement, or health management from a single
perspective, this study constructs a comprehensive analytical framework based on
18 key success factors, integrating RBV and ST, to elucidate how digital technology
can mitigate the adverse impact of environmental pollution on employee health
through multidimensional synergies. This theoretical framework fills the theoretical
gap from a multidimensional and systematic perspective, establishing a solid
theoretical basis for digital technology to enhance port governance and health
protection. Second, this study deepens the understanding of the dual benefits of
digital technology in the management of port environmental pollution and employee
health protection. This study employs the collaborative application of key
technologies, including the Pollutant Source Digital Management System (S14),
Electrified Port Equipment (S1), and Occupational Health Monitoring and Early
Warning Systems (S11), to elucidate the direct effect of a single technology on
pollution control and systematically explore how these technologies can be used
in collaboration to optimize employee health protection measures. Particularly, the
combination of S14 and S11 facilitates the dynamic linkage from environmental
data to health early warning, providing a new theoretical basis for precise
governance and health intervention strategies. Additionally, this study expands on

the strategic significance of digital technology in port environmental governance.
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The ISM hierarchical analysis revealed that top-level strategic factors (such as S14,
S1, and S16) play a central leading role in the governance system, systematically
coordinating pollution control and employee health protection goals. Unlike
existing theoretical frameworks that only focus on single-dimensional issues, this
study proposes from a strategic level that the successful application of digital
technology necessitates a comprehensive integration of technology, policy, and
management, providing an important reference for future complex governance
issues in ports. Finally, this study proposes theoretical innovations from a
multidisciplinary viewpoint. This study integrates RBV and ST by starting from the
internal mechanism of resource allocation and technology application and moving
on to discussing the interaction between policy drivers, employee needs, and
corporate responsibility through the lens of external collaboration (Dmytriyev et
al., 2021; Horisch et al., 2020). This innovative theoretical framework offers novel
insights into understanding the systematic role of digital technology in health protection
and pollution control and lays the foundation for theoretical development in

related fields.

2. Management applications

This study explores the application of digital technology in mitigating the health
impacts of environmental pollution in port environments. It offers managerial
recommendations for port operators, governmental bodies, and shipping enterprises
aimed at achieving synergistic outcomes between environmental governance and
employee health protection. First, port operators should emphasize employee
health protection and environmental governance as their core management
objectives, prioritizing the deployment of digital technology solutions. For example,
the Pollutant Source Digital Management System (S14) can monitor pollution

emissions in real time and optimize pollution control strategies; Electrified Port
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Equipment (S1) can mitigate greenhouse gas and hazardous substance emissions
while improving the operating environment; and the Occupational Health Monitoring
and Early Warning Systems (S11) combined with the Employee Health Digital Records
System (S13) can accurately identify health risks and formulate personalized
interventions. The long-term deployment and optimization of these technologies
will significantly improve port operational efficiency while safeguarding employee
health. Second, government agencies need to promote the widespread use of
digital technology via policy and financial support. Green Subsidies and Policy
Incentive Mechanisms (S18) encourage Shore Power System Application (S2) and
Solar and Wind Power Supply Systems (S3), thereby reducing dependence on
traditional energy sources and mitigating pollution. Additionally, the government
can promote the establishment of Localization of International Green Port
Standards (S16) and Digital Implementation Platform for International Green Port
Standards (S15), standardizing the processes of port environmental governance and
health protection. It can concurrently improve governance efficiency through
Multi-Pollutant Monitoring and Data Analysis Systems (S7) to provide more
scientific policy support for employee health and pollution control. Finally, shipping
companies should leverage digital technology and management innovation to
attain health protection and pollution control objectives. Remote Operation and
Automated Equipment Management Systems (S6) and Automated Storage and
Cargo Handling Systems (S5) can optimize work processes, minimize energy waste,
and lower pollution emissions. Simultaneously, Occupational Health Monitoring
and Barly Warning Systems (S11) and Employee Health Digital Records System (S13)
can enable companies to proactively manage health risks, increase employee
productivity, and diminish losses attributable to health-related issues. These
measures can bolster the company's social responsibility in environmental and

health governance and augment its competitiveness in port management.
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3. Limitations and future research

Our study has certain limitations. First, the extraction and weighting of key
success factors mainly rely on expert evaluation methods, which may be
influenced by the experts’ backgrounds and subjective biases. This limitation may
result in the underestimation or overestimation of some key factors in specific
contexts. Future research should employ empirical analysis methods based on big
data, combined with quantitative assessment of resources based on RBV and
multi-stakeholder feedback informed by ST, to verify and refine the reliability and
applicability of existing frameworks. Second, this study’s theoretical framework
focuses on the current effects of digital technology application and lacks the
prediction of dynamic changes in technology and the examination of long-term
evolutionary laws. For example, the rapid iteration of digital technology may result
in different characteristics of resource integration and stakeholder relationships in
the future. Future research can employ dynamic system modeling to analyze the
evolving significance of key success factors at different time scales, thereby
revealing the timeliness of resource utilization in RBV and the dynamic changes
in stakeholder needs in ST. Additionally, although this study primarily examines
the role of digital technologies in port governance, it inadequately addresses the
applicability of different scales, technological maturity, and regional characteristics.
Different types of ports exhibit significant differences in resource endowments and
stakeholder structures, potentially leading to different implementation paths and
effects of digital technologies. Future research should combine specific case
studies to investigate how small and medium-sized ports or ports with limited
resources can optimize the allocation of key technologies while balancing the
benefits of resources against the costs of technology implementation. Finally, this
study fails to fully account for the potential impact of external environmental

changes on the research results. For example, climate change, fluctuations in
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global supply chains, and policy changes may significantly alter the resource
requirements and stakeholder dynamics of port governance. Future research
should expand the RBV theory to explore the impact of external resource shocks
on the integration of technological resources in ports and examine the response
mechanisms of multiple parties in an uncertain environment using the ST theory.
In summary, this study offers a critical theoretical foundation and practical
insights into the role of digital technologies in alleviating the health impacts of
environmental pollution in ports, grounded in the frameworks of the RBV and ST.
However, future research must further deepen the analysis from a dynamic,
diversified, and cross-regional perspective, refine research methods and models,
and offer more comprehensive theoretical support and practical solutions for the

health protection and sustainable development of the port industry.
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I.AE

o FOL AR WA $21 RS i, AZPLS FUAAe] il FRo2A
= 440 9 F8o|tHKrugman, 1991; Lee and Yu, 2019). £9], 224 3539 A
At A 973A] o] 7HE3HE = AdBolA, AR AAEE =0 & I3 dooh=
oS HA AXRQ} sHAI9] 8 TAALE FAFSEA QItHEllison and Glaeser, 1997;

Devereux et al., 2007).

A 973AIet o2l w=w, 4k FA(industrial agglomeration) A Z3A| &&/93}
BAVde Alaske dAd HWAUSCR JHtHPorter, 1998; Marshall, 1920). ©] & #l
Z4o] HE35} FA(specialized agglomeration)= A} A9 37H A5E B 5
o] A, A4 At =sA iy avt 55 Adst] 7199 a4 4
S oA A2 4 AtHCombes and Duranton, 2006; Devereux et al., 2007).

%, olma} =2 AAMA 2YQ] Zjo|2 Qs A A Fip} &
of mAlE ol AFE=E t=A Yehd 7S AR

71& =2 A AAo] A AHA| A1}, E5] BAMdT 1180 A= 8 S
A53l LcHEllison et al., 2010; Combes and Gobillon, 2015). 3FARF A2 AES}
Ao] A9 E vIAE Il B ATE ArhFom REI AYolet. 71E LS

F2 271 E99] Ho|HE &8sto] A AXH =& 7He] IAE BNk b FS
£ro(Head and Ries, 1996; Koenig, 2009), A|g Wi o]AAdx} 57H4 ExL EA0f

ul

diet 242 vFaST oIS 501, Koenig009) A HolEl So 719] 5%
F5o] Ao 419} TR JEFS Wrks B AANGA, HheR 4G 2 A A
b=z ]

w3ho] ARRS S8 Aot Rotict. ol ek, Az Awsk WHo] 2o 20

R A1 FFE Atk 4 R X9 AHde Adeh] fivt Haet £40]

2 d7e e AR A7 iR Attt =2 wiE ARl & AP BA
T&, JE)aL Tk Akge] A2 Aoz Qs A+ 2AIE AESHIN oA Al
2t & & 3ok 19708 o]F =2 A2 12 BV A9 Faks SAHes o
S At AGS R Axd AMer THAA k. ol Adol= 2FY] I



AR, ZAES] AFEAL ARY,
o] P (AL TA - A8 -FhE, 2012; F43E, 2016; Wu et al., 2024; Wu
et al., 2025). BEo] Al22F SESH/NEAL(1982-1991) T4 TA9] HiE = &
Zloto] A o] A=A og ikl A7E ulstt). E9] ol=gh A F& A9
2 = =9 d4] 7Rkl Ha Qlek. o, F71-91 A FAke FAHOE T B
it 2192 20249 St F5E9] 24 32%9} 22%5 AFAISFATHKOSIS, 2025). 130
T Bl 71E EAoAe d AR HAo] =& Tl vAs el Hgt =97t

b, ot 14 FHEE & 90 vAs 53 B3 HF3H0R 19T Zavt
Ack o] EAls SHEHoRE S # ofye, A WY & U5 A o 78
gt ARPEE Algetts oA Qurt Aok

ol & A= 2013|%E 2023W71A19 gkt 1770 A A9 o Hlo|elE &85
of, Az HES}F JHo] =& FHof| n|A|= Hkd qfel A9 Zjolg 1y a3} 1Y
(Fixed Effects ModeD)® 7R 7]-&7](Individual-specific Slopes)& 1125t od dlo|H
RS Bl gstarAt gtk & Ae A BEd & 9 7 A 30 72AwE
Assts d H4o] k.
| =29 AL o Zrk Ao B ol 9 AF Aol gt 7]
TEZ A3oNAE 2 ATolA 285 24 2yt dlolE o) o Ageitt. A4
e AT 24 A3E AL sjAfgte). nAeo R Asods A9 F8 A&
[0Fstal, AHA XA T A9] AR AAIRH.

=

R

(o]
(N
Md
flo

-

=

o

_l

T 5L A A4S ole Y FHo=2A, A= 2T FAAAC
A 583 93kE skal ItHausmann et al., 2007). o3t siFoA A2He] HA
= YL Aashks $8% aR1og 9 1A HI glon, 53] kA Ee A A
A9l AP AESH HAL 1 a3t gL FEHAtHElison and Glaeser, 1997; Y%
3 -7, 2003; Combes et al., 2011).
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1A

AR AL AESH JA st A8 RS 4= otk AESE AL 5 A
71950l 4 A Q] AFEe @R, 29 FA|, A4 fRan, HAE g A
o] B4 5= & T =2 IdFE FIoHA AIXIHMarshall, 1920; Krugman,
1991). 3] 2R3 ARdoAE A&t FA9] 3784 a7t o& FSl6kA vehdtt
(Devereux et al., 2007). §1H, Thefs} AL o]AHQl A 7Ho] EHa} A5 &80 T4
S T, 2 gl Z sl JFS vFKGlaeser et al., 1992). Ellison et al.
(201002 A 2t 55 HA(co-agglomeration) HElo] 24 2, Ve FAM, =5
AP B0l sl A AAE ko A Agich

AR FHo] A1 AAloll 3784 S AL Y Tk TRt Aqso] 1Y
=3I}, Ciccone®} Hall(1993) vl= 5= ©919] tlolEE 83f =& AU+ Wit &2 A
AAPE 1909 40| e AHS HeUin, 23S 53 2o A7 BAMEE =0l
ou}A|ghe HoiFQit}t. Combes et al.(2011)2 ZFAQ] Hlo[EE BA510], 2|
3 AZ7F dEE A W AR JFol] 71908k EA 6kt

Atoll w2 AR FAS Yibg P ofdet AulE A, 71 AL 2l

5= B = S FEok=s g% S HGreenaway and Kneller,
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2007). Krugman(1991)2] 41734 A|2](New Economic Geography) °]&2 A &<
9 249 S0 AAACRE =dstH, AxYo| FHA HFEFE v E Bt
& AAo] 73S 4513t Koenig2009)& ZHA AXAA| 9] wlA| HloElE
HIo 2, &2 FA A Y9 e 7IdLE 7200 Hofd 7ol st AF
AASFRAE. Hanson(2005) JA| AH] HZo] & R} AlFS] BEH=E 5419
a3} 9ok RS
Az st FH9 & S Avks 22 g% FRe A7 FA=E TS 3ok
Brakman®} Marrewijk(2018)2 & &59] g% Ex7t A2 J4 =1 U-sH
=] 9lom, HFo] 7|ge] BiHd AR ofyet FH, HEYA, &7 SHIM:
52 AYeal gkt T3 Gorg®t Strobl(2003) Aol HAH Aol 3L
= AAHFAHFDD7E EA 7199 = Bl B 378219 &Favs nE 4 2
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£40] o2ojod A Axg HHo] 4:50] HlAL odd AN FHs] 2FA)
253 9tk B4, 712 ATEL tEE Yo Aud oEstn glol, Azl e s
U Seie mvke 88 wgstA) 2aka gl olo] wet Ao Az A9 $20
gt SARIE H8H5] olsfshe

= Hl Alefe] lom, XY g5y At FA o= o
A% wid ElolEE &8t HE et A B3 2835t A2
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£ A= 3 AlRYY AESE HHo] & FHof| A= IS A5HoE EMo}
7] $lofl 29A B4 125 =Y A, A2 AEsE FFo] 3= AA| == FHo
nx= YFS BRIt =4, 24 |99 Az YHo| g A Fe] =& FHof n|A]=
73 JFS B4

1) 1™ & B3(Fixed Effects Model)

£ A7 WA 1 53} X3P (Fixed Effects Model)& AR8-sto] gh A2 A9 HESH
o] 3= & FAFO v|R= IFS 2ARILAR Tk 1A Ay BYL 12 vid
glol8 BAA ARGE, 22 TRlolA of2f Aol 231 giol8 g E-83t] BARith
Y 2 B i ©ele] S4o] ARl whet WskA] oh=thal 71gstod ol2fet 54
o] FFE Ak I 24 7IMelH. ol Sdl /NE ©9e] S0l 710t HFEE AA
Stal, AJZtof| w2 Wste] P BAT 4= QtHausman, 2015). & ATofA] ARESH
1 A RS ot g

Trade;, = p; +adgg; , + BX;, + €,y ~—=-------- (1)
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Trade; = i9A A9 A A 5 FIFott. p= ¥R X9 17 2t
2, Aol met HakA| o= Jdtelth. Agg, = iRIA A A9 1A AlelM 2] Az
Aeet A3 eEoltt. ae A9 AR, Agg,, 7t Trade; o "Ae 9F= HolEt
X, = A AR A Ao ] SA| W FEolth. = BA Heee] 39 A

oltt. €= LAFLE, Trade; o ¥F= A<= e A o= 20e A9t

2) i 7127| {2 GIO|E 2¥(Panel data model with individual-specific slopes)
17 2 2Z9A Alg ax e AZRY FFo] A & Fo v|A= S R
Stk 284 o] Alee 578 A9 AR FFo] s AH =] v]A|
5] AgstA] E3dh ol=Rt A|HE FFY olFH2 Htgs] sl & A= AE 7=
(Individual-specific Slopes)& 5-85t= g Hlolg 2gS =UsIAT. o] 2 7+ 74
Aol s Al a7t =2A AFE ¢ JEE 518A 02N, B Fueh A FE £40]

Zhsstct wgel e ohest 2o

Trade; , = Z[]l%l%flggi,t R e ©)

A@2M Alg o7t A9EE T2 Hilshs A s8stiAE tE B4 W4l
Ade 178E ez RISt FAsoF & iAo of AR A4S EoEH
(Ludwig, 2015). ol o= 54 A9 A2 st F2o] sfig A9 &0 vlAl=
FE Yehdth 29 29] o4& LSDV(Least Squares Dummy Variable) B A
&otRer, A T M Def Agg;, o 1T 2 g2 340 =Uith

ftjo

B 470 4 Wat 7 (G0 $2 RO (Tradolt), & A79) 32 57 Wst
29 A 94 AdAggelth, A% AR WH Ak Ao 09 Az
x

H
& HISE AS Az L& ¥R Ue vER, tedt 22 Ao HAH:



o714 emp, ,,, & emp,, = 27t A ] 12} = DAY A2 ILEA 5 SJuIshH,
emp,, ot emp & ZZ A G 9} = AA 9] S84 & YEPATHCombes, 2000).

2 A= Yl 7 BA HE EYeielt: AR, A9 FRJIGE AREsto] It
(PoyE S5t &A1, 19198 AY U 384K Pergdp)S AREsto] 1917 7 2= &
ottt AR, 4 2= F Tl 2 I3 v, AA Ed A wet 1 gt
7hEeHd 4= ik 2 AFtollAe A S A oiH] A23f AR SARAE vl AN
FZ(Second)?] AHZE ARESIATHPoumanyvong, 2010; Han, 2018). YA, I5l7|& &

< 793 DT o] Atk WP |E FAe 7199 A A 25 gk
o olupx|shH, 53] 12H3 7& G4lE B9l S HE £ 7MeAE Aleeith & a4
oMMe Zr A9 F8 AF7ITHSH} A-4)9] R&D A&°] A% GDPoA AA|5h= H
& 57 ]& 84l 5(Tecgdp)2] AHZ ARESIATHZhou, 2016). HFEFO 2 Q] Z]
A FAHFdik= A AA] A2 A E Aled E5F ol 7l ofd B 24kl &
ARl Tt A BRI 7leS Jadol=st] 79 RS Adsks bl
Egol @ & OmKBwalya 2000). WA & A= FDIO| = L3I XFol=
BEHA o2 AR aE SAISH] Hs ARE A HTime)S F7H8I3AH.

£ ol AEH HE-2 201395E 202397H] TEH =9 174 8 34 79
= 7|Hte = 3ty 8 Ho|E= KOSIS =7FaAEE e 34 HolHE &85t

e B AR AREZ (E DOl AlAE ot M| kgl 2] Zpol7t
& A0= YEgow REAAPL 2 0% YElgt o] Z4Me ddtstal St
Y= Eolv] ¥ 7 BA 9 jAES #ol7] sl B AFolMs e A5F Haol
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T2 Helth offel o]ddE && AlRF EAoA A9 1Y ane] FAVE 2852
AAFsH, ®ig= 7 o= Zjolof] wE 52 £0]7] flsf ALY Hapol gk AAS #g
(¢]: 211 ¥gho] aHrt.
(B 1) H$EQ 71 A
e B HEHXL |2t Z|cHat
& A2k (Export, 1002t ) 32872.35 32883.73 103 143338
HMEsH TH X% (Agg, %) 1.049 0.486 0.221 1.865
Q714 (Po, people) 3043536 3192458 122153 1.32e+07
1215 GDP (Pergdp, ¥) 3.49e+07 1.07e+07 1.90e+07 6.50e+07
A X (Second, %) 0.398 0.072 0.222 0.588
st7|1& EXt (Tee, %) 0.035 0.041 0.007 0.193
sl X £Xt (Fdi, 1002 2Y) 789.975 1621.377 0 8339
(B 2) X|94 W50 Wr WaHE
Region Export Agg Po Pergdp Secondrate Tecgdp Fdi
Seoul 59672 0.285 9845455 40700000 0.443 0.030 6674.723
Busan 14137 0.821 3472727 25300000 0.361 0.016 234.616
Daegu 7317 1.003 2490909 22200000 0.296 0.022 197.473
Incheon 36174 1.262 2927273 28300000 0.305 0.030 1469.224
Gwangju 15043 0.754 1500000 25700000 0.471 0.021 8.545
Daejeon 4463 0.539 1500000 26900000 0.374 0.183 35.182
Ulsan 73128 1.827 1190909 63500000 0.472 0.012 828.934
Sejong 1142 1.085 274175 41400000 0.440 0.045 13.545
Gyeonggi 117207 1.372 12800000 33200000 0.328 0.087 1649.041
Gangwon 2057 0.498 1518182 29100000 0.469 0.010 119.224
Chungbuk 19839 1.621 1600000 38900000 0.399 0.027 173.223
Chungnam 77590 1.676 2090909 51500000 0.385 0.025 541.274
Jeonbuk 7467 0.911 1872727 26900000 0.363 0.020 90.081
Jeonnam 34207 0.871 1900000 38900000 0.550 0.009 99.658
Gyeongbuk 43516 1.554 2700000 39300000 0.378 0.025 617.409
Gyeongnam 45724 1.618 3390909 32400000 0.348 0.024 123.197
Jeju 147 0.232 647751 28600000 0.382 0.009 554.228
1PE F5517] Aol F2 Wo] et AA 242 skl W 7t ohs 34K £
oo} Bl e sttt B A% Ak G 3ol AN Hiek Zo) Fa w4 2t
ABAGE B0 BgE7l0] BA} gl FFEoE vehgt



B 3) 42y
InAgg InPo InPergdp InSecond InTec InFdi
InAgg 1
InPo 0.067 1
InPergdp 0.469 -0.1009 1
InSecond 0.184 0.286 -0.462 1
InTec -0.115 0.095 -0.155 0.220 1
InFdi -0.304 0.544 0.225 -0.046 -0.007 1

o)

AIAQ HlolE EAA = HAA Mol 529 A figlolA BE & Sle A3lH
ANE YABke Zlo] Sasith £4 23] A4S EIsh] $18f Panel Unit Root
test A2 APt oH, & A7 ARt id dlolE 9] B¢ N)TO]== HT (Harris
and Tzavalis test) A A5} cHHarris and Tzavalis, 1999). Unit Root A= A%}
FolghEo] 0.05 oJstE YERIL HE F< W= Unit Rooto] EAIGHA] b= o=

BE 34 Wt obgael el 22 Selsir

Ao w2t 2 s 1 a3 B2 360N, ks (E HY Al #iA Eo
e} 9}, & A4 ESF g 83 2 (Random effect model)S 3ok, 14 83}
mgo] 9] KPAA] wH37] 918 Hausman 4782 +HRUH. 3= Hausman A%

oA 5% oA AFHEEYE 2t BYQ] FPA= frastthS 7145k, 1y avt
2PS ARESfoF o Ukt 17 2 B2 . & 7= F A4S Aldsto
1 2y 2ol Be4S A5 2= F 47489 °] 0.0002.& YER}, B 7
Al &7t ool AR % a3t 1Yol &3t RyPHT}
o] Seoh, 2 AfAZE 159 dH g2 7HE 5 =R Sfof g AJARITH

17 53 ByoA Az AEet 44 A9 g A= 0.2980]H, 1% o=
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BARCE oo Uetitt. ol AR AESH o] 1% 37K o, sid A1) 4=

0.298% 57tk 9mgitt. o= Az AESH M4 9] o] A &

Zol 38AY S vHth= A& AR E3E 979 A A= FooHA IR

UEhom, ol & Rt A QI+ 719] 71det BAE HojEtt 1919 GDPY
] k

2 e, 1909 45 2P $8 2 B opEe

ehTE AR 419 WSS 55 Sojer] $oit H(09] GBS mXE Ao ek
o} ol X9 U} A2k ARl AR} H]go] 248 419l 7]uto] ATSNA AL L T2

Avto] A GAESP] 99, 2 A7 B3 Si7Ie A v mYo] 4 dve
WA AN Ak Az ARsh WAl 59 ASTt 2 WE glo] B 1% oA

B =23 kskemnlink] SN
InA 0.496*** 0.298*** 0.330%**
99 (16.45) (3.23) (7.26)
InPo 1.259%** 1.190%** 1.301%**
(19.21) (6.05) (12.05)
InPerad -0.259 0.695*** 0.758***
gep (-0.92) (2.89) (3.41)
InSecond 1.177%** 0.777*** 0.649**
(9.98) (2.94) (2.42)
InTec 0.312%** 0.130 0.252
(3.33) (0.33) 0.10)
. 0.189*** 0.183 0.199
InFdi
(4.34) (0.93) (0.99)
Time -0.029** -0.002 -0.005
(-2.44) (-0.62) (=1.14)
Constant -11.469%* -21.506%** —24.454%%*
(-2.29) (-4.02) (-5.60)
F-test - 166.60%** -
Hausman test - - 11.30%*
R-square 0.915 0.828 0.838
N.o.obs 187 187 187

Ei 2= 187 (1770 X|9*114).
= t-value.
*, ¥xE 282E 10%, 5%, 1% |A+ZO0IM t 20| SAXNCE RS LIEHH.
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14 w3 559 B4 Avke Axg AEel Ao] W) WA 2% Feo] ol
EAH0R GOt H(NO] FHE Tk A HolEth A o] AHe JFS B
AuskA 2457 98, £ AT A8 7127 (ndividual-specific slopes) 583Hs
g wlole B3E A8ch. A wPe] 24 B G 5)o] AXEo] ek

G 5)o] w2, AFEE AL - AL AxY AR WAL 53] FHA
Q1 gL nlA, 1 GO Tk AGER T ek 53], A2 A28 A
0] JF Ak YR AGelA] 1% §A5EIN BAROR S5, FUze] dha
ARt 1 9igo] BAOE 905 ¢S RoE vehdth

(2 5) JHE 7I37] W2 Ho|E 2¥o £ AN

Ha
InP 0.904***
o (3.91)
0.7371%x*
InPergdp 3.11)
X% %
InSecond O.(:830§ 9)
0.094x**
InTec (0.25)
InFdi O.(%Oé% 8)
Ti 0.007***
me (-0.39)
~17.95%*
Constant (-3.31)
InAgg
Seoul 0.758*** G 0.163
eou (3.26) angwon (1.24)
0.298*** 0.273%**
Busan (3.72) Chungbuk @.73)
0.207*** 0.348***
Daegu (3.12) Chungnam 6.01)
0.326%** 0.255%**
Incheon (5.63) Jeonbuk (3.34)
G : 0.489*** Jsonnam 0.508***
wanai (5.54) (5.79)
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rE
P

. 0.280** 0.300%**
Daejeon (2.29) Gyeongbuk (5.39)
Ulsan 0.371™ Gyeongnam 0.287"
(5.97) yeons (5.56)
Seion 0.181*
one (1.80) Lo -0.639**
. 0.275%+ o -2.11)
Gyeonggi 4.32)
R-square 0.901
N.o.obs 187

CEEX| £ 187 (177 X(e*119).
)= t-value.
DR ez Z49E10%, 5%, 1% SAREOIAM t 20| SHXHOR Qolate LIEH,

A A A
Lk

A9 A2 et FAo] &0 vAle ¥F AelE Blash| A, & A= Asg
AE 712 WHAKe 8ot A9S UEsilth (O™ Dol w=t 4584, At
Wi, A Agg ATt dHA o 2 A o® e ol g A HolA A%
A A8t F o] 2o B F3T £4 a%E ol QIS ugith HH, AlFA],
A, AlFES Agg Al RAY SAHCR FolsHA] oAl YEY, s A HelM=
Az AEst HHo] w2 vAle FFol F35H] dag HAE ol o] Al A9
A 24 EANE Fefslet, 5 ols AFdllAe Azl F2 AH 3ol o7l

mZoltt. 53] AFES] Agg A7t 509 #h& HArk= Aeolth. ol AlFkolA A%

T

A A&t fFo] 20 238 A adE FEE ARG ol AlFEe] Az
TER7F pE AFH AT 2] Y, AR A 23 e Ao R AEA X

2 7R WT 4 itk B8 AE 93, 32 0 SRS 5 Ot A 89l
E3 B AT 2 A0 Agg A Bk (1 1ol Z7Hte], Agg A0 AA Ae

B4 23k ALEWAL Agg AL AN, AA AZY AR YA 2L WA
ehdeh, 2O A, AL 2L Ao AR AL AlA ool HekE B
1%i0] 5% TES A EAelA] Alushy] wie] 5% 5271 v BokE 4 9k

L oItk olejd AL MRSt Wao] £ FIYo] wHE S v 2 UE

[¢)



Aok Wk AEe] ARE AT e A5 et At

AP, 35394, WAZAACNA R Agg A7t =UAIT, A A2 A&t A
A 2 A YERT ol AG2 AR st 14 o] WA, &S FolsH
2811 Q= Aoz YEhgth ol olfdt A Hod Eo] A 4] el Hs
US| HESSHAL lE2 QmiRith. wEkA ofE A HolA e wekd AAdeEAE 245t

T, AR WAL FET 4 Y B AWK o] A $22 ANHOR 2t

Q1) 2 X|%e| Agg B A+ A Agg & T

2
15 F
1F
F oS
05
0
-05 F
-1
S SEES TR TR PR NP N SO SN R PSR-
o7 2 D & 2 O \0\) N SONIRON \0\) \0\) Q/QO RO SAIRNN
= Q,OQQCQ 3 0\\»&?\0&@ ¥ ¥ OQ%\QQ’Q\Q\\Q’ S \QJOQ F e ®°§ K
N o & < by &S
C o &
—@— coeff Agg
V.2 &

2 A= 2013WRE 2023W7HA|9] k= 1770 A9 wid HolHE v R, AR
et 2] £& F90 nAle FF AFH 0w A, Z42 F HAE A

At A, 2 B3} 2P (Fixed Effects Model) S8l A2 AEs} Aol o= A
Al 2ol His ROt A(HY FFE2 nRt= H2 RIS =4, X
wrgsh7] Y8l 78 71&7](Individual-specific Slopes)E 11E{st #d dlo|g RS A

83lol, A2 WHo] AP ol WA pEA e AT

18,
T
o)

X,
oX,
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B4 A, o5 A dold A2 AR WA 5% 2ol H(1e] WA Uehgo.
U, 1 9eEle] Jr) At @i 5] ASSEA|, AT, BRYGAE AR
W] A7t Ao A1, Az WHol Hg NG £ A Adsk
ACE el W, ARE, BUE, AFA] A9 A7 WAL BAZ O §ofsiA|
ogkom, AFEY] Aol 209 Y ol Az 727 42 FHor Aty
o AR

2 Bz
Sgiek. B A 5 Aol 2 A9 A2 TN Y T2, 9 24, 190 55
=4 52 FPaoE Teslel, Ay WAT 19 719 AUAE FhekE 4 Yk A9
25y A% £3% Wast ot

2 QP A2 AR} WHo] 52 Rofo] VXL G AFHoE LA
% 7h) o] EARIT A, B A Axglo) Agsh Aue mefsigon, e

3} FA(diversified agglomeration)o|4t EA|SE H&(urbanization economies)dt 2

£ Feio] 4 AR B4 gl A 2odth FF Aol st A FA
FBS A g =M 4 A BRI HIAYUEE v AUsH 8T 287t
Utk =4, =0 A4 SHolu AF vFA 52 LEEHA dgton, I AFoA=

520) P22 Woht A8 SHE WIS B4 o]Fold Wast Uk, vhow, &

ozE 7Y #EY UAARE ZEI, 7199 TN A FA e 1 BAE

He gUsh U Bast Ak

oR
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ABSTRACT

Study on the Impact of Manufacturing Specialization
Agglomeration on Export Trade

Zhen Wu*

This study empirically investigates the impact of manufacturing specialization
agglomeration on export trade using panel data from 17 regions in South Korea from
2013 to 2023. The fixed effects model confirms that specialization agglomeration has
a significant positive effect on national export performance. To account for regional
heterogeneity, the analysis further applies an individual-specific slopes model,
revealing that the effect of specialization agglomeration on exports varies considerably
across regions. While most regions show a positive relationship, the degree of influence
differs. These findings highlight the overall benefits of manufacturing agglomeration
for export growth and emphasize the importance of region-specific industrial and trade
policies tailored to local economic structures and characteristics.

| Keywords Manufacturing specialization agglomeration, Export trade, Panel data
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SFAIR0] et $25A
- 0|39 $254 A= FHOE -

Uz
g & |
I.ME V. 22t M LS ffet 2 M
. FAHOIA ALfe] @MY 2 =5 V.2 &8
II. 0j=e| RF4Y =K MA| Hu=s

T AL F7F T2 HH A Lo Hloju RIZE 7[YPo] Fkste AN
&' (New Space) AIHHE wF2A] A= QU ok, QIFA, DAA|, A= 4], 9
ddlolg & A T EFY FOANE SIoiA 1 Ut olF EEL A &8
7Fs A =2 7% URAEE AU Uvhes oA, AHEA B ol58k EEOE
EREE 497 gt 1o ot 2849 249 S84 ®3 IA F2E Qloh

a2 fEuete] @9 EAAEE 188 FUIAA 2 4R AdE SHeE &
FEIL Qlo], S ER9 V& 5} 22ESE 33 2 E S8 vtgst
A Fohal itk gHAIZE Qlnh 2 At ol#fet EAQJA oA EHSto, uj=e] £&F
Al A, &3] ITARZ EAR AEE SHOE 34 EF BAAAE £45H3H. ol&
o g o34k I 59 ERAA g4, Ag7]&cl Wit 75 $49 SH A
AA =9, FFFE o]do] gk HA B 5 Z 71X F AAYJES AAsHAT

FEAE A7IRIES} 7|&FAE Aot A4 Aol A|Th, FAlol WZF 549
FAT 4 FAHEE Aot s +3 A = olof gt 7E WAL A A
A2 Wst £ 8 1T W, {AstL dI&7Hss BAAA 50l 2ash, FAAL
slete] FE HolA fEubet 549 AAT £EE T SX4F Al FYo] o]F
oj&of & Zolr}.

| FHO FMY, +2SH, SHD7|HAFY, +~ESSHIHSE, AR, 0I58%:

* B sty RS W E-Mail: yikim333@pusan.ac.kr



66 - BHRGT H2H H3E

I. A &
T FAI9] YL FAHO|A (New Space)t B2l W7F 5419 AFY9SF

Z5(commercial space activity) 22 F<&35] ASE 1 Qict. A AL

AA A7 A dH BAE S0 FEEeH, =2 FARASE AE 93t AljME H4o

24o] g0 A ARl TRy IRt VG- AHERS SR 3 HAE 7

N
2al
in)
flo
ox
z
1o
By

olfet 4] Ak F2H FFHY FAHT FA AN FiE FXstaL, 54t
I FEE 8 9 FEY ol TEARQI WSkE 7t B3], A BRG] Y
Shfjo]l weh, ¥ 7l 9 A7 AEEA B o585k (dual-use) 2R ERE
5730] EoMAAL QlaL, FAlol &8 Al(export contro)?] F8A4 ELF E& 78I A
ot 1 A, DA, GAA, A= g, gl H 52 A A s w2
71& WREE AU Qlvks FollA, F-E] =71olA =7IebE et %A 83t fAE
EHog AAT FAStl Be=1 T I, 20249).

TJHo= Etela, Suete] 8 +E8AAEE A4 F71AAG sHeA] - ske}
E4 A9E $A0E AAEo] Qlo], 54 1179 7|& BT 88 128 FE
5] BFgskA] okl e Agolth olo] £5:4] &5l E3kd &8 AAE 15 =9
7b @7 1A, W EAah Aol 9 AlefA Aol "ol AR k.

FEBAAE B T APATE A ohefst Mool T A7t 22 Fof
et ARIA023)= ml= 29| M2 $EEAAA 15T} A=-e P FA T UL
A(PER)Q] TS EAohH, maltaojfS B At A AA B4 7S HEs)
1 3=19] FAo]1 5 5AQl B HERS AjtelYt). B3t =EEAE Bt FHY
St BARtE Heko] Ugto 2 olsfgk Wa g AAleka Qlrk. BHI €)(2023)904+ Bl
FEFAVNEHY F8 W8-S EAola, olF vigos ejuet iR i Wk
3& AESIGT £E5A419] FHo] Tt QIR XS Hol Q- AR 7R 2|

of g2 AXIAL, e SAIE AT WAEE BaAdE APIsIAH. $531(2022)2
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YR £EBAATE 461, 20199 Tl tigt &4 2AE AR B9, &
A7 9ud o GgHE FS AFHOR HoFrh

Fol= ul=9] 771428 A 9 FDPR A9 B4 Fx0F 1 sgadle] FEH: o
FEE U TR Q). 014 o]58(2024)2 v=9] 9] 2 HAIEF2(FDPR) 2%
AFHIQl Seagate AR1E FAHOE, Hlat $EEAY] FAESE 558 1EskL =4 7199
o YW BAAA 59 a4S ARl 05220242 ol5EE ER
FEFAIY FAEAEE UL HESH, GATT A1 B)Gi) HEoe) 23] 4
Ao ARSI APHA BA 7FsdS EA5IT 014%9(2023)2 AL EAIA
AMTCR)O oJgt FRI87] 28 AS FESHL, v=2 MICR 84 #3jo] uk&
TR 25A 93t A3 gelot Syt A4 s oS Abercth. JAt
$(2024)= =] g BHeA] $28A7} 219 dig=t vheA] ] =& |zl IF
S AT BAsI9on, 9] ARst ol wht ghete] Eo] B
WSS Aok olof thet AZFA g2 Xtk

QHH, A - Af48(2023)2 1|9 $=EA 2 EA FDPRY HA F29} 7]
FAolL, o] Al=rt F2Y FFel vXE sEane} gt 7199 ths Mk Ze
Aot 28 (2024)2 vl=t F7|=28AHY AA € +2E vrste] S2vet
715% BAAAL A ko g 93] FA AR FMS BY &Y, £F § HUF
A= 5 ARttt HeE202)2 v= FE28AMNGHL S+ +25AHY WS
Hlwste], BAHEY, Sl A 52 A5Gt A7 |Me g BA B3 ¢
Zuets 23Rt F8 W= nAs FFS ARokL Yk vpREte R, HAR](2024)&
Ut £EEAMAY A8 ZAES HESH, RG] HAE #2124 IAE
AHe &, HFHo| AAHR] AHAA AL AQtetich

olAH, FW APATEL TEFAATY IAH 5T, F2 =710 HA ¥ 7|eF
Aot tr A A, HAF BAFHY A8y 1 wgay), S AxY] F2F T
2 N 5 e BANA =97t o]FolA| 1 Qitk. 2y olE AT iR

F7)5, WA, §Q17]9h 22 guby o388 FEof AFE] A1, AP == F
B9 MRS FHOE APt HollA, FamolA A F4dolghs EF

Y9 F+EBAAE gt B2 AgtAolet & 4= Qirk. ofof & A Al
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7|& ARdT=olMe vIEE A4 24, DA, A=

B], AdolE & it EE =52 A BAE SHoE V=Y #EEA AAE
AL, olE HFe® SEuet A A S BES) BaA) e

oJstoire WA FrAmolA Ao Syt B4, B &Y S8l ot &5 A
g W e AR AHEHID. olof, v=e i #E5A AAE
197639] F715ESAN - AT ARE AA 9 201899 sESANE -+
T4 AAR HEste] AES] EoK). ol& EWE, Seuet Al WS gt A Al
2 7S fEs) E72 AHI).

L]0 A 7|2 SFARITE RIS AolE HAlth AEAl Aol
=7F 2F BAA B A BRAE 7INEe® ST, wAwolAE AR HAY
ol 715ket vzt 7149 F=2] Zroi9b ThefSt olsfuARe] |l o dAsial Atk
(Pecujlic, 2023). 53] 2BV, WZE AL AB|A, SdHolH &8 52 WX 7199 9§
A3t v]-8 A7t 7]eof o) wE &2 AASE I tHDoldririna and Wintermuth,
2023). olz I3 PFRE] SAA e Aok viud ¢ gle Arw EEsiFod, 4
A FEFolu Aib=r AH|, 2LE0], e1dHolE 5 TSt FES A space
assets)®] =7} 7tof| o]H= 1 Qiet.

FFRE ANY 8 SV AdLHA 22E 5579 gie Eiske oojFH.
Aol =7 W AdAIEe] HHE SFAAE 3 REe SEthARt
(Damast, 2010), °JAl= F&(parts, P), AL E|o|(software, SW), AA(materials, M),
7]%&(technology, T)°] =74 2¥sto] XEH T T, T4 Fs/id L A A7 &
HESHE Y Q= Aotk oI, &% 9§48 BE2 vlsollA AAEAL, FH ol obAloto
A A 3 A3l 2 R AR FEIZE B Qs Aol ojAY 97



QFLAN| ot $EEK| - 01R ABEM TS FHOR - <« (9

<9 =7 7t olso] o] et &% FAl (export and import controls)®] HV
¥ 4] E3F FA WS AA 5] ERSiAIaL lth(Harrington, 2017).

oj9} T2 24 HStE s, =7t S AEAU +EEA A=Y AF HA R
g A AFEL ok 7€ 284 AAle = JHAD 2AE fgel di8sh]
o vihE Aog FrRY OlF8E FEol Uit ¢HE FAIE SHLE AAE0]
SrcHPaikowsky, 2024). v]=9] AL FAFE7| A+ (International Traffic in Arms
Regulations, ©[5} ‘ITAR ©]2t gttha} "4=&32]+#4, (Export Administration Regulations,
o[s} EAR'°[2} etthE &3l SIFE TAK T RE, g $AIRH|, d2st AnES)|
o] 5= BAISHL L, olF #AZ = W 7IY9E ofyzt vi= 7leo] 2 AES
ZE5l= o= 7Idolle JFE vIXItHDamast, 2010).

Iu 7led T &, Wi FA19] g4t 3EE S5 229 Hsf ol
TAAARE o8] FZ1AolL oflQ] 51-8-9] M7t Fastrhe oA, Wt 419
AT 8= Aot gRlor 2Hgstal Qo Ejt wAH oA AltE F5f F7E9
F=Y T27F FH-AH 0w HollHA, WA eEEA AR B4 Y FEA]

=
%

71&9] AR e, A ou]o] AL Ve o i B 50 AN &
gollA AL dA o2 tE BT AU Holal it oo whe} e4te]
=5 9 Ao 73 el =AY 34 der RSk o

YRHH o2 EF (item)Oldt 2|4 AulETt ot AZEo](software), 7]EAtR
(technical data), ¥2LEE, AAEH 5 F39] 7€ AEE7H] Zgot= B2 7idol
ok vt TR RL Al19% = Al AR Te] Al AIAIAl SOl wt
FE071 5 Algtol B BEFE A IS sk JloH, MAgEATEY
TA AE AlEE EBE S S ERHEE AL AR, AZE0] 5 AR FE 9
FAE B 7eR Aol itk mEbA SAItVSS 7Y sk=dlolof] A=A e, A
Efolel 7l& & F8Y 714 ASEL I HDamast, 2010). &A1 48 WollA=
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‘system’, ‘subsystem’, ‘subassembly’, ‘component’, ‘part’, ‘accessory, ‘attachment
T TRt 9] 71847t EAsH, ol&2 77 ‘B A oJF (specially designed)
U R BE ARl et 54 ok Agact

o]=9] ITARS 'F-8-E4F 555, (US Munitions List, ©J5F 'USML 0|2t giche] izt
282 Ausieln, Quk SY A4 7130l w54 g4 ojng AL Heln
ST}, AT O BARS W W R8T BES FAOE 600 A= 95515 A
P22 B9l AR FAE ok s, AEAe B 258w e gJuse B
7|z35to] EFAC] 28 oHE whdotal QtkBartlett and Poling, 2016). 53], F+AH|
o|A At B¢, TY FAIEo] ot BEF -2 HY - TUY SRR A= B4
¥} ghEe] Hoh BokEel 7] WA wHo] a7 E7| e jith

oo} T2 4RI 29} 7| A/Fe] Wslof wt &A1 A " WA E
o AHA] AHEZE 8EH . FEEAlE A= BRI VIR, ugd, i

= ¥3 AAR, Ut H A 5 FA0) AU o]FEE F5S SR itk AE
A0 2= F7IAAY ulo] 2214 2ol T tidellon, 71&o] F33tet sE53tt
7} APE esdolle AAE, AZES ], AtlolH, 7IeAtam 5 73 AEE7HA 2
ke S8 Aol 8E = Aojth

229 35 HK= A5 7]4(emerging technologies) S F410 =2 e Itk A%
As{(Al), Y=7]&(nanotechnology), 2HEA(robotics), FAFIFE (quantum computing),
AR EA7]<(information and communications technology, ICT) 5= $F4H439] 4l
AE MEPgolA BeAor G8ET oy, F5E 7IEREo] FAe Eehgt 8
E0 2 ?l3f 7129 &5 7I8Hlist-driven) SAITA 2= G3}AQ1 11-&0] oFt. o]

FEEAY 282 TS FAT AWM 9 SASoF skert, & 71e] FAA

)

@
fr

1) Ag7&L 7I&REolY ERVIE0] HEs] gluo] A ool Aol F419 BAIES(list-based
control)ol] ZFA|7]= Hloll= A3t ojgfgo] wEt. olo| wat £E28A| AAcA = TS BAT
A7 AFs|ETE, 7€ Y 29t S FHOE A9 WS AEFT B a/go]
gRE o} A871&9] 571 $440 2= © FE2 F4l/d(radical novelty), @ Bl w2 g%
T(relatively fast growth), @ ¥4 (coherence), @ F=2 J&FH(prominent impact), ® E2H4!
A 9 S A(uncertainty and ambiguity)°] AAIE v} 1L, o]F3t A4 F E5] BT 2 F£EF
Aol Qlo] Al57|& FAIE ol8A TEx= HA g4Ek= Z]Z o] QltKRotolo et al., 2015).
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|0t A F4HY 7154 &2 g I 87} Ql= Ao|tKCreydt and Schulenburg,
2023). of2et TEH =Y 40| He wodolA A T E52 1 /3l
ol o2 22 7] #iFR RS 4 itk

AR, A4 4 FAA T S5 7P 8% $EY A T shuelth2 94 #A|
(satellite bus), BAA(payload), 1LsA= AllA(high-resolution sensor), Al H&
(communication module), A&A|°] ZX](attitude control system) &< X5 Tt}
AMGER FEE § e 542 AU, o|= 8] ITAR W EAR IAH] 714 ol |t
(Handelman, 2021). o7, 20149 vl=9] #5841 7iS olF, 448 ¢4 ¥ &=
T 3= EARY 9x515 AlZ|Z & o|FF o] Hot &= ]l A7 7Rt 2,
V= B AAY FojE] HE 52 oA9] ITARY] A% A5 L Stk

=4, A #E Ew2 FAALHpropulsion system), AEEEGA|(fuel feed
system), AFEZA A (separation mechanism), FEAO1H](guidance and control
equipment) 5= JJHt}. o|&3t FEES tFE ITAR AIVF{Category 1V)ol w=f
+EEAR BEREY mAR7ESAAAL Missile  Technology Control Regime,
MTCR)9] A8-& FE] W= A7 gt ol &80 7I1eAta Bx AAHE FH=
ol s = Feole LM FEEA tde] HH, i 7leo] Q5 7199 EAlECl &
Fe= Aeol® = f371e9] AR o] weh A3 E0] AIftETh

A, A= e 9 B AZEoje $EFA A0 1L F8/d0] AR Ut
A & L FAlo] AR A= Alo] AlARl(ground station control systems), U3
3} AH](encryption equipment), QHE[U Alo] AZEQoj(antenna control software) &
< 7Rt 9 AfolH Hokw}k ek o] Stk F7]&o] 3 AT Eo}= EAR
Part 740, 77200 W} SAIEM, g 252 sEcle vi= FF2 ol B4Eo

2) AT (satellite)> FRHH O R QIJEAC FAjAlek= 2714 8 FEO=E 1G5t @ 94 £A4
(satellite busy= A &5, AAA|O|(attitude control), EA|O|(thermal control), S, FFE &L A
A 2El(propulsion system) 5 44 7[EAQ & 715S @Eoke SFETxXoH, @ EAA
(payload)= TFSTEAL G, BAIAE 5 489 AF HH0 uet dAf=E g gttt 4842
AT FZo] ue} gl FEjet 7|2 AR, 95 WA Ak o419 FEE o AZg H
AE IS AR 942 Agake] FAS ol AuKradio wave)E AR A4FQ] QHEUL} HlolH
£ FuRt=th oluf AIEE HEE Aol it ofgt 9459 AH, fA FE 5= EF Rt
(o]0 H3lod= NASA, “What Is a Satellite?”, <https://www.nasa.gov/general/what-is-a-satellite)
(2025. 6. 20. HFTAM) HD).
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= Q7 B3 S AnEL0]9] AN WOl ]t 7]e AR (technical data)ut A7
Hrde A ‘aF 2 HEE0] SAIEIL Ut

A, epdulols H BAAES} 2 vEed] s ARt &A1Y Sat gL
= R4S Qlehy) AA”ARE B9l A s QAR TlolE A RIRE,
A &8 7heA B wEE BAIE W=ttt "= A%, SiYH71A (National
Oceanic and Atmospheric Administration, ©]3} ‘NOAA’S} StchoA Q7 AAEAL A
259 29 H HolE 52 BoldA WAl o R SAlstH, siejo] AleEe AsdE F
goll disiA= ARS7F 2 247 Algks Fakstal Itk 95, 2020). 20209 7R
NOAA 782 974 7] Rzt AAgs2 S35k HFe s Ast=loy, 54 A9
ojut FAAHGY F/dtlolEl= o3 otk

OJAH Aol A AR ST EEZ Ot 71AA BEY 55 Hol, &
ZEo], giolg, 7l&Akm T ARt FEHIE SEEIL QLI oF Aol A FEEA

ez EREal e Aot

=)

Y
3
lo
Ku}
oX

3. QMY AZEH0| B3 W

Aol SAAe FUT BH HFo) ofd, FEYR V& abet Y HR) §AS
Bl HHR gleng, £EEAS A el BE S
ﬁﬁﬁq 7']]]-:"7} ‘]FI’./_\-TH]O]./_\_Q]/ﬂ_QI /g-ig/%]jq_ 7]%‘@[/1\1 é‘\_Eoﬂ tq'

4o
e
o
(o]
I
N,
e
o
e
rx,
J
X

3) UN &3]71 198640l A=t '3k 0 2 RE] 9] X7 AATAL] Bt Y2 (Principles Relating to
Remote Sensing of the Earth from Outer Space)°]l W2H, YAHlo|E= 1 A& 20| uet thS
3} o] 3717 MR ERETHH IS, 2020). © 120l El(primary data)@ Y/J2E2HE A =41
H 7REA &2 AAl(raw) HIOJEIR, Adolut A7} S241E A iR &5t oFF] ojwh A7
U S8 AX|A] k2 Fejolrt. ol= 7|AIF o=t Si4 st FEIE EAfsh, dRkEQl €8-S ¢
A= F7HA1 APAE 7 B astt @ AfH|olEl(processed data)= Y004 AR 130 o]l
g3l B (correction), ¥3Htransformation), YE|H(filtering) 5 71E2 A& 7I5F Ao, AR}
7t 34 7Fsst B2 Wk glolglo[tt. o] TA9] HoJEE ofF] B4 ZulEA HJHZ oJu|E Hof
w7] o]d9] 71&ed AEE 7t @ 44 E (analysed information)®t A2]H Ho[ElE HIgo R
£ B0 uet B4 4 JrE Sofolo] TEE FJEZ, AT A, 24 #H3; B4, A AL BA
AL ¢ 5 TAE] &8 EF0f ue} e AiEo|t} ol 1k HEF VX7t Hojd FHF:
ASER En o|gg R = BV ARKRE Aozt 19700 4 UN =2] IgojlA ¥
o] FAYR R 8% AoE guolElY WA AT +=2FA F& HYE df&st= vl 7]
= Qi
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1
H1
XE‘
H1
)
o
N,
X
o,
S~
)
21'4
X,
Yy
[e]
&
>
%0 O
fr
Y
o,
K}
40
ot
5,
N,
iy
9,
T
P
H

EHo], f1dHlelE Y] A, T A G0l diet w2 Roshal A S5t Qlo],
Wt 289 FE- G FEVT S8% AR HR == AoltHPaikowsky, 2024).

A, st=dolet AnESo]-7]& Aol thE SA " Driolth. wAHolA Al
SFEES AXEJol9} 7[&A R (technical data)E°] 2FE FHZ Alg=Es 497t
Wt 1&9] FA7&0] AZE o] E= FHol(firmware) 22 FH=E FHE=
=94 AHl= HeA FEYAR stE s AnE o] 7L SA tiiol 2 4= %
Oo|tHCreydt and Schulenburg, 2023). °]of e} $E5A419] i st=glo] 4
oA Holuy AZEL0], 7[eAtR, AAEH 5 739 HH= SEIL glon, o]
534 71eAH | et = AA gH17F B asi.

AR, T Ee Eo7Fsd ol W Al 74 =Qlolth &A1 olMe 52
A7 A% (specially designed), ‘HFELE, ‘FSAREAF 5ol Wt A4 oI55 HHSHA|
gt shte] AlAEo] ofF F4Q40] FHO= o|FoXAY, Hog i 7heet HEY
AlFo=s 48 Aol A1 HaiH dS7ks/dol AsiE 4 Ut Zeitouni, 2021).

A, =71 2ol AA|Y] Apolet 4| HY] TR0t aEAl: 7IEHoR
=71Ed9] YY) &oHARE AR 22 3T Ved Y S AAR YE= A
o]7] wizel, Zh= SAIAIA 7] 3ot 4o Rlgo] Fasitt ey AMA R w,
FHAMED), €& 5 F2=79 FAAAT Mz oA A= ltk= FollA, 52 &
ol tigt =% 714 Al 7R EAY S fith ole FAIARl S5 7ol
U o= 4 2209 34 5ol Aot 2 4 Sl Bh =414 7% viat jiA 9
AA F-=0] EQ3F AZoltiKimiagar et al., 2022).

_{

i on

1o
Lo o

KD
ok
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. w59 9344 #5854 AA
1. $EEHHE JH2

TZE5Al(export control= =7} FH, 2w, FA|A o] Eosl| Yo B &,
ATEQ0], 7]&9] =9 o]d& Aghoh= FAIAAIE U Creydt and Schulenburg,
2023). o|5-&= 7]&o] SAtEH, RIZFEO R JPdE T]eo| HAH == AEE & 3
£ 7Fs/0] Eorl @iy 7|&ggoMe &84 S840] L AREI itk 95

AR 7284501 71 FESR 99 F stUE, AR, H9A|, B4 AlLE 5 O
29 7|0l IE B FEor ERE & ok HolA #2549 dd A didel
it

0|29] $EEAA A= A&35t vie} Zo], ITARY EAROIZER= 271A]9] AAHlFA o 24
skl Qo O ITARS "F714E5 A, (Arms Export Control Act of 1976)9& &A%
Shal QJaL5) TE UAH|IA 9 B 7]&9] &S FHE(Department of State) At
o} ‘HRAEAZF (Directorate of Defense Trade Controls, DDTC)e] &5t Q1ct.0
@ EBARNZ 1979¥ AR "$&32¥) (Export Administration Act of 1979, °Js}
FAA'Z QthE SR AHACH, T civil use) T 0158 (dual-use) F5 %
71&S A5 At AF-E(Department of Commerce) AR} ‘AFIQE = (Bureau of
Industry and Security, BIS)°] FARS] #E|FA|Z2 7|53t

ITARE w73 WAAHIAE A Tz A3 Qletl, 57t e} 2145 7714
AE BT vks "olA 1 SAleEe] HiS- dA_E Holth. HhHojl EARS RIRE 249
7IEolu olF 8 FES T2 AISKL o uE, SAPIET} HlaA] golE o] QA £
22 sl = 51717F B Golgt Holr, IpAo= tiREe] £5= ¥ 7]&o] ITAR
o] giollon, 20109dHl o]% A7 FAE $4 71&S EARZE o|HE o] A FEol
tha 2tE i,

4) 22 U.S.C.A. Ch. 39. Arms Export Control (§ 2751 to § 2799aa—2).
5) 22 US.CA. § 2778.

6) 22 C.F.R. Parts 123-130.

7) 15 C.F.R. §§ 730-780.
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I 1) ITARZ} EAR HInE

Tz ITAR EAR

- 19794 £Z2|H(Export Administration Act of
- 19763 2I|=EEHMH(Arms Export Control Act of | 1979, EAA) : g

1976, AECA) - 20184 +EEX7iH(Export Control Reform Act
of 2018, ECRA)

- 22 (State Department) 4ot A28 (Department of Commerce) Aot

YALHSH=(DDTC) ARIOHHEZL(BIS)
A Y |- 27, YRIMEA, 28 J1& (USML S 85 - U8 3 0|58k &5 (CCL M &5
TH E |- U ¥4 @F 34, AR 24) - HWA 235t (RUE 518 7tsd EX)
SFLGMO] | - AY, YA & FT|E HREE0| HSH2=2 - A2 YR SN, FAEAT|IE S2 0la=0 EAR
ol RS HE ks
. - ) - M8EXN=Z(Commerce Control List, CCL
[E— FREANESSZ(United States Munitions List, iz; lue(ﬁi; - )
SH =5 USML) - $EEXNE2FHS(Export Control Classification

Number, ECCN)

Xz KK &N

n=9] $EFAAEE T GAR 7190l 18A17] EPAAY A7|E7A] A& Seich
iRl A=) SWEL AR AANE 5 A 191799 2451 9H) (Trading
with the Enemy Act of 1917)°]1H, A2&} AAIAS T3l Lo gt HEEAF =&
= Algtet7] {5 A7FH 1940499 "=2FA1 1 (Export Control Act)®°0] EAZQ] A=
F=o)gt & 4 AtHChapman, 2013). 19409 $E5AHEL A 27] Z5EA 49
Aol =gt=]o] Ao, A2t AIARA 7S] o9l 1942AFE = T A& He7t 2
€ 283 Ao S let 19487 3t A=A HA F= ool ot
Ue BARAESE HAt HAE Ao= =T Ty v]-4 YHlo] HSFERA AjZ
& tE AR thg3ly] Y3l 19499 MRS HE FHE FEFAMNICl A AF
(re-enacted)¥|QIt}. O|F, =R WHE AV, £E28A7F g3t BAAE B gE
LS ol =7IRHE. W Qu g o] S0 = 7|5olA HaL, EA Al7]ole v= B

§) 1040410] $EEAYL 1l SxME PR B4 o)d Yol AekEAle] ) HEL YA,
Qluo] gt TAEA S22 ATk S5 APgE 271 5257 Ygolth. o] WL e 5 Eu
o] Yz AtElo], E7] RE-SlRA 4R 59 $2S M thoR AHsel, AR 9l
Aot WE oS e oli 2w Aokth W] mEw, tlEwo] Briohkat W asith el
A9, FHE-ZTAR 59 222 AVY S Jws P ot
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of 2 ARl F7HEH(BARD N tiet MHHEAL 25 Adshe 3o R FEEIT &
St 19519 AAE " LZEAIH (Mutual Defense Assistance Control Act)< 1]
9] A ZA 425 A, A3=He] I oFf FESAIE TR AAR SAHA
7l AZ17F =k

A&7lole YA EA stofA vt ME=71E0] 7leold AIE 54 o=® 19484
TR 2542 9L3] (Coordinating Committee for Multilateral Export Controls,
oJ5} ‘CoCom'°|2} thE AYsIStE. CoCom 2= 7+ &olE ol Wi #5 ==
= A5k, T4 =710 Uigt 52 AlRtsks 9E€S sk

197099 W5 FH¥shs SAIGAl ollA A=2] Ak il 71ext 2419 s
oS AL, ol Bl H7IME, YuAH, FU 35 AHolRe FRE HAEH]
918l 19799 EAAE AIFSHATE EAA= A7) A AF 7 717433 ABAIAZS] 7l
A71e S 927 ARE AROIA, Heh FPolal AAAR] 254 d3hE AR
off Fofsl7] {15t FAoA YHEU. o]2et u|=] $EEA| A AA] W &Ko
A A2 B2 2EAARE SFE T 19908 S4ARIY] E=at 34| CoCome] A =]
AL, Hep Ao|a Bt $EFAAAIE Aok A do] YET oo wef
19968 THRFAIUZ A|A) (Wassenaar Arrangement)?7} A% it

S, 19879 Hl=E HIRSE 7S A7) 29 el mAk 7]eo] Sk
Agtelr] Yol Erz AL |EEAAAL Missile  Technology Control Regime,
MTCR)ZH= BARE AIAIE A-sH1aL, o] MTCROY 9lsfl, 27 A|AH], LA, 72
F37], B AnE0], 5410l Tt AREARl 7|& 5ol 8 SA| tiidol 23U
o}, P52 MTCR¥# HHAIUE AA19] 7]E& EAR % ITARC 215 REgstal let. o,
MTCR] BAEE-2 EAR W CCL(Category 9 5)°ll 4G 8tg=lo] glon, vuz
AAS] R B v F5 V1€ JA FESARERTFHR(ECCN)O FFS T Utk

n=9] Zlewd B4 Asiet = A Aeo] 2ASIEHA, A27] ERIL PHFA
= SIS R A=re o] tigt EEAIE At SHoE HSHHA 457

25 A3 ATHRahman, 2025). =9 +57I& &5 7Fs/d0l Hiet A7 o=

9) BRI AR CoCom®] FEAAZA A4 7] 9 o] 585 BRo| that 552 SAI, sl
7o) AR wet 9 247 282 59 A kel Ao ebgo] Jofsls AL Exe Fth
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3, 9, A, SAH] 5 oS8 9571&o] ek ECON A, 2tolAdA 4 50
ZA R0z AFE UL ZFo=ulslr| S HTAHCASC) U ABAE 233 theo] =
= 95 B 7I4E0] BISY FEARE W (Entity List)oll SAEHA, vl 7ol 4

ZEFo)7} 23 T #EE2 A ALEUAH10 oA Y EYI PHPR $5F
ARHE 'ESANEH, ITAR, EAR 5% WA 7|HIOR slof, F=-Z At At
FHoE A {HY Sk 57189 Fed A9 7R S49 71&sA H
Z3tehe AollA $E2BAA LTI} o851 Sl Aot

2. F71=ESHE & ITAR XX
1) 9o U EN

A 259 SAAAR A WA= 197699 'FU5EF A, 10T} [TAR AA0]
o} ITARS v] 27 A - 8ck= A+4(Code of Federal Regulations, ©]dk
‘CEROJ2 gttho =, Wojiklat FAleo] sidshe &5 R AH 52 AR
A F7RRIEES E551al n=o] Quigd F25 Adsks S F8 FH= gtk [TARS
FEEAN S RS A AR, AUt Al2d A MEQ2 CER.
Chapter I, Subchapter M, Part 120-130)°l 7+3=o] et 55 46| B9 7 EA
=0 ool &A= Ut FEFA FAPoll= FEQME HE(Department of Homeland
Security, DHS)9] o|F&#A &= Immigration and Customs Enforcement, ICE) A<
E+9d 9 2 (Department of Defense, DoD)&E Y& #ofsttHirschhorn, 2021).

[TARZ USMLY SA1= W9EAHdefense articles)?} BFAH]A(defense services),
o3 7]1EAE(technical data)s 1 A HACE AF=rtKKimiagar et al., 2022).12)

USMLL A (launch vehicles), T]AF(missiles), 77| 53 22 ET)d EE2 EE,

10) oJu] 2020 HHEE MEUMilitary End-User) 71212 53 = TAF HEAREA E FAF B2 ALS-
757301 = a9 71gell gt 71solo] AlFtE U, ol S EAM, AAFHAAR, Al E
QHE =0 walel WS a0 JgkS | EYUI PHHL o] Ea) ARIA w7t 0=7|9]
ol shEieh 9j% 2B} QAE Aeolt ANA0R F28 Helshe BHT BAVIEE
3t v S

11) Arms Export Control Act of 1976, Pub. L. 94-329, 90 Stat 729, 22 U.S.C.A. § 2751 et seq.

12) 22 C.F.R. § 120.3.
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A TH(drawings), 2ZE0], 7|&EA(technical documentation) & F@2 JE7}t

HORRITY. ITAR A121.1%+= & 21709 ¥F(Category I~XXDE AlZ3tL l=H], ©f
AVHHEA - UL - Z5t 5) 2 AXVHEFESTA - F340] 5)7F 74t
A& 7H HEet & 4 i Mirmina and Schenewerk, 2022).13)
ITARY] W& Al &84 20 IXA] g=tt. vl WollA =lolA &S 2%
AL HolF= "53] & (deemed export)e ITARS] A e, 2=l 20|
USML #50] Hoks A% ‘Aol (retransfer) 22 7HEE|0] 617k E 8 5ttHKlubera,
2001). sRloflA WA= Al Aol ofyzt, = W 7149 HEYA L, S
E A4 Jd, =9l gEA JE 5 2E gqAE-EY3 P90 H8E 5 Sl

AAZ, ITARS =14 oldHch JHe} & eHitg FHoE A4 AAS g3k
A, o]2}t Azt Tpfet FF 2] 257 ®4lo] A 3ItHBartlett and Poling, 2016).
oI, I3 EF F=0l= DSP-5 olAA7E 7 ET, 7]& =0y S92 ARt
B AMHE|A Aol 71EA Y8 A (Technical Assistance Agreement, TAA), AZ7|&
o]&of= AZ57F8 - (Manufacturing License Agreement, MLA)?| SF-H T} 7145 &
< 71953 F59Y BFols DSP-83(IYE - HIAMEZA]) Al&o] F7te 8757 % jitk
(Kimiagar et al., 2022).

i

ﬁ
J

ofx
>,
8
i)
=}
X
<t

e

ITARS EZAFA(Armaments Cooperative Projects)= &0l 0= AH<} o= AHH
7F TEAZE2ES 51838 2= 917 TR HIolAlY] mRAEE 27E £Z 2
01& HoJol= 25 ZFE1 9t Hbd, ITAR A126.1%9) uet £ B35 o) A]

glot, 4t 5 B4 =710l deide A9 20l sAlE. ol =71l Higt 71eol

13) 22 C.ER. § 121.1.

14) 1] FE AR AFA=L [TAROY whet F71550] sidsts =4 € 7[eE8] 242 St
ohokFst 371k A (Form DSPYS 2935k 9t} A Form DSP-5, Form DSP-61, Form DSP-73 0]
AL Aoz JEEL 4 @ DSP-5 oA USMLY 5AE HlEF (unclassified)9] W=}
4 7IEARE =9l B ==V tE JFE O ZE(permanent export) £ W ARESH=E 7|2 A 0]
’\"017} Falott. ®IAH|A(defense serv1ces)~ 3= ko, o:]?_xq o]"(permanent
transfer)o] SFJECE @ DSP-61 EolAlAE HlERT ®EALS] UA[H ](temporary import)=
gt 57k Faloltt. E’]i‘ Wolldel A, AlE, 2] 59 B4o= 01*] grelet ff &84t ®
DSP-73 EpolAdAE HIEF HEARe] dAH —’F%(temporary export)S st 57F Frlo =2, 9]
A, A, A 52 913k 7] Bk A] ARBEIT o]l oA QFAl 717t HAo] wet LEE,
LE 57k A% 719do] ARe] R F B A=l 585 0] Slojof A% 7sstt. 3] DSP-5 2elA
A SFARIONA 9 24|, E, VIR 52 = ARGAIA o)dE o) HH0E AR E=
%% 5|7 F4loltt
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A2 AR 22 8, A3=wE B 9] #E, B4=E o5l A/ E 7

T AR 92 vIA ek 19961 A M(Intelsat) 708 1/dTAF Aujj Apd16
9/99] AZARI Space Systems/Loral& F=39] 35 ALLEAL Io|A 91743t 7]&4t
FE oHe TR ITAR Rt RARE #glth ol= = U £26A4] J9] M-S o
& AR FriEA et S AR AVlz 4EE $4471e2 Bl ITARY SA
Stoll HY=RAAL, ol= A3 201397HA] vj=9] A2 2A f5E 228 ARH
&0 At ol S AP Te B7HE 271k SHtHKimiagar et al., 2022).
201497 E= A5 A8 0 ¥ F4ES EAR AAZ Aoldshs A &7t
o|F0j A1, 202499 "=HlHHi(National Defense Authorization Act, NDAA)S &
o F=} T50f| thsf Y ITAR F52] 2foldA HAIE Ash= Alx2] Hate .
THo = 751l ITARS oJ413] vl= }el4tdd 71e2] ti9] ojds #&dhke i AlA
E FAEAL AL, TR 4 Ve AR A4 Al e AGE dles B

ot

-{Oll
%
oft

QAo Qlo ITARS] &L USML & A|IVHF(Category V)9 AXVHF:
(Category XV)& 4]0 2 o|F2ojAtt. USMLE "R7|4E5A, o et A5 U9
AHdefense articles), A H]A(defense services), W B 7|&EA R (technical data)=

Feshd, it B2 we Auo] sle] olde Ao u] FER| 5:E57HDSP

15) 22 C.F.R. § 126.1(d).

16) A=A 708 YA TAL Al AAL 1996 29 159, F= 234 APHIEE) AAFIAMIE oA (K
fiF, Long March) 3B 2#12 0|83 WARE v|=A] BAIYA Intelsat 7080] o] X5 Felslo] Zlst
ARE Dot IARIE WA} oF 22% Thof] AlEE o|gsle] Q1 mheol FEslal, FAFoRE
A Ho] AR A Aog deA Qlot o] YA ul= 949 AIRYA| Space Systems/Loral
(SS/L)o] ARGt Ao, AlAL o] % SS/12 F=t =t T WAL A Q1S BA5190H, o] g
A Hl=r AR 9 B9 V1eAmT S S0l olAERE 7heAdo] Ak wsich o]of wet
0] FRHL Dyjasead 9 TAR Ut Fol2 sS/Lo] thel RARS A8, o] 20024 SS/L
< olg} 2249 22 9] HIAF FOJE 51A H Qi) o] ARAL vl= R AAA] Y4714 ITAR AAZ
o|FIHEE Sl AAZ Av|7E HJe™, 19994 2J5]9] ‘=4 B 1A (Cox Report) HIEO & 0]ojA]
SE5A HA Aol FUigt IS wHh
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Form $)8 8= 2tk USML2 & 2171 5= 45, O35 AViTF< TAR 8
5, AXVETFE A 32 39 7o) 23S 95 ok oA ™ A B EoF
+ 7%l et AEA -1zt 5249 7ien AHIRAE A el He A9t B
(Creydt and Schulenburg, 2023).

AR, USML AVEF= 224, vAY, A 5 2AF] 3-8 7Fs/d0] &2 A AlA
HE 40 8ot ot AIVEFol= 2, SFEAK(space launch vehicles), &
TE8Hguided missiles), ZEHbombs), 1F|(torpedoes), 7|Z|(mines), ~FEHgrenades) 5
I 22 F8 FUAAE 29EY, oS 283571 #1%t YA (launchers), HSFEA]
(ignition devices), A|217]7](control systems) & EZAH| = $HA| ZIFEICh ESH HHALA]
9] ZZ7]power plants), TH FE-BEE-FLGE, oo gt 7[&AE (technical
data)2} ®F-FAH|2(defense services) HA] A ddoll £33t 55 § L= MICR
9] tjAto] EAY, F27AFSH|(Significant Military Equipment, SME)Z E5&o] E9
HAMT E= * 712)5 B3 88 443 77415 =tHOSC and OCST, 2017).

<A, USML AXVHEF= $-F4(spacecraft) S B w0 tieh X2l 11782 ©AL
AL, 7oz AR TIH Y BAE BESHL 94 7SS S5k S AlaEe B
zegity o] WFole= YA(satellites), FFAM(space vehicles), 7IEF 54
(spacecraft)o] Z3E|H, o]& Aojor] 3t AAFBAA|A8l(ground control systems)©]
U SHAIEF|O|H(training simulators), F-&-FAE-AAH Sk FHTt BE0], o=
FEol HHE TlsAtmet BAHIA HA] BT A Hiido] Hoh 53] AXVETE= WA
A WAFE(radiation-hardened components), Y FAA ] 7|6 2= UAFAA
(remote sensing satellites) & AU JA7I&7HA e ZET 5= Qe FX0]7] wi&of,
WZE 57109 & Autel 24 FHATE ITAR A7 o]FofA L IEHOSC and
OCST, 2017). BHA 02+ Hlsil 7]& T FdE0] A AAH 7Eold, 3571
o AlRF A 5 AR BT v 5759 =571 glo] o]Fod & Qi WA 27t
BAAEAL Q= Aol

AR, ITARS =914 289 =TS AIBR= Ao] ok}, 4%t e AH|29] A|
5 A= FeIAEIAR 7HEste] AL itk AR 9 AJdolur AR Auf A9l
4 5 USML AV 2 AXV Hol A 1145 JFeian| o] siggtet. i, o= 7]
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A9 S WA B&ole TYoIA 71eAdE AlBSAL, @79 HARY AR E|
2AE S5 Aol A9, B WAF Aufol] tigh 71ed BAE S3cls Aol o

715 AAR ol A geEte SEYE HHtHKimiagar et al., 2022). °]9
3t 71& AujAa Ol Au]o] sko] [TAR B EAR 33 of3o] A glo], Au]o] =3
oL} & o} RHSHA £EF|77F 87E T Qlek. o]o] A S} T2 Eo] o]
St BTt 71 4SS S5 AFSI7E glo] €= TfEUA| 7ot T 55 Al
S 5 gl BHE FY oA ARAR] HEHET eHoR PIHTHOSC and
OCST, 2017).

A, 2018H9] $&FANEH A7 ool 7129 Ha Agk 21 HA U X%
T2 (see-through rule)o] HA|=]|1L, “F9tf2] (integration rule)°] EYE|QITt. 7]&]
+ ITAR B4 F50] 9140 5= s 914 AA7F ITAR HEE A&l ou, A=
& sl E 9T 24E S5 A4 940] EAR IR A2 4= Atk &, ITAR
BAl F-Eo] EAR BA 9540 H7tdHos BRtErets, g S54lo L
XV(@)@2] 870 SE5HA] Gh=thi HA| AIA=E 03] EAR B4 thdo = d= Ao
o}, A A, USML AlXV(a) F40 W2, “ECCN 9A004 E+= 9A5159] sl S-54
2 USML #Zo] E3E|Q]t|et e ofA3] EARS] 288 HH=t}" 1 PAJSIAL 913, AXV(e)
ZHo| AL ‘TAE Ho]2E (hosted payload)!?7} E3+Elo] QltletE ECCN 9A004 &
£ 9A515.29 FFoh=s AL EAR HEE {AETY I A5k Sk TIz]]ie] B
A 5 ARSSHE e I 2218 S5 RS ITAR A4S I &= Sl
71 M =4 @92 2ot AREA ST 5 A " Roltt

17

~

S2E ¥o]2E(hosted payload)#, U8 E= HEE 4 SHE A3 SHHOR 28
A A¥l(payload)E F712 Z2tske FE2 A B2 vttt ol 949 + A (primary
mission)2H= HMEE, ThE 718 B TE B4S 93t AU S48 55 040 37l 35 FASt
Ao, o ARSI/l vl SR ST 71 ‘%LZ] ] 55 T Aol Alsh= 4
S7} olefl sFRte;. o] B9, 8 BAls ‘TAE(host) 7t HAL, 371 R FHIE TAE oz
E(hosted payload) & 25t}
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POSITIVE CONTROL LIST
E.g.: Missiles, antisatellite spacecraft

ccL POSITIVE CONTROL LIST
600 Series E.g.: Commercial comsat

500 Series ECCNs
CcCL POSITIVE CONTROL LIST
ECCN 9A004, Others E.g.: ISS cargo module
CATCH-ALL & POSITIVE CONTROLS

ccL E.g.: Specially designed parts for
-x, .y Controls spacecraft, light cable assemblies

CATCH-ALL CONTROL
EAR 99 E.g.: Power cords, adapters

Atz OSC and OCST, 2017.

3) MM & Ha|d=

ITAR 915 Al 91- AR AAZE FAl] FabE & AL, AREY] FHiAdof w2t
FEgAl, Be, A AARE A 5 TRt 2A7F FEAL Aok 18) oI, 2007
ol ITTAP} ‘oFHEAIAH] (night vision technology)E F¢ Ajo|Zst dojz u|s} 1Y
2219 AAE T2 v QU ITT7F 8 7162 S 528 Aoldsh= Bl 52
glo] 7IeAdmE SRStk HollA et AA7E s

ITARZ 39| A FRARE B3t 9314 7|eold® S5 fAI5HH, 19 A3=
AR EHT FL2AE Aol o 7HEeith.20) ol= vl W 7|JLE ofyz}, §f<
7190l S5 A-&EH, ITAR F50] 234 Q=i FAF| dsiM = Aes<
SfA+= DSP-5 ZolAaet -2 AP 52l Fo] QFh2D

o[AY ITAR AAl= vl=9] w7IRtE. B 9 A& 75 WAlghe 54 o] 441"

18) 22 C.FR. § 127.1 & § 127.3.

19) 22 C.ER. § 120.17(a)(4), § 124.13.
20) 22 C.F.R. § 120.17(2)(2), § 120.19.
21) 22 C.F.R. § 123.9, § 123.1.
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FEEA G ZA, $7AY FoIAE A AL )5e) Uek et Bk 7]
TG AL 7RO SHe UF BABRE BAL 4150 o) AFT Ak
2 zestn Qla, 22 B9 7N SR 9L WAL BRAES o] AR HAA
1=}

Boks Z7MA]71= Q9lo] Hal Qlti= XA tHCreydt and Schulenburg, 2023).

3. =ESMVHE X EAR XX

1

N
lo

o g

Am

d

EARZ ZJH-5- A8t AHIE=(BIS)O] Bh= 058 =(dual-use) H R0l R
TAEAL &, A$E(reexport), A (transfer) 52 F&3H= $E5A Aot
ol= ¥ 19794 AYE EAAE TA=E 2850 itk 12y EAAE 23 94 713t
T A5 SRE= YEZXF (sunset provisionyZ ESF6I U, 2001¢ 8 20¥9S &
oz WA geo] FAZ o WREII o|F w5 23] HE 7J4lo] Aufsto] EEAE
STHor AaHn ol v FRe FESAAAE A H8 'SAREEA
H3sHH (International Emergency Economic Powers Act, IEEPA)O] <7510 $-&&EA
£ FASHAH.

2001 9-11 | 2 olF, A EMY w7129 7]& o|dE ATshy] gt
TEA7E tiFE Ao, S5 Ao tiet A=At SALE A7) o G4t
WA AZo] A o]z TSI HE S o2t $A] 71E= 20109 H = o]0
FaL, it PHR= 71E FEEAAEY B 9 BlaedS siash] A8 eEs
AN A (Export Control Reform Initiative)& FRISFATHR. Y- A3, 2019). ©]
= TE7F AA Y Ttas) R o]k 5 1Y FY4 iR Y sAES
F= 52 232 s19oH, 2018W "EFANEH (Export Control Reform Act,
ECRA)C] AEHo =M Ao HAEIUT FESANEMS 7159 EEAS] S
A Ao diAlRte e nj=e o]FEE F5 B WXt Zl&d] tigt FEA19] WA
7S A o= EUSISIHh ok&®, EAAS thAISHH, EAR 29| A9 Mg o=A A
APE =] HFRS Ao FAJSIAL Qlrh22) 20184W $E71ERT} EAR AAVSY &

—

22) 50 U.S.C.A. 8§ 4801-4852.
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= TARCE e o323 g

A, EAR2 =73 7 ol v&3h= Zlo] ofdzh, = W =RloAl 7le e &
AFES AFoHs P HEH & (deemed expor) = '$E & 71501123 9=tof
A ulsit 71eS ol 85l AxE AIFY A3= o del disiM e EAIES B 4 =S
AR =AY (direct product ruleyg 2-8RIth24) ol wl= 7]& 7HE At AlEE
EARS| Z& tido] & & 52 Yvlske AolH.

=4, EARZ &A1 Aa4dS s H5f 7Ie B4, 258= Al ZASAREA
SAIS] 37HA] 1Al el 719kste] AAE A Kimiagar et al., 2022). °l= <& W4
F5Y AEE ofyzh 1 AR B4 5] FAl0] weh usE SAE Tiehe WAeE,
o]F8L V&9 A& Aol AVRIEE FAol7] et A=H FX= 753t

%4 © 7le SAltechnology controls)e 54 5% Ex 7I€o] “JEAES
(Commerce Control List, ]38} ‘CCL 0]2} 3ttholl SAE o] U=AE 7|E2o2 +&d]7}
825 AAok= ¥Aeltt. CCLE 0MIFE 9H7HA9] & 1071 OHcategory)2h, AF-H
E7F219] 57] A& (product group) 22 MM, 7 Fo2 FEEAEFHE (Export
Control Classification Number, ©]5} ‘ECCN' 0|2} RHhE Fofito} s F52] A A
fHreason for control) ¥ d|7kQ0] H} AT HAE 9 E5L2 AoHSE
(Aerospace and Propulsion)°l] &40 Z3tE| o] QJr}.25

o2, @ #F8&E SAllend-use controls)e +& W =F-71€°] HFH 2= A

89 20| Wxy] A, M A, SR AR Az 5 A5 250 e 2

¥, 1 TES YR ARtk Alkcoltt. 8T B4l APt HSEEE SE3] ot

ofstal SR AR5 FEHA deeH, 259 282 YRSk AR AR #eAA=

a0 2 (3) F|FAREAL BAl(end-user controls= & B9 FF 3 Qlo] v|=
Ao sl A A= AFE BF S AHE Ak SA HAlolth EH o=

(Entity List), {Denied Persons List), {Unverified List) 5°l SAE 7i% E&= 7|

23) 15 C.F.R. § 734.13(b).
24) 15 C.E.R. § 734.9.

25) 15 C.ER. 8 7382, 774.1.
26) 15 C.E.R. § 744.2-744.5.



Aol FgAIE SoldAE S g o & AleEe] Aol 2 &
™
o

=2
ke AlgjekRsto] &M o A FHA, 2L A ool

AR, EARZ CCLOY| SAIHA] @82 At 284 = AYE F50] WA= EARYY
gh= Bk £7E 50 2ZAR] A AAE FASKL . EAR99 #Pdhe Ea
PutH oz &7t Qlo] AEA E0] 7FesHAINL aF diide] a4RA| "=,
A4, &3, ofgh, FHF 52 =7Io|AY vl= FRO At Hete] SAE HF ARA
A BF AeHes £E377F Q7E T °]F 53 EARS CCLof| A5 Zo=A] k2
AR FEo disiA® 712AR1 Al 25 AT EN A AAIHE 24
skl Q29

YA, EAR AAl= AFAQEE =] et o] EAA o s AN 75, AR, oy

AR, YR 5 AR gE FA7E &6ks F5 disiAe BAR R BEdol
HiAlE C =M e 7F A S50l BAIE] Qlnk A, F71F R HeAHlAE SRR
7} #Est= ITARC] HEEH, & T 7|&2 YA F(Department of Energy, DOE)
E= AEAAII Y3 (Nuclear Regulatory Commission, NRC)2] BA|E wh=tt. AFH
(Department of the Treasury) Ak} ‘SHJRAFSA|= (Office of Foreign Assets Control,
OFAC)°] #sl= BAAAN #5% EARY 28 oA AlQjd. sha7]|#o] 7|2A+
23, S SoE, 5559 Y4EAE HlolE 52 A-%oll= EAR #8o] HAE29

CHA 271} EAR AAlE =71 oo} nizkr]ee] S48 dHde F
83 7k9] wto] IAQIE], A ZoollA LRt & 7159 $840] 7S HAL A
ot A& 501, T4 - TS558 5o A, Sl A 471, A AH
52 EARO| wet Atia oz fAgt A1 Tl QtHKimiagar et al., 2022). 1= Y
L2351 0] A3e) V)4 &L X Y| Yot A 17| dkd= Ao|c) vhHo| &}
74 7152 FABIAY AR F2do] iAlE 145 971e2 43| ITARS] 2&

2o} AT BAS W ek

[©)
o)

o)

ftfo

27) 15 C.F.R. Part 744, Supplement No. 4.
28) 15 C.F.R. 8§ 734.3(c), 738.1(d).
29) 15 C.F.R. §§ 734.3-734.5, 734.7.
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K

2) RFMAZEO|

n=o] AAE 9 o8k 57I&0 et $+25A= EARC| A o]FojXitt
(Elizey, 2020). EAR®] BA| th/d-> EARS] F-&4] PR AF == CCLo SA4H E52
2 SPYET ARIQE =] Q1-517} Hatole] =& T A5Ee] BAEE 55, ATEY]
of, 7I& 5 ZTTHOE st Urk30

CCLZ ¥ 10719] 7|& EoKCategory 0~9)&E =W, 7} 7% Eok= tHA] (A) gH]-
& () AIE 2 AR, (O A=, (D) 2ZE0], (B) 7I&= AlEst 5719 Al
(product groups) 2 & WATHKOTRA-H5H<1 F7, 2022). o] 7het] 41 ¥ &
2 A9¥F(category 9: Aerospace and Propulsion)oll Z=H, §AA]|, A,
AFBAANLE, 54 H& L G (payload) 53 T3HH thi-E2] gHEo] o] HE
SFstchElizey, 2020). ZF EE-L ECCNojghk= TaHs R BREY, o] HoE 53 &
A AHfHreason for control), 2-& =7}, 517} 874 & Q] 7hs ofF7F AAHTE3D oA
o, ECCN 9A5159] 7%, & o] tisf mAFd7]&(missile technology, MT) SA17F
A-gE]H, ol= sfg F=o] HHF WT £ maldo] AR 4= Sl B9-E AR
olo] u}g} g E22 ‘Fo]AA Q] STA (Strategic Trade Authorization)329] &}-8-0]
A&k t.33)

FEEANE FH] dgtog uF2 7]E ITARY we} SAEE I8 FAEA ¢
A4 B EES Hoh 5% BA7E 7HsS BAR AIAIZ o]@stiet, o] IgoA EAR
ol ‘ECCN 600 Al2]2(600 series) @t ‘BCCN 500 AlZ]2(9x515 series) 2= S
ECCN AAE Z=dst3lth

94, ECCN 600 Alg]2+= 71&9] USMLOIA AAE o o s U7 459 17ty
S Ad FAERE dE sk, CCL WolAz o dit F5o vig] ddjgoz

5t ERRE

r

30) 15 C.FR. § 774.

31) 15 C.FR. § 738.

32) EfolAd A ofl9] STA= EARC| #4E S&3)7t WA Al F shtz, vlso] A SHUAS FAIsH
€ 54 =710l His 47 $A4 52 Eelda glo] #EsY AleEd 4 UES S8k A=
oltk(15 C.E.R. § 740.20). °|2{gt Alof= F7IREE = XMy 5 AT SAANTE A8He 5
of tisl A1 =7HRS] 55 S45h] S5 =AE Aolet. o, STA 9|9 285 flsiAe= +=d4
7t & o F59 ECON, 2& 7164, 4R oI5 A3}, SRS oF 55 SFdlof it} ok
#, BE CCL F5o] digs= A% oty oZd, ECCN 9A5158} o] wAM 7]& SA171 285
£ W 59 Aol STA diidollA Ald & Sl

33) 15 C.F.R. § 740.20(b)(2)(ii).
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QAT EA| ol Hrh of5 B AUTES ARt thiro] o] that 52 9 A%
2ol 9lof Akleha o] gloldavt @ PEE, THEEO] EAR BERTH AT SAAAS

22, ECCN 500 Al2]2(9x515 A8 2= Y471 T 25 5 494 E= ol%
|2 7E o] USML ZH|LE] XVolA| AHAl1E 558 EARS] CCLE o]HstaA] A4
H Hr o] SAAAeltt. of7|ol= the e} 2 ECCN 50| Eghdrt

H 2) ECCN 500

ECCN =5 dM

L& M(spacecraft), KAMEHAAE L E21 AlS20|E(ground control systems and training simulators),
OO|F2MALe|2 & T MAFEE(microelectronic circuits and discrete electronic components),
LFE(pressure suits), HASARY F4E(remote sensing satellite components), S5 A% 22, 14E,
oHMME| L BRZ(specially designed parts, components, accessories, and attachments)

9A515

OB515 | 3 Al - ZAF-MAL EHH|(test, inspection, and production equipment)

9Db15 | A AZEQ)]

J

9EG15 | EHE JI&

9x515 Al 2e AU 4t 71e9] di9] o|dE Bt FYolal AS7ssHAl A
o 5 A=E AAE Aor, W7 97|AE0] Adskes BT w49 Y AZIAE A
gt MA PgdE ABIHCreydt and Schulenburg, 2023). %3+ CCLOl= ECCN
9A004%= EA5l=1], o] FE FA|- - A (International Space Station, ISS) & A|
AAA T AH(James Webb Space Telescope, JWST)¥} Zo] titE =A-FEE &
ZAEQ B EHAEE 5 (specially designed parts, components, accessories,
and attachments) ZEZITE 9A004+= 54 A, 944 EAlbus), BAA
(payload), A1FgH] 55 AIFACR &3t Bt FESAIAAR] BIUE A|A12]
olFEE F YAERS] M WEY] fvt £ Aol T F it AA
A FAA 9A515E 0] TEjEH3Y

34) 15 C.F.R. § 738.2(d).
35) 15 C.F.R. § 774, Supplement No. 1, ECCN 9A004.
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EARSIOA = BE F50 s dEAQ +E517PF 895 = A2 ofdH, (1) B4 AF
Lreason for control), (ii) = &4 X|(destination), (iii) = &% (end use), (iv) H=
A8AHend usen)ThE 47K 845 S OR Tsto] £E06]7F o7 A% T30 5
Ut FEole olZRt 84-9] Zotof| we} &7 HAIEAY, I ol A o9

SHH, EARZ CCL W 73 ECCNo|| gt =2 A Bl e 24 “x T (paragraph
x) 9 "y @ (paragraph .y) B2l EY6IGIHE37) ol 7]& ECCN HE ol FAI=A]
ggtot, B4 E50] dist 28 BAE A3el] A =€ =X & 5 Utk ©
x T oF ECCNoflA BEgE FARRE ¥al, 535 AAH(specially designed)

BE, 85 dAAY € B2E 52 E8ohs 28 A XYL 75eT) A7,
ECCN 9A515& 94 4(spacecraft) T 20| 9] .aFEH 7K Q] FES YAskL
AoH, of7|o] ZIER] k2 £ A FEL 9A515.x B BRFEE= Aotk o]4F “x

2F & ZZA SAl(catch-all control) H&ZS F5HH, o]FEE 7€ BIGAIA F5

< EARY] A ®9lol 27| 7152 Z=th

TS0, @ y 92 “x &= Y BA #Mol sideit, E4=9] 7| 7 5 AA
EAROOET} & 29| BAI7F oshta wetd 54 53 U= AT EEolth
oAd], ‘ECCN 9A515.y o= 5Al(flightyg AlolE ZHA(cable assemblies for
spacecraft applications)?t 2= #5o] EtEo] 3loH, o] FAFA AHA} Fe
Hoh Ut SAIE 85k Aol sigEh3®

A E= 9140 F2EE SAE Ho]2 5 (hosted payload)oll HsiA= EARS
O] WA 770l =t ECCN 9A004 T 9A515.a00 sidohs $741L, HIS 1 A4
7F F559] USML AIXV(@©ll 7IAE 7152 Hsteiete, EARS 85 B F50&
b 28y g 40] B4l B4 5 WX 529 75T sk Zlo] oty
USML AXV(a)olAl 77783+ FAFEAL A1, A% 5 = B 7152 A4 -o)314 g4
Al(primary or secondary payload)g &9l +HY 4%, s 42 EAR] oFd ITAR
o] wet BAE. ol= did 540l FEEA R 5] Bt AAS §U15E8A19

(0]
N

36) 15 C.F.R. § 738.4.
37) 15 C.F.R. § 774.
38) 15 C.F.R. § 774, Supplement No. 1.
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& tiido] FZ SJulstH, o] AL &, ArE- ol WIEA] ITAR 740l weh 555
O] AP 517FE Hofof ghtt39) o]i= ECCN 9A004%t HHIUE @49 o]F8%= &5 &
Hol7] 9igt 24 219 Ygto|ct. ot AE Al BAl= ¥ ECCN
9A5158 7]Eo & o]Fojitt.

npAeto &, EARS] BA tide] ofUAY, CCLAll BAIEA] 2 A - A7l BE
(low-technology items)> ‘FAR99 2}= AHH S &2 HFHT} FEAR99= LRbHo g qla=
& 2B[A(low-technology consumer goods)=A], thF-29] 44 #5517} glo] 50|
7Fssttt. el EAR99 sig3te ete &=l AlAl={embargoed country)o] 4,
HSAEA e HFEE7T A dend-user or end-use of concern)e]l dFsh= 7
9, Hx9] £E35)7P7F @ 7HTHAO o047 EARI9E F-517F 3 o] HEEE HFol,
g%l et 87k 7o) R Ath= Holld EASAl F53 FREL Sl

ok

3) aXIARY
= =AY AaidS Alarstal A 31 7Rsde ARl ®AsH] sl § 10

7}A]9] ‘g8t FA|ALSF (general prohibitions)S HAISH UtHEllzey, 2020). Lt 23]
AR 15 C.ER. Part 73691 77850 3=t #4142 vt 2ok

@ BCCNO wet S48 SAMG7 A9E B2e, 49 2 554525 9
o MiEA A $2371 B Slelele] aAS FEdof st Bt £5L 34X
ThHeD @ 9] ¥F 7]&o] 474 vl ol It =4t AES A3=oR® ojdsh=
Bol=, EARZ 3 o] SAlstH AR 3718 8%1tt42) o= Hl= Zlo] YiAlE
QA AlFo] 31407 ArEEE 22 WA ftt £Aolth. @ Hl= V& T 4
ITEZo]E 7uto g MAE AT T g 7|9 A BAREC] TAoA gl T2
o APYNEFE o w2t 5 27k, o7, Friekn S, delAYR, Bl
9 S0 SE-AYpdo] AFHcke

39) 22 C.F.R. 8 120.32-120.33.
40) 15 C.F.R. 8§ 734.3(c), 738.1(d).
41) 15 C.ER. § 736.2(b)(1).

42) 15 C.ER. § 736.20b)Q2).

43) 15 C.ER. 88 736.2(b)3), 734.9.
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TS @ $=5HAIR H¥(denial orden)ol wWet 5 T 7|E W P97 SAEH
Apto] A Ei= o] k=, I A FATE SARPZE oty HEte G4, Bl ST
BH= foks RS K Res: FoRE FERith SEEEARN AT
(Federal Register)ol] 54802 TAEH HAHOR &S 7HHItt4d) (B EARO wet
574 FEA8AHend-user) = FE-EE(end-use)’t SAH A%, MG F52 QAR
U 57 glo] = AleEE o jlem, ol fiHboks B A JAH AR fakE
T U4 ® EAR A8 F52 T B, ol AlFol, HAJOHA- 7k 4] #H),
AT 5 S AA 571 Be A9lr $E5AY AeEthe Bt AR 54
H1, $E-AeES AsliAe BEA] 577 B asithae

@ B=RALe HET FA], v|Ard, Aopekrr], 4 wheA] A8 Sa diE 54 7
50 ol 4= gloH, g &5 dk= A9 vl W9 oj= A Hof|A2He EARS A
< ol FAJETH4) &5 FA7F n=Qldl o= 71sold, e, A 5 LAY 39
of tisf FEFAIE T2 4= Atk ® EAR A& F52 4 IV ARot] & Als
=ohe A5 e B =7 ABE ARaAs 550 ToEo o ARl =57t

glol= At S8 HA Y=th. HRAQ] ARreAml s ofzHyol, ks, 24

O.

do

Q:
©)

¥9] ol Ak 18- ol o] 7Hs3IT0) @ EARS Sitslo] 538 BEHL o) ul, 4
2], Yol S| HUIAE AFLL % glom, ofn] AHEAY FAH SEH7E B

ool mEe AASIEL, oo] 2% ofust WYE SLHA gherts0

44) 15 C.ER. § 736.2(b)(4), 766.25.
45) 15 C.ER. § 736.2(b)(5).
46) 15 C.E.R. § 736.2(b)(6).
47) 15 C.E.R. § 736.2(0)(7).
48) 15 C.F.R. § 736.2(b)(®).
49) 15 C.E.R. § 736.2(b)9).
50) 15 C.F.R. § 736.2(b)(10).
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4) MM H g2A=s

S2/HEY 9 EAR AV S25A SN et AR 9 FAE YL B %
Fole 2A2 o|Zolich, EARY] W7 TS AARAFORA, EARS 7h 9L, 319)
A&, BE 52, Ad B D) Ad 5 Rt g Aol e 24 8 A %

A AR 2= 57 AT AT BRolA it @2jof] o]=2= g Fap7} 7kssiH,
ol FEAMNE ol wet A 24E B QUehSD ARIPE =S SEERo] dis] &5
A Al¥Hdenial of export privileges), W7 A3 compliance monitor) A%, A|HZX]|
*8®(order for corrective action), FF HiLO|F Fi} 5o £X|& oM L & Uk
JL9)/do] QIFEAL W] futo] ERIE %, JAF AR Fdf 2099] F E=

g Zdi 1008t 229 dgo] Fakd ke QIth52) EAR AlAl HHR2 B #RkS doi,
7ot B AP}t FAIE At AWHRO AFH FAAA SNte R HEI, Ay
AP F(federal criminal offense)@ FFEtHBartlett and Poling, 2016).

APARtE =2 A|A A} 7|14 T+ 7H9S ‘Denied Persons List (DPL)’, ‘Entity List,
‘Unverified List' 5 SAI5ELL, ol& 7IHto2 AgA] 225 FASRRITH53) FEA%t
+ EAR 218t F55 = o dstAY Q=RlofA Algstr] Ao, Aol ol=gt
AA gt ZetEo] A=AE AR ER1E o7t Q.

EARS] #H= AAls AR dF $49 AT Z=I"(Export Compliance
Program, ECP)' & #gchs 725 251 Stk ARRIREE =2 7]50] EARS Q74K
= A or 5T 5 s YR A3, weAtw, A e 52 AlSstal L, Hit

B SF7Idoly At g AACl Hofsle 7I9ES e SHE w4 AdRAE 4

W ol BpHjel AU, SEEA] AEHE Eole FAI0 1AL AL
258 RESE oue U

EAR AA| H8E 227} @AYSH 739 AR =N of gt AulAlH(Federal Bureau
of Investigation, FBI), =EStH ¥ (Department of Homeland Security, DHS), =8}<5eAF

51) 50 U.S.C. § 4819(a).
52) 50 U.S.C. § 4819(b); 15 C.F.R. § 764.3.
53) 15 C.F.R. Part 744, Supplement No. 4.
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“HDefense Criminal Investigative Service, DCIS), H¥5(Department of Justice, DoJ)
5 tjre PlETle] Base] 2A% Aio] A OBy WY AAE 25T

9lol, B BA F49) th3S Hold HH WelRE A2 o]RT ek
4. 2EERPNED FHRAS!

20149 59 13Y, 7] ARE= 1A E B F59] SAIE 25 St A5 4

Zj(Revisions to the Export Administration Regulations: Control of Spacecraft
Systems and Related Items the President Determines No Longer Warrant Control
Under the United States Munitions List)& ZH¥35}3t} o]= eHfa} YT} 25t 4=
SEANY Ag] dgor, G FFEEC] diT Bt BAIE gotell, Ho aE
A FETAAAIE T3] A 2ANT A W82 71=9] ITARS USML AIXVF
of Z3t=lo] Ud FAIY, AAHARE, SFEA FF 52 472 CCL W M=2&
H20] ECCN 9x515 A|B|Z&E o|#Hsk= AolthBartlett and Poling, 2016).
A2 QAsf], AR 738} ulo]I =244} 32 (radiation-hardened microelectronic
circuits) g E33E 39 ATA F-Eo] 2014 6EHE £AH o2 FAR EAAAZ A
g=jglom, 53] 20144 1149 1045 El= BAXOR CCL 500 AlZ2 & #57E7] Al
21513t o= A @Y F350] ITARS] A8 tidd 73 AA AlAde] FUsH A
HA AAEE A2 (see-through rule)?] HA|= o]ojFal, ofd] wie} F& ToE
T FA4o] SHEATKElzey, 2020).

QPR FESAINY wiFole vl ARIY] 2= A4 oeleks 91719
Alo] Akl QUSIet. ITARY] #edt A-g-0= Qls), nl=9] Bzt 937452 A A
oA HiAEAY, 3] 2ol fEE 5 124 EoldE AL Itk ol AR
A9 97t 9449 &0 Qlo] Erh fAg EAR AAES] Aol F g sttt AAsto,
20129 ‘A|1248% B I1LA(Section 1248 Report)& S-HIHLESY & H1A = 50 &

ol

%

(¢]

—_

54) 20104 SAAE FLHH(National Defense Authorization Act for Fiscal Year 2010) A|1248%
of wt 4dE 94 2 I F5Y SESAAA AREE RS, old et 5= &
o2 ‘A1248x% 1A E Z/Jste] Qo) A&t £ HuAoAN = 7R STt IS
U|X]] oF= AAE AT T REO] AJg==rt ITAR Al Eob 3-<sh AFFR-9] EAR AA slof|A]
2 5 U AASIL, v 5409 AAY e Aol B 252 ARRY CCLE ot
T d9AdS AXsHAL o] BuAE o]F 2014¥ $£EFAMEY 7|2 Az E8EHACH
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T olFgEA0] BE A % AATA S TARECRE EAR AAOIN B2iT 28
Awsta Ak

AR 2AO|E Sk, #AR A& TReAel EAlke LeldE I

_4

(high-resolution imagery collection), AF&%|(autonomous tracking), TJAIL &XA] 7]
“s(missile detection)& 2t S oI413] ITARY] A& tido] Zedrt. Yol &
=, ojgh, B3t 5 54 w70l tigt EFA 2AE FAEIL Uk SEEAINE Y ol
e 552 20189 AFEH F=SANGR(ECRA)N o5 A=A or SIS +&5
AN “=7IREE B2l 418 7]&(emerging technologies) 3 727]&
(foundational technologies) ol gt £L2 BA|E #4511, 7€ o|A, Ajo]d, U=
2 $Z(deemed export) ¥ H5H A4ZE(deemed re-export)7HA] A W0l ZIHA
ZTHEllzey, 2020). YAE AFolut S2He-E 70t 3 5ol Site TS Hhdsto], ¢
SMFHS 294 2742 Hold 71e9 582 Ad 85ke 29 254 MER
B7hE L Qleh

T2y rAEo]A AlHe BEEEHEA, fEIEHE TIXE 7oAl Al 2SS
7PARAL Q= Aol Aol AMIE=S 2T AJF ool FAY 4187
o] A & BHE G| AASHA] FBkL AL, ol= Qs wzt 71YES #EI7F A1
IgollA] Y8 S A Bjaso] Adeial ok dAR 20209 10 AR =0
TS 671 2ok AE7IE S Hel71E, JISAls, AEaA & wiHelAet A4
o7 Y 7|&S ESl At Creydt and Schulenburg, 2023).

A &S A Higo] & ul, Y eEEAAAE A9 E8EH T EAk
Adolghs 24 FAE =2l Aok 71«9 HA(omnipresence)yt H-E4
(omni-use)& SHLE Sh= FAH oA 7&S 71E9] o]F8E HAIS T HUte
X, 71 T £t B avtHor ti&SkA] &Skl Sle Zolth

AY FESAAAL] 24 A= A9 Eogtolu HAFA Aol 1A AL, 7]
9] IJESover-compliance), =A| F5AT1L] 95, A&7 o|H9 XA & oHgzt

AN

_l

lo

)

o
[¢)

SA8ES F Utk 7Y olACAY Ab, FHeE S BF, A= A7 T 7]
2 30 59 Feiot AARS WY BHAHL Uk 7|3 AT AL B
St AR W82 AFEAI oleft A FEal M BARE S4) HeA
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ARl Blolu, Ads71Ht HAl(performance-based control), $1&7]5F 317} AA}
(fast-track/safe harbor), 2 7}°o]=21(rolling guidance) 5 Rt} 7]&28H&o]1 &
ASE Al 2ol et =97t 285t

Ty FANES 55 oAk vl o8] S, Ak, 2Ao, ol 5 A 7
Aol tisire thdet FEQ FEAI AAMEAE FAISHL ATHeAw], 2025). 1l
8 military-civil fusion}& 7|22 ske =70 disiAl= AR HSAMEAY (military
end users) 7N8-& &4 -&atof, Hr} Z2otal ZLZQl BAE Fafolal At ol ¢
=AY AT AR A Alalgke AR 219 FAI, 7le 1= A B =TIREE

okt AeFH BAL 3P 27T %S Holzeh

V. Seluet A wAe A% A A

=
= Btdste] 71& fEs AR} BAlo) Wit 9859 A% 7hs/dS Alalsk= |

AL & AAleI
FuEr JA| A SRS ZAT UK 71 AR =9 ol de aot| fIgt
A o g AGEA} FEEAAEE 2F5t Ath AHEA &2 Bl ™Y
Wy A19% olst & 71 519 WSl TAFEAFEYIAL oA o]FojR| L QL o
3 = AIBSH H REELFAIE ARt BAAE T 2P ATHEALS, 2018). Ol HFAA
7](Weapons of Mass Destruction, WMD)2] At BFz]Q} IHAE A Q)5 o]PS Z4
Fa Qlar, AEREARe] FEe o] RHE2 WA [ol] gt =719 SAARl SAEA|
At AFEA 9= WMD Ee= 1 28eHe] AR AR 5ol &8
H

, AZESOl, V&S ZEsks ge® A4 31, ol 'HeRY

o,

rE
b}
o

4 M o d4n o .8
msEJﬂIJ
>
i

o)
rlij
i

o
H
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Age) A2z wet ARt SAlPESAAARD BRUEAIA], EgE= 15 (Nuclear
Suppliers Group, NSG), UAILZIEFAAAMICR), LAEH A ol 1E(Australia
Group, AG) SOl AESAL Q= B4l 7182 &A% AL ATHelAl FAL, 2025).
AEAte A2 daAe] wet (B 2]9] oS 8=EFE 7 [EH 319 +8=
A 0% FEEY, Z47F SA414 SAAAS] Helol wet el ols 8 EE a2 W
2 AA FEoE AN 7Hs S FES QufeiH, SAM 2 SAREE 5] o] ST
F50] ol= F5 FH, A8 SAAAIE F2A R mefd 4 =g AAE] T
o] 71| E3] ‘o' 0 F A|Rlol= EELLS FT-9F L FA'(Aerospace and Propulsion)
ool sigshH, AR, A 4 B HEAE A, 1A A=, IR, F4
A, HFAoPgH] & 4 Mt AE Thset WA FEEE Xtk ok
Jo= Eteka, SElUEte] Ay MEReAt SAAARE Alx A2 719 A7 A
A 7719 WMD2] H|gHto] S48& Fal 2Ael(C1A Y, 2020), 2o wAiwH|o]A Eol|A
ST Qe 5T 7le 28 R 957 88t 35S SE0| WHIsHA
FohaL Sk 7129 EFAAE 94 ARy AR S F5 A 284S w51
Uth= HoflA, f1dBSdlolH, AAE 19, AZES ] F AATE TEAE 5 73
Apito] gt BA 7182 EEEoHAY dHA o ERE A8E o] Qi FxolH ol
Q249 gAY A3Hdigital transformation, DX)I} H|o8 43} 3K data-centric
model)°] FEA= JRolA A=d e o7 & Qe ZAolth
TS oA SAlE S AIAIA] = 8ol ST WA, Syt Add E44
I 9F71e9 kst P S| LS =24 ERAAVE vlES AHoltk. dlg &
o], @3 MeAt EFAACIAE 914 At FAA, A= Aol et ZiE 2] Aldst
7} B&s1a, AU HI7E(commercial civil satellite)oll BAjElE FAFAZAA], Al
719k Hlojg] £A4RE, STHLE HE7E 52 SANIRIA off AA7t HesiA 8=
A grof, NIk 714 9] AR Em AR IPPOlM EEAAES ISkl Qlth
A= T 54 7190l AgEA & BHste] & AAR st A4
Alerg Adshs bl @™ AAT F224 Bolz A8 4 AL, gFEo2E At
A 25t FAIF 0 ol HlaeS 2T o Uths Aolth Wb wAo]A Al
9] 71& 54T AR S RHISE ake] R0 H9 9 ERAIAY Hu v 2.
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Zolc}. FAF o E = ul=9] ITAR E FAR AAoA12t o] 9419 EFo] E5lH BA|
ERAAY 5ol 8H T & Aotk ITAROIA = USMLE &5l 4dE 8% & 9
3, VA BE, AFSAPTH], B T AR 52 1785k, EARS olE AlQIRE A
£ 947148 WL o] ECCN FE& BEsky Qi) olgsh BeqAs 7k Teya =4
F5I 818 FRICIZN V& 55 X GHHAA BAlO) AHY EsleL £E AFe
A% 7Ms8E Ashks 71s gtk

S2uete o]t W g whgste], 1A, A, HAIAL, A= ] 914 Tlol
B 9 B AXEQ0]- V&Rt 55 SHE BERwOE RS, 74 F5EE A9
294, WE, FAGESEAAA A o, $E87} 7€ 52 AAHCE ug da
7b k. B9], SEUEte] ARiA ool e SHlRYA Vs B EE9] 44 S Ht
TFAgtste] vrgstar, W7t 7199 A7 APdw AR ol 7 Yot adA
EO|=E dfjof & Aotk FAH R B BE-ARF FA HIE Bsto] R

2 93] FAY HATRE F-sfoF & Aotk © AAEE W9 A&7 =0l
71§13l 4=, SNR, SWaP-F 5 ‘35 YAAE st Yo7t itk @ A~ZLE0]-7]
&-Hole & T3S 59 BRa0E A5t 715 8% - HE 7ol wet
SEe Foisfor Atk @ AR AR - fdsi Aol A7 ARA 8 F
ofsf] A2t A AS afsfof ek @ St AlAFo|A Y T TS WABHES FE-AlL
g A% EF AZYAES} AAXNEE F71408 FAoF & Ho|rh

ftfo

m°l'

oll‘

2. 57120 et SE AEIAA DF

AL FEAE 7Tl ol F55HA 1wstE 1 vk 0] . 85
A 7eT2e AE £, dFAS(AD, AT (quantum computing), SEH9-E 715
FX71%(cloud-based analytics), A2F YA AR 7|&(small satellite manufacturing
technologies), A@AA|(advanced materials), 3D THE (3D printing) 5 °|& 7|&E0°]
A, A, A BAIAE 5ol FHACR A8 FERE Quleith o2t V&
= 7129 -5 A HAA NS e 9, W7o g 4l AEA
HollA 2 A= ok E3F 1 9ot 3-8 HAE f52lolH, E24 Aol =3t
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A gl AL Eo], glolg A2 FalE|E, AL E3E T 739 Vs 84 SEEHY
ULk olof wet £EEA tVd 71ee] AAE s & al
UL, 71E AFEAL S4HY BA T YT+ ol2fet 71eF EAE S8 WPk &
stal dth= A7 Ak
A SFARE UFESY SFTIE RSP SFHSISHA olFolAA Q.
SpaceX, Planet Labs, OneWeb 53} Z2 Tt 7|42 AAIARI 7&ga AaxES
SN ILEAL fPHCIE AR, SFARIA 29 55 THTCEM, F7]E0] =HA
HlZzYA Hdg 7158 4 =S A AHstaL Stk ol 71EY 7S 5
2 i ool A Hlojd APg7IREe] 24 kS oulshy, o] wEh B pEY EF
T} 719 e R4 ESF FEA0E IEAAL UeE ouldith
HhHof 22Ut diefr el AekeAt sAAAE SATSSAAA ol o $4
AL 9L, A1 ERE A A (specification-based) &0l A+A Sl ]2 3|
§7l&(emerging technologies)g°] SAIHY Z= 25 7= UA| &2 B¢
Al 28 o7 AA7E e siA|AL QAL 7z 7149] Z]soldely E I S Tk
gol At 24 ZAZE WSk Qe Aol A S0, Al 79| A
(satellite imagery) s47]&oly YA 7+ FAFAl E12]E(quantum communication
algorithms between satellites> 1 TR} wAM] A& 7FsAdole oL, 712 &
A71Eere s oS W] ol
olof] A1871&9] g ol 7123t ¥4 B5 A FAAIACIA Ejsto], 71&9] 7
o 8x, A e ol weE g o® 284 4 Qe 7% F4(function-based)
T 223 7|9Krisk-based)®] S FAIAAZS] Agto] a7F T & Zole} oAl A
2 v]=2] 20189 $ESANE o] =R o] 28l Ve B 2|AE (emerging and
foundational technologies list= AF94 sth] Aeke] thia AHE Fardytsity.
71&9] B4 49| oo 11 M Wik wE £EEAE AAA SR A8
A

ftfo

1]

:Ll

q
Zagt o)t et

Ol

SN 716 A £0] TS folet AT L8L 98, $EFBHoI} Hojekn
#2195 el 719 700 BL FHto 41871l et B4 FANAS T3
27} 9lek. o] 9i) thest e A Ajdo] Wastch
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o

AR, A571e9] 53¢ AARIC R RUEHSH, 719 FA A8 7hs, RIZE,
SHY A 284 52 TR FUIE 4 e Ve Hlad WA E =Sk
gt} ol= 7€ ‘|3 (type)ol ozt ‘&4 (attribute) FHLE HASH= HoH,
71& o At A 249 Ade gEE 4 Qlrh

=4, 71€9] HAETA wd V1SS vhsh] sty Wkt 7ledwTt SAR QR AR

Folshs A871e AHoE S r 3T & Qe 7]
£ AAsle] 719 $E5A S A HESHY, AEAL ofFof et v eskE
HAAE vhAsfor & Aol

AR, A871€2 5 ofFol it ESHdAdS siasty] fsto], ARy 9 APdR7
AAE 71e T4 WA R JfHstal, At A9 st ALt AAste] 2832
XA A FHE Hastefof itk dlE 9, HAE 7]gol 3k A WY TlolEk]
I 22 A 52 EEE SET a7t A

A, A4 3294 7le o9 i3S L85t vl=, EU, 92 5 $8=9 487]&
A Ao et dS EESHH, Ul A AEAS] Ve o AT 545 WD
o =Rl H7|ES B 55k o] Fasith B3 A HY B 82 o,
FUEe] 74 Bt FAlo 54 T A157]E Fofol 22 gYS THst
&5 SfjofF it

FI(‘

-

0l

3. FAEE ANIE it BH =22

ARl YAEsle}t TleAuaske EE4 ARle] =9tEA e TP
(intangible information)?] =A|o|A AT E FZFA7|1L Q. Al7]HEe] 914ddlolE &
A 1Y A= ARLATES0], AZFIEA HE T2 YA7E B2 dV|EEA 27t
Qbe 2 AMJEAY o) WXz sgEo] Aol Etekal, AA sl WA= o159 df
Qo] d, Aol E= 2=l F 5ol tigt 284 #AIE AlSoHA Fdh= S0l Uk

St A E 5] B, FEEE dfejeolde ‘A=A & (deemed expor)Z 5
sto] 2J=Rlo] ST 7]eol HIEsHAY 7IeAAE Aetle Aol +22 155t &

=]

ABIL 9o, Uobh ‘AR 2 B3] olmold e 7]4o] 1|3 AR71%e
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715kt Bl uls A4S 282 TS Shal ok wh, Syt e, %
HolAE FFHE B4V} 9FHog V|E EE ATEJ0] 9 PRt o]

oA ko, A FRZ ZhE ML AlRbE e, oY A, FHeE MY A, =4

=
Q.
=)
1o
olr
(0]
ol
ot
N,
>
o,
)
Mo
oR,
>,
2
ES
)
oz,
3
3
i
X,
52
k)
rE
2
ofd
i)
o,
(N
=
<L
S

o3t oA FPFE o MdS Felal, FPFEI} =2 Ee =119
BA stoll EolAl == A9 BAE VYR 15T £ S HPE G0 2avt
At FAH O E= T2t 2 37HA] WRfolA Al Heto] QHTh

AR, TATgEATEPIAL 9 B Pl Vel 9] /ES Sfisha, HAA B
Alo] ozt HE(H Y, SHE AH FJRE), 24 YHE(USB AR, HFHE u5F
C1E4 7 T F9, M9 52 &% A Al 5= BT 2oke A ’SIE 74
S}sfof ket mls ITAR A1120.50% S04 efshs 71 Hlole 3 EAR A734.13%
SoA Ak AeE D IFY +F EE IxEstol, S SAIEAY sl A&
7Fset 718 AT B87F Stk

A, R71e9] A 9 Hoo] Wit HE(elsh AtgrleR S o2t tth ot
A7t Easitt. & HEL 4747 E B AR7|&0 digh si9fES HAlskAt Ay
sou, aig 71&o] AFFEA dfigdohs Aol HTEALESATLAL L A A
AAA R FEHIL o] A S5 E= 3] £27F ok ARY7IsH oI} tiej o
TE AR AR ATolX T, A8 71&9 A Tt A WAlo] Aolste] ARt
AL Ygs] o] FoA|A] gz A7 WAL 4= Qlet MFEA ] sigthaAE AQl7lE
HoHO| Hotiio] SEE= 710 tisiMe si7F 1 Aol dA B50 = Qs 7]
A AFolA SEAA T E= A ARATZ S 4= e Aol wEbA T AlE
7t 35HE 710U AEAE AAY 52 B WP 1 AMS FEskAL, AA o
o] A84S #ol= Zlo] "asith

A, SSE 715 AAFY] 71E3E SAIE At AR wEAE HeE T
a7k ik 229E A8 SE AHA(cloud cervices)®) & 71EAR ] AR A

FHos gde] BgHIL 3lom, of 3% 8] H]le] 7iedl HEd 7Fs/do] SARIT

d

I\t
o2

AN

op

55) J¥A 2 & Amazon Web Services (AWS), Microsoft Azure, Google Cloud Platform (GCP) 5©°]
st
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d

1=9] EAR A|734.18%% o213t Sehe-t E40IM 9 Ve A1 sl dis) ¥ 24

TP ER B g dI9E skl gley, ole A4t Bt 84 52 A=

te}.50 webA 2yt AeEAteEdiA] 5 B9 4ol
Q

A5 4SS AT 2R £ T Ee A9

ol mlo

¢

)

71E 95 ThsAde Alg €8t Sl

2= "R gy 22 dEolgke F 7 1ol HESke A 0=
TR Hb HIAPE AR #E8A Aol vl=t 22 Fa= ARIE &
asto], FYPHE ol YPE WSk 7SS Aokl o ot 11A1A dadS g

st7] 913t =i WA Heto] dasiet g Zlojo

ol

V.3 &

FoHo]| A9 ElE ARG 2 2 Aol FEAQl HSE THARTH. 71
+ =7F F=9] HHH AABtlM fFEe] o] R HARE 25E
Ste 7H8E g4l BEiAR mi=A] ofgsial it oje e, $F7Ie o oV oAt
Ut Aol S3tEA] edal, A - IS - BE A vt g, A
Az, 5ot FFAERY 5 A A 2okz SHgEAL Q. ok, gl o
AV B FHEAL Aok A= SAIE 66 HERHD % Azt 759
7|2 847 ZZopl glom, PGS AESR, B8, AR Au]Le] Z]Hto] H
Itk ASHAAES 7I5AL, AEHE, B9 EAAIR] Zlofeal Qlal, S5t A
IS Az 2] 9 B2} AGS AEskL Ak vAISE 8de 287t f2iet
ATt FAAl A& AAH vho] & -wH=A] AFS] 94l 7MsdS Bl Atk

Aol AL oA | T]ee] BEERet yAIE g B3 w=A Zsfsia

=2
= TRt 7o)

ot

56) EAR A734.18% (2)(5)°l M2H, ST AHE B3 7|& B AT Eo]] A HFo] &2
ZHEEA] = QIS QAFsHHA, TR 84S F 353 AL FAZ gtk © AFEAY Js
= 71&2 vl= AR 9gf] 7[UE EREA &2 H(unclassified)e]olof oFH, @ g 7€ T3t
25 SHend-to-end encryption) H410 2 HGE ook 35111, @ Losloe uj= AWYHRAT RS
(FIPS) 140-2 Fx= 119k T5oMA U o e Bt 239 %3} wgo] A-gHojof 5t @ s
7142 EAR®] A3t 2257HCountry Group D:5)0ll =& 02 AAE]ojA= <t Hr}. |23k 47}
A 84S BF 55T A9 g6, o SHE ARPY = EE A gt
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AL, L AT 91, WA, A= ], AZEL0], el & TRt FEje] E5t
7leol 798432 Aol wolAl HAlH. ol #E5A19 HE I3t 7IA4 FE2
Hol 739 HE} 7leR7] FiEal AL, 7|ES] SAAA] tiet 24 AHE 2

240] AAET e

< FHEA FAAMHLS] £ES A SAISIL 912, EAR
B 201839 ~=SAPNH APt
ECCN 9x515 Al2|29] E9] 52 9419 S4dS wtgdt A1t § dis7ksdd &
Hoj dgto = ey Qint. Iy F=, gL, ot & A=l disiile oI4s]
et BA 2A7F FAEAL AL, A871ES] SAAA Y Al oids] A=A v
oz A= ok

ojet 2 YoM FEYEE A AU B4R AT Lol Lol A=<l
8= A3 +EEAAE AR Fu7E 272 & Zolok. AL, 14, LA, &
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ABSTRACT

A Review of Export Controls on the Space Industry :
Focusing on the United States Export Control Regime.

Young-Ju Kim*

In recent years, the space industry has undergone a rapid transformation from a
traditionally state-led and closed structure to a more open and dynamic ecosystem
driven by private enterprises, often referred to as the era of New Space. In tandem with
this structural shift, the international trade of space-related items (including satellites,
launch vehicles, ground station equipment, and satellite data) has significantly
increased. Owing to their potential military applications and high technological
sensitivity, such items are frequently categorized as strategic goods or dual-use items,
thereby elevating the significance and necessity of export control measures.

Nevertheless, Korea's current export control regime remains largely tailored to
traditional weapons systems and select industrial sectors, and thus falls short of
adequately accommodating the distinctive characteristics of the space industry—
namely, its technological convergence and globally integrated supply chains.

This article begins with the recognition of these regulatory limitations and proceeds
to examine the nature and features of the space industry in the New Space era,
identifying the types of space-related goods that are subject to export controls. It then
offers a detailed analysis of the United States’ export control framework for the space
sector, distinguishing between the regulatory regime established by the Arms Export
Control Act and the International Traffic in Arms Regulations, and that introduced under
the Export Control Reform Act and the Export Administration Regulations. Based on
this comparative analysis, the article proposes a number of policy recommendations
for the development of Korea's regulatory framework.

In conclusion, the article advances several policy reform measures, including the
establishment of a refined classification system for space-related goods, the introduction
of an integrated function-based regulatory framework for emerging technologies, and
the legislative enhancement of controls over intangible technology transfers.

| Keywords Space Industry, Export Control, International Traffic in Arms Regulations (ITAR),
Export Control Reform Act (ECRA), Foreign Trade Act, Dual-Use Items

* Professor, Department of International Trade, Pusan National University, yjkim333@pusan.ac.kr
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5249 A4 skt A4H kS i eE HARoF sk EA1 0] WAskaL Qitkel
B0l A, 2019). 12y HlH|oBe} QF A artificial intelligence : Al), AL
710 71615t AntE SHAA] 508 43} ARIST Alio] TAIRAe] AdE 4 ot
(HZE-F82, 2020). oI5 7I&2 S8 YA oA A9, AT T
WS Aok SRlskE A ATt 24 RYEIL AFgskal BhE Xdo] w=o] 7hs
A, B2 ARl A w7t 7RssiE Aoltke]g - o2Al, 2019; Cao and Zhang,
2024).

A= S80I Aol of Lading : B/L) T HHIgt AR{7F BE o] glon
=71 A9 A, BA|, & AT 5 U 245 P IHSof sk wofelH.
A7t sfejete] FHAH M= ARt /1of2] AEo] o], wdolu A3t ti-gitez e
A =22 R JIth Fdols 7R S0l tsl, 22 A st XgEAR]

775 5, ofd] /M thSool & UL ASHOE Seky ek oleid 45 <o
X, 9% AllGenerative AN Al7]450] A% $jA1| et S0z RAysT 9.

8% Ale 42 Edlold HolH ] 29 HiEs o5t ths fAF 540 e Az
diolHE TrEolWtkKrzan et al, 2024). AF7HAQ 2RILA|ARESHRobotic
Process Automation : RPA)UF Q1 5A5—FSHEAQIAN(AT-Optical Character Recognition:
AI-OCR)YZ 5 9 1=k, A7 7he o= £39 =19, 9°%F 52 &
T % Aol B0tk AR 79 A= A5 2 AEs), f=of AwUAelA
A&8} 5 oAl 85 o
Al 712 E8% SBARIT Aeshe BAIYY a84de w011, S Ak
SEA7IE H Zlofstal itk Als 2 A9 AF B, AAASEA (Certificate
of Origin : C/0)9] Al {14 5 TRt FopollAl 285l lthBhart, 2022). °of=fet Al
7€ =Y SHEAY AEIiet tastE A5t e AR aekde A v
T AT 3L AL 7]HES] AntE SHAAlE Asehd 41 AFt 9, RHEAQl A

i

L

filo



Market, 2025). ol Adje] A4S olx, FA) T AT 1YL A5k
olefet Wisks AHuMHQl BUAA] LS Folx, 22 R BN AAHS 3
sfeke d Fas 9TL ok ot

T AL 2T £ T2 ARE FAE BT 4 9lck. Hlolele] Faw} 8ot
A, Al ZTEIZ] EoAn Ay 154 BE, 291 Al A2E 298 9% AR Qg
¥ 5ol F23 FAL D Zoleh BT Wk 7k Al 714 AR Ast AL Foig
W RS Ael Hlet A Fen 220w BaF Zold.

£ ATHE SRATRY FVAT 509 WS BAGL, EIF AIS DI 5V
Aol 3K vt EYAEIE TR, ol HioR FHAR AR A YT o)
RO RA, WikES A2 T, Al 8% dlolelg] B, metdae 37, Al A
W0 B, AL Q18 PHS SR MY W 5& SHUOR BAI Eak B Aol
L BWARYRO) ALZ EUT U9 the AL ANSATH: oAl s1Ee] St pE

He Mtk & 4 9k

m[o
N

I. A7 S0gTFe A

stARE SH =% Al Al AlEshs 499 ARE 7171, 322 e, 7t
4, A7 52 B st TAIe] At Ao MY 8 FAo® skl glon,
s de FAERA] A 3A-Agetr ASgE tflgo]l 87E= Eofeltt
(Maideen, 2023). 383t 83AFol= $%(Invoice), EAYA|A|(Packing List : P/L),
B/L Bt FF3HE-257(Air Waybill : AWB), C/O, B8SH, $23A1EF, $U413

< 5°l A
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Uubz o g ShEo] 9=l - = 3l =ARs] Aol SHAANA o=,
(A AlaLe] IS sk, BAIAF E= U UNI-PASSE &8l A+ Alaleltt. of7]

o] "ot I2|1 3kF 2k &, Ao +UALE Sl o] 1 ARt BHAMFE AlE
FUAel BT SHAREAE S S 5 oW, BT 3= U AldEeR

gRIsH7] 93t p/LE B a3, P/Lols FEER 2 YAV B71E ATt 25AF

ZA B/LOlU AWB, SFeR S S95ke Hd5d, Holk C/Ou AASSA s AlE
ol =t

W £EY LT FRAAE 5] o Pk R BBl A, 8T, B 0F 5

ofe] 14| BAL AT 4 Ak SBATY nlult s429] Adlolt 37} u]g, Fotg
A9 920] thyo] B7] W], Bl ARl e olsih Beje] e A

1) 8H ti8el S8t

SUARONE S35t BT WA Wslo] thsiolof et Haol= BRH
Qhazisie Rejuide] gjgon PARPY AT A LA} WIS ojoix|w
At E9] ARFY9EA(Free Trade Agreement : FTA)T EZF HAFHEAEA
(Comprehensive Economic Partnership Agreement : CEPA) 5ol &A%t EdA&2
280l UolA= PAAAFRI] AATE ERlo] Q&AL QUAINE o] whe} ThA|9} HZ|o]

Bk 9% QITHAI Market, 2025).
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ES, 2 A F50l TR TAY, tEFAAE 0 EAS: AL i o9
T 28l dishAE, sfiubet AR s Zlo] Fdo|tt. o]t MF o] Exis}d]
et AA] Ao o] ERIJFVE BotE 1 Wt ffRte] ATk EoX(AL At A
7 =71t o Al IEeIY S8 ol diSsior sl mZel S=EsHA| st
= 719LsE AA AGRP7E ol AL Sl

2) M OH|L} 2F01 o5t x|

FATH AR T AT EALS BE, S48 EFRE olojR]= 423t ol4r
ojtt. TR AR oA A 7 7A F= 59 1A oFL Wcke gA
A7F Qlol, Al A A= ZolA SHEY) gt AdEE FeE AR gt
(KlearNow. Al, n.d.). £3] 70|t} P/LolAS] E5, 4=7F2] Zfol= IpA|714 9] whto]
A YRS WA wize] AlellA A7 WA= A= ek C/07F FgstA
ZAE ALY 2 p/L, B/L 59| A7} A} o2 AL #rg AR} 7| =] 9k
W o] AAd 5= 3

E3E o2 Ao ARE W0l ERIok= AP Alzto] 49 E7] wiiZol] £141 A=
AAlCIA = 11 AeE ] AT 4 ok SR vE7E 2dfioks Ad2 =4
E79 94 AAlol 9 I 5 lom ARALe] AlF BAOE FFE VA T
o] Qit}. BHEo| Aol =aFolA] UQIAY ExFo] wWol ¥ie] Z¢jo] oA ERFe} A
of Z)do] W 5= UTHAI Market, 2025).

E50] £ o /i1 HIFRE4d] FolRte}t £9 AEVL HEAY, Fefdshd
S7h B o= 5 SFQ AR HS R A 4 Qlrh S g4lT BgolA 84

o] IZHA FAY AF AEe] vFet Feolx el HiE &+ k.

siEfe 229 397 4 84old 7P AE7MsdS #eohe A Q1
k2 A o]-F @34, A2 AeHdigital transformation : DX) & =4 s}
LA 11 F840] B FAHA Qi v SgHsto] Higsto] Holy 24 7]
< &8 A% 3FAE JREet 59 HEeY, 1EA AeHelet Al7le E9lo] st
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A desks P41 ALLE ZEE A7 87Enh o]t I 2 AAFEES AS

HH BHdFE Aol wa WA A ARA o] E71ASH oo, T3t A
I Y, FEEF(HSTE), FTA/CEPA 59 AEAA T Hgsitt T3y ZIol=
1 GFE 93oke A9 SRV Avkd dA7E Ear Qo B3 Y FHEIE @Rt
g7 o5 9Jsl], ko}9-9] Aol s F9E & 5 o] AR &Rlst glag s
A @Akt Qlet. @7l EXet BHRYRE F50H ohe AL ol¥a, wSHIU &
3 712k 7|5k @39 Hdo] Ha Qlek. ol A EFFolv ¥ ool
uhet A57F 789 HER EuAtel A, SR1ebt XY Qick. webA 7o) 2E
shi a&3p} XYP=]A] ot BHA 9] A Aot Q77 WAskaL e Aol Aol

4) CIX|Zet th3oel x|

TASO et 25, $9, 58 A B 7B £49 F2 TR AEsY]
ol vF Wdisitt. A%k 4,500% 7 o]4de] B/Lol T U=HI(ICC, 2024), ¥2E
ZoA A WIHskL HHEAQ] glolg 2ol dgshks 4 oln] FHAAA =
EA| 717te 2o 7FsAdo] ErHKlearNow. Al n.d.). E3F BH#AF-2] dgoie oA
3] Fof uiAle] ot AR el =2hdof] ofet Hlolg ol gol ot 3lof AR HA
o] HAESP} =oAL Qe ARl ALHAL Sk 53] St 7oA 7€
ofd® 1 oA HlojubA] X3kl 9lom AR asdt tlojE 9] ddd Hejo] HAE <

A Q= AEelA 2835t e ARME $F ATH(Bhatt, 2022).

TS oIy P/L, B/L 5 H7HS] MF7E o17d35] PDEY} Fol= weEE= 497t wol,
AA|o] 28849 AAZE Basta, 1 AgH|ole AJEet H8 A& A4f0] BashH.
o2 <lsf FHUAS] DX= Gl A o] HAe] st S A
7o) Aol

2ot gl
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S0 BUIE APATEA, FLAQ020)S 9] 1) ol BTANE Hlmste]
FeEe) 9T SR BAYET ALYl o) 2450 dov], 2EU-%
FUQ020)2 $EUFB) ol 8BS 7169 g0l me B84 A1 7k53 o
2 =0je] A4S AXSL et UL 12019 ZholBol WAsk SfojaTE
Foll tiet A B9 SAALL W A, BEUTA Aol Hetetee Ange
S, 203 AFRE O WA B9 ek AN 0r, BE-22022E ASEAN
Fe3ta Seldziole] RS AmnT MR R 98 5 gt Awst B
A3, $YBW B2 5L VAT Uk SUSQ020S BEA V16S T8 BAY
4 B85 g AN Yom, el YR 020/e A Ed2o] ohsf 5o
efol wbalol wet 91] Aok} etale B9 Aol ol el B B
BRE WS TES o8, oFT-olLA018E St BAYH] 43 A
W 716 o197 48T AL ol WL AN Tk oA -0]A2020)2 43}
o7 AT R8s} ATE At BUNT AL W AKEE DA o,
[ETQ020S AR ) Fo BRE W YTl BAHS AHE, o]
| e R W 8 HR71E0] el AR Baekn Ao 29120228
o AR ERAAS] £ Tiokst A B9 g ARl 7R oke
T glon, AT -SUA02)L FR UASUAAL A2 W 2t AAE 2
Foe WAL SEUS BAE glon, BIA04E PAY 2
S0l glo] WY Qs BAYS 1T F ) oY B S IS
washaL st
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(E 1) ugaT g

72 HTRHAE) HTLS(EAE)
2139(2022) +E2E BT SUIAN OUIE 4 9= 9 2A(EERY)
. o] Bl SBI} BRIE S ATOT HiE U THNEAR 52
ool OlEl7A- ZENEK2020) ﬂfﬂd lﬁ; I S S SR aae BETHs 2R o2
HASBAA)
iy 0/347(2024) QRO L SHo| 23 K ¥E JE U Y on(ae)
ol [ RS TARIC S Tiotzt KoHIS S5 &% HF| 0| QR
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e ATRH(AE) AT (A1)
_ FKIETA|AEIO| 2T 5181} 2} A|ABIO| F]6H= MAFEHA|ABIARI| AE X2
SEs - £012022) ij:.al.ff 2 BB 24 AIAB0| £T5H= HKISHAAGANL| 55
R ey |
S1L151(2024) CIXIZ 29 STO| Sl WMGIT Y= BAES DEE 3 AU XY 2
-
m ST RIS THSFHAT)
22%(2020) QelUetol shelxin STER SHYSI Lo st 2AE3RA)
sheixin 2ol R
oo o UBH-USH019) | AHAHTSTO TSt BHZ NFB T BIF| SO WOLS HA(RFRA)
255(017) S£2E0| ST U3t 24 AE(REEY)
. +EUSU 0 HEAQ /22| N0l M2 BB MT JF5H0 ot
YBURYH00) | Lot ey ° °°
—alC o=, 8o
Smsyol £42(2020) 22H0l 7142 BRS DMWY BB WO HA(2HE)
BER U | omoorg | PR DM 4% MRS VA% OfA BT 20} it wues
=4 T HA(2S=)
AXF MBI A SIS HO2 95t TIUKITIO| JHALIOL I AJAFRIS
0|2} - 0]X|2(2020) jir\;;;; lli-‘:‘r: 23t M1S Qe HUFT JHMYL NESE
J—E(TL“_I—h EBI—J

Az ¢ 3ER(2024)2 HESI0] MAF AHEHY.

HeeiTo] BAYEE B QubEel AASBARS) §- AT 1, FWAA] gt
et S st ey e, B Aol SuARel BueiRe] 3, AIE &
84 BEARC) T AT EYAE AWE T, FRARIRO) AIS £ 19| TS
e AXSATHE Hold 7120 ATss Aude Adrkn @ 4 ek
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OCRZ 7|&S o&3f Abdo] £07 Ay & I7] ZAht £E 59 4, ¢8& 24

£ 9Ju|5kA9HBhatt, 2022), AI-OCRS
oPlo] Al 142 Hote] QNBL %olT, 7= OCR 7149 AAE F=ska Utk
AI-OCR2 &3t #4F Q141Z {o] 7| A|8<5(machine learning : ML), B2|d, Ao
ollE AMGIRE AL SMIREIR 9, 2020).
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H 2) AI-OCR2 OCR2| x0]

= OCR AI-OCR
QMlE | A Jlst T o1 Al-DiMEdS 285t ol
QMK | 2Rt B A3, BER 2X, HIEY AT S
Se53 | US(FE 73 RSHOR ste-HET 3y
BT | HIDE RS0 Rt 201 ) THEEE O T
%9 8% | HEL M9 X/t HopM, FRN, £2M 249 HolEat

X2 © Krzen et al. (2024) HZE60 KXt 2R,

d 5O ot B49] HEIE ZedE o] qlol, olge HAIE HlolHEA AHZ|ske Aol
L7EY. FEUEFE B &%, &8, B AR, ERA%EE 59 e
B/L, 7, P/L 59 9t S8AFIE Rts=s, dAvke Rt S40] 71 dEe]
AFAESE AsiAE AI-OCR 7]l L= ook th(Stoyanova, 2023). <, T2
o] 79 F= PDFoIY AN, AEEA FHiz HFEH ATEH7] v, +&
EREFE 2SS A= OCRO| B2, OCR2 AEet =52} HlojE =
Zlo] "3t JHo|oHZF 1, 2024).

I il

(J& 1) SaaS¥ RPA+OCR 7[4t RAMT X2| X535}

Bl8H LN
A2

Shipping Request,

B/L , Invoice, P/L OCR 914 e
/L, Invoice, P/ 2y Packing List %{2]

RPA 22| A|~W ALE &5

EHEYA YR Z2H A

2a3e - E4A Y B Debit Note, au
ME £ DB e A Al EDI 2y - Dail,
SAaSHL [ RS o Bl [ Gedme o oo SRR ed o A3ANA T peeme 85, Report
(HOL58) /0 e 8 58 ¥s 248 profit/loss
A = A MH|A ol nl
g7 WL VRS A Aol 2 23}
— V= “”
g'!':?l ﬂgﬂ 1 S HE Mu|= E RCH2| FIES-F3
L : @ LEH—~OCR-RPA (48 BCI84) ne 62 1 60%
ol i ki ; D WH-RPA-EHEY YRAAH 5§ 330 140 195%
&0l X2 A YT Eit:80% £E YT UL, 20% £F B

ESE BHAR, AR, BY AR 5ol tisiAx AI-OCR ¥ ArAoiAg](Natural

Language Processing : NLP) 7|&Z& &-&dto] A5 A4 4 AEE & 5 AUk NLPE
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BN

A3t AI-OCRE B8] ZHo|ut 714 W89 &5l th-&& 4= ot AI-OCRO] °]&
B w8 olsishiA EARE BEShe Aol 7RssHA Hol, o] A BAIE 4
FeA 23} dloelg AT 4 lckBhatt, 2022). AI-OCRS 27]9} o], ok Bx}
I 2=} QlHzte AVF ZO(XE)E Egolr] o] SHAFY By Hees
ot 23402 AI-OCRo] o]82 4% A& gRld] A= BAE o 28 = o]
A Ao AoHA] UAE EE FEE] A1 FHIE AET &

A74@ A1l NLP 2E2 gt A& HolHAES 7|¥to = Sh5o] 7hsdhH, Thefst
T3 sTATY HEAS AT = AUt AlFS 2T, HiSAIREE, uiE=Qlet w21
HH 5 574 HolEE U5k, Al= SHA| A 4= k. AEAF
210l AA| AHEZE iCustoms”t A5 EA41A 2 (intelligent document processing : IDP)
HEoA AEF AIE ARESks e & & AT °] BEL STAROIA HlolHE AN,
=, AFsto] 2 x vhof] 99%9] Ferg Al AVAE AF0 2 A3 Yazid, 2024).
olZ &5l & HolE U, WAl Fx, oF FAol A85= ARte] A EolEA "ok

N ol mkﬂ

)

[e)

(a3 2) IDPQ| Xz| kY

& ® 0llo al @) 8
Jsu
m

oj T, NLP, NLP, Eai'd, Hx| 2%, A= ohg
wol= 724, HIX| = o, ML, OCR, 4, A4,
7187|124, A og, I3 uH, Aege
Zlel x| OCR, 73 ul# =]

Xt : Stoyanova (2023)2 ZZ510 XXFRA.

IDP= F°] wA = A4 olu]Al9] =5 HlolE Y ZEAAS Asdfste] e o
Ag Hl2YA DA} Folohs A& Uittt &, IDPE AI'ML-NLP-OCR 59 7|&
& 2A HolEE ASAA-ER-FE-A25, diF A4S Asdor Aset asslst
+ 710tk o] 71&2 il ARt It TRt SR ARE TEsfor she EF 71
85K Shamout et al., 2022). 7|92 ML 7[§to2 3t AFA g As3He &-8ohd
BE §30lu 249 EA0lA B tolgE 5T & A €k oAl £, B/L.
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T2 AR AR, 9o 14 mew BF AR ZeE ol

et AT S-S FE5he ol B2l HH, upAR, B, §F T, AR B4 A
E ool thaf| SAEH mZE2AA7F 7jA"ECHHelo and Hao, 2022).
AAEA0. AT-OCR H|oJE] & 2 &851= 2 Algo|t) AMd4ARe njxQlo] o

FRAA Asshe JH =M=, e AFold Ao digt ARt HHet 2A| WS

Me

= AR IZE ST AU A ARelA F29 E £A4=, Hiselol HIES
AEsfor & 59, A= 713 AleE AF Ee AR Y 5ol ZeEn AI-OCR
glolg #& &°] &85 &5 4%, 7H, 7, i)l vzl ARt 78 2

55
o k. o9k fARE ZaAAE 2-5210] 3HE £3g 2Rl
3h= AR B/LOIE 28T 4 Itk ©]2 B9} STAAE UL, 3wk v go

A3, A Hibe] BAET, 1 UEEE gawlo] FHsks 24 2o Sl 4
g

AEZHO R Al-OCRS &3 BIAFIF Arsdhe =AFS9T Id 7|49 #es
HHL= Zlojt}, o] L2 AV} AsSlotd HeH Tt 8844 o], H8-E Aok,

Y =75 TN, 1A U2 FIAE 5 T

2T B A 7 B FolollAe Al 71s ol tigh To] oAl glom, ML,
NLP, 9% 24 7IeS &8st 5ad 284, Ao % oA ad 955 FAPI

o=

= 7RSS 2A851AL QItHChen, 2024). Kouhizadeh et al.(2021)2 Al 7]5F 98 7

i

SAHcR BASIAL =d, ol ML ¥aEE2 ARgsto] 7o HlojelE EAfstaL it
A, AL 7H, A A = 715 59 848 VIRte R MY sES AEctke e
ESITL Sl AlgtelM AE @] E85HE £°F § shte NLP 7leS 817t AR
AsA et SR EA = 4, C/0, ALA 5 WHRt Fo| FAMFE AESIL 45
Sk 2go] ERETHERS-S-, 2022). NLP BHEE HHE FAAFROA B JEE A5
Aoz &3] Y3f o &=, 2ol ofet A=]o] Bagt ARMY =g skl 9l

TKSaberi et al., 2019). o]&3F &= BHAF G842 Pt 45 Hlo|
I A o F S FAski

i)
jins)
i)
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HAZA ALHS B¢ 870] DXE 7HSshs 94] 760t Z1Eole S4TA,
54, C/0 5 7% ARE 4712 AASAY 2% F Aol S WARS 4%
7} WARA, AAEAS L o] BE 4 29 ¢ Wow 1Sk 5 k. £

3] AAARALHEDD) AAERE 0 58 B HE7F 24,
ofsiEAR ol AAte® FFEHA, EE At di] AR
T WoRA| AL IEHE2E, 2020). 3, AAREA = AR 2 B/ Abs A 7152 Als
SP7] o]l U 1A AlE olEE v R IHHSH ARE AET o Qlol AR
Holgo] A

SN
r

lo

T
2%

N

H1

F2& E8olo I 384 70% =011 1247 3FUAY 4 Y 5 AHE A
St Vermeir, 2024). "EFIAIZ, 559 A=A s 2 E57F FJAK] Milahats "iY
Folot tAEd gAom HaHe o 7Y S8 Asslsto] vt 452 AR
Milahai= IDPE RPA SEFH SHH22N £ A= ARME 64% D=0, E3t 5
T ZolA =of A¥9] PAIE FIAZIA H UK Vermeir, 2024).

|

3) 329 HSZE E&F-2(A3 IHO| Xt&st
Al 71&2 Wdigh dioleE 40611, teS melohy, diE BES f5ohs 82 &
AL o], AP ThefRt WAl o ® B8 4= Qlth 53], Al 715H] 919w Al
gl(Risk Management System)> &£ Z, HF 9, A5 27 5 9 845 A9
g]5la 3ok o] 583 TS Stk E3h Ale B3 AAF BRE AEsieta, A
H7F A" AEEE ol HiE 710 4 Stk 9§ S°1, Al 7]5H9] oju]A] Q14
1&0] E8HH X-ray AAF ALHON PeEdS Hoh FEsH AEd & gloH, AF
g PAERA2ES 58] HS Z= 579 278 493t & ot
ST 9 el AEe HS IEAERHR)E TFohs 2GS TAH 4
S 2 A IRl A== FAolth 13y o] ZRAIAE &R13tel] 419
o A9} siA o] B5 o] WASHE HAAkE Qlet olHRE IAof thejAl= AlE 885

N
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o HS =98] AFSEFE AAIShs 7]&0] F5AL Qltk NLPF ML 2do] S3EA
o872 FHAR 7AE JEAEES siActa M9 HS FEF w2 LR 4T
4 Stk E3F gA3 W V)50 BRECEN SEAVAIE ¢ ¢E 79 e did
AP 4 A= S HAste] A F1E Woks Ak 7hsoHA Hrh
At 2 BEof gid] HS Z=5 $507 A5l Sgsl= 42 % Fekgo|th
ESH 5 HS EFolle 077 8T 7Fso] Eolitt A% £7E B2 Al 9919
A}, EE d gEjEE ojojd & itk
AR Ale o] IS Assolal A A8 752 S=9 dlolEHo] AN o] 3
HS &9 FAAE 4= k. ol E01, AIARAIZIFHWCO)Y] TUo & 24H H77t
=21 BACUDA(BAse CUstoms DAta2] °F4) ©2 HS #7E A3l 4= Q= Al &2
7HEeRAT(Yazid, 2024). ©] B2 289 4YH S Aok sj43t e, ol
EE9] qARE 4 dlolele} Hlwslo] HS F=8 FeoH o&d &= Qlrt. AP Al
252 A4 qAlet £ @S Eole] st £ F85E A 9 AlEE
AR & Qlet. olE 0] ol 3Pt Ei=olA rlmo R B EE 253 Algo]
7H4el Eet Al 7]&0] HS Z=(0] 3¢ 1006.30.10(I=4 = =% #)E £33t
olgjgt 39| EFol| izt vl=e] Ha=HHMEN S-S 233 4= UrkYazid, 2024).
o] HloJelE ARSI AIZF BT A SolA &S AAE 7IAE 7NEe R o

=50 A8&Ee 4 BAE AL =+ A I

d

J(I))ll ' El
( m
— —

i

¢

4) FH=2nt Al Of0|HEO| QI8 29O thE
Al AR 710 14 S P55 Aedfolal, Bt Al&olal Fest g A5
& UEE EolEth 7199 AT uA0] 975 1fsl A9 Al RS A55HH, 14
ST T &9 58 FHE Bl BT = ATHOIES - iEK, 2023). Al RS
gt 1A S =S o, 7149 AHA FEE ek I 84 e A Sl
7| &0lli= 17jo] oyt wutet AE-elo] 21 -Shisfiof FAIRE Al Aol SAdsHAA
Hdo] ZA &k THH Al ool EL thefdt ARollA Q17 58 BAol=E HAAH
AREO[t}, Al ooJHE: 7|9 1S /o7 sf vlolelE Aot
AR WEH, AA ARE Asslehs Al AlAEo[th 2 ChatGPT, 2& A7}
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GPT-3 ¥ GPT-4 tht2 21o] 2 (Large Language Model : LLM)Z 7HFst 25 1231
F=Z0] LaMDA EE=Z st AERl Gemini 6°] U715 WA, Al oo]HEL 3
Z297 gk o AgE Rt 22, Al ololHEL Ajelols ols) W sty g

ARE A P A5, B BECE) 2], 79, B4 92, ZeololgE 4me
A 4 YEHAST ABE, 2020). o]fa ALTL WO HThe o] Hojel
FAE LM 7257] o] ANXES QAsHe 43 282 Bk 49 5 ek

Sh SEEAe] et Aol A Q] 71:2A]1 o]t Al Ao 24413t 365 diE&
oM Tt Reks Attt SuEAtel i B33 2o tisiAe v Wt
ALY AEE A7kl M- 23]5o] QI7to
gk Hop yEo 9] tigezAMes 54 F50 SloiMe] Ao, ol87ksdt
FTA/CEPA 59] A& 24 5 Al oo|HEZ} A, 2l A& Alleh= 59

8= 1T 5 qlth

o =
%
_O|L
N
.
(¢]
!
4
Gt
o
uft
)
N
0
(]
2
X,

2. Al =9 At

1) Flexport
=] HAEZYH A SAERSNADE 578783 Flexport= HHTE 7=
AFet 3ET AEE AR 2211 ERFo R A gtk sAlERolAe AALT
SO EGAR- AT 5 TR olsiEAA T BHEM QAkeE HET AR 14 2
=271 A9 A tHMudness Partners, 2025).
Flexporti= 7]&2] OCREN of g} FAHF AIE ol-&sto] 4 A4 W82 A4
o2 siAstal Qletk. AlokAel SoIM F - HlS AR 52 24 S0l wEskd
SR AIAH SA] SFSAL Qltk. AVF &S FEE WA 24 A6t
W 49 A4S AFARS SAl0l APAtE diEes T3
95 902 2407 AAekE Folo] thgske 752 Agshy itk
5] o7} Aglole] TAGAL ol ot At Am 4B 237 A% ol
oA o] WASIT St ARH 297t B 85 ot AFT BAN ] 7
SHA =it
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2) 20=

AxAL LEEL2 9] Sl A SFAAAS] A7t Wot FTAS Z83h7] A%
iR S0l a5ttt 1y FEolu A= JHiet FEE SRlshal Y4 WS
ANk IS &1ZoH, ggAolA st = Aol HAlR HAHMudness
Partners, 2025).

ALY AV AU 2] siAS LLMOYl ShsA1A EEAPE AT Aol Eishd 249
ZAolt T 2ol AN AILEE AR 2831 Tt ol Qs Aol A2 A
T A Qlo] wed o= A Hoith ER AR AloF AEY BER HolHE
dgsto], Al7F C/OF A5 Aok = A3 Folth. REES YA B0z &
g ol Zisto] FF ARIE A% & Aol Ailiskes d=Re FFTh 9] FAX
SR Fol A7 B2 ARl tisiMe, ©@AZ o yAElE AYsh= Ao® A

2 gsteha qnt

3) Shippio
HAE ZAH=A FEEE shippios 22102 5 AfFu 58 i, ARF BE
D Ak AMHIAE AE3IL T Shippios A& LR Fol7|Holy Fstdzio]
PurSlE T QIS B ZRAAE FASH tAEslete =i F&551H ARARE Eis
AL Qlek Shippiow= $74°l4 P/L2 ARESHH, AV 28 FRE F5-A A" 5591
= 7152 7 Folth. o|& &5 7]& ofgdE 1 ZEA|A} 2Rl W& S5t BT
Aol M7z AE €Y o A ok EEE AL ARo] 3l ERARIA 21 ARYA
= A RS, 71EAQ 2ol SA IERIh Aok Fo= F&o] 7MssH H
of, W S A& Esks A A4 eslel UckMudness Partners,
2025). ES HAES7E A A7 9l EFAANAE Al 7leS A8 aold 29T

4) LG CNS @z
AL 71900] QoM 258 12 o FHIFE AsF= FAT. TAER
AlQle] Bt 2000093% 71 A A0A] A== &F SHAFOl LG CNS<F fxAo] =
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Y #z2 RPA} Al 7]&S 283ka itk
RPA-Al % 5853} 7% sfQlolA Eolex ZEHolY 1] EF 71&0= B¢
] AZF SAIZIOIA 5EOE ZOJETHKITA, 2020). UA A AlAl ZAolM HEEe
738 OCRZE =3It LG CNS FZAL Al ofH]X] 4] 7|&S B8a) £ #A9]
E8¥s, iR 239 5 Ha gl 352 AYsta, A Alago] sk g4 A
Bl &b g 55 FE0H UTHAHRI-HSH, 2020).
FZH RS A AA" ks dFe B=Ao] AANET B8 RPA &74
A 2Ho] JFet AR o] glolElE B4}
I H[ES APgohs AYS AASl Algelth A RPA-Al= TATHS ARl B 45

30%5 AFssilon, AL A vl AT} 2F 21 A A 7HA] RPA-AIZ
7FsoH ol SHAT 100% AFsste S = AlZo|tHKITA, 2020).
5) ADEREY

FABA} AT ER 1o)X = UIARRUARS] AI-OCR AH|A “AIATE 2HR™E ZYst
of A& AZE aaslstal ok o] 7|YeME 7 ARE FoluiAz wstal jlow
F2rdol ot AT Aol ofsh AJAEe] SRt Ao AT HAE FHAL AT
(Al Market, 2025).

(a& 3) AI-OCRo|| °Jgt MF2| HI0|ESt

- EE-00- -0

->|__-__|-> § - EETTe

A5 £5/dolElg g AT Y __RPA_|

Xt= : Al Market, 2025.
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Ho|| S 7158k, ARSA upoA Ao 7 7hth
BT gk 9 T AIEO) BERSET} o
gEow AME B3 Joltt B8 Q)
of| QlojAE 83t 4 QA Yt

3 = JAs AHT 2 Q= Ho)
=1 ZAAZEe] T ool JFEEE
A& tf-gstal Qo] S2EE EF

EQ,_Q

(& 3) A9l bl

A 2 g
Flexport ZH| SEXMEE AIZ MF HRE U]
o= FTA C/O 20| MY A9l =¢
Shippio AELEQI0| EX5ls 2H 28 DX
LG CNS &z Al =8 2810|4170 S| AR5
ADEDETD AI-OCROI| oJ3t MF2| CO]E{3t

V. AL 7] EBARAR] A530] g o
1. H&Es A|ARS 315

Al 74 £ 7100l Al AAF ARGl A8 s e 82 &5 & U=S Sk
2T} TS IR olHet BEole £A0] AT A Al ey} daE|EE et
T 57] o 2ot HE, 8 H WF AFo] xtHh

A9 LH7RAAH R E S ¥(General Data protection Regulation : GDPR)}< Al7} A}
o= yid AAol tisf ARgAE oS AV 4+ UEF BASEAL Stk ol Al 71
AEAZE AH419] HloE7} ofBA AR|E=AE & dHE Zethe HolA 7t Ak
S S QI EE oIt Al 7S AAlste] fARE dElE EASL ek AdE -
o]%, 2018).

Al A= 7199 71 i 3ol At dF= miRich 29T ATE sk AY
ARESRE 7192 AR Al QR B7E YR A AlA & TS RS dsfof qit
H1-&3t AlZto] B 48 & QAL A0 Felshs AlLER AR AFE A= |
gt Aol d 4= Qlek E3 229 7|9 249 A7 Aolstthe oA tfg A
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Zasith g =70l 58E 7leo] thE w7leME sAE & Jeng, A HAE
AP F5] EASHoF AN 9], 2024).

T SN Mskohs SAIFY A4S 2 AElE fAskE A2 S5 WAz
@ ¥olH, Fglol Helsle MEN S 7522 AMshs A2 o ol 2
& k. TS| YAFF Al AL AE dolEHelA, F4] Ad, A4 79 SRES
AAE AEA 07 AHsh RUE S a5 40l tigt JHolE
12 AAE0] QltKYazid, 2024).
sudTolME A, qejFy, deEArEdaret 22 jgo] 285, ol
A= Jhget AT AlAlo] ofyd A5tE A2y et #EUe 2T Aol word
o I FolAE EEFAo] et Al AASH | hizol AlH|S] W Asstet &5
7HYE 9] BElM =AY HNA] HEdt AA7E 27128t

)

AN

L

2. Al

Jok

t& OIOIE|S] =2

=

Al 85 HloJel= A1 AT -2 EAjolH, of dlojel9] A} of| w} Al HHO]
gt A==t 2e-Enh Al 35 HlojH gEE Ted] HolHE Bol Bos Ao
SESHA] gt ojZlofl= dlojel9] E4, ek, ti 52 TEdliof of, 224, WA
BA| T35t A1ZsH 1edljoF ghekelg @), 2022). &3Sl dloly FH HZRS o33t
2t

1) At CiOle £
719e] 24 HolgE sk WHoR, d IE7, AlA glole 4, ARAL e o]
St lolE 4 T TRt e 8 4 itk of W HlolHd it B4

E E
| AR A Blgo] @ol 284 & Qlok

o

2) 9| HolEf Tof

o1 Hole] AF YA RE BAF HolelE Tufek Yileleh. o] WS Tt
F79 dolHS Has BRY 5 YA, vlgo] YT 4 Aon Hole Fo
4%

o] "asitt. 3t Hlo[H 9 oAl B A2 ZAE &Isfof g
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3) 33 HI0|H &g

OJAZ 7o A7 1A AlEdhe 371 HIolHE E8ste Wiioltt. 1|
o] Y2 Hl-go] AFtal HL/do] AR, BRT Holer} FEdAY FHo] Y& &
Ak,

4) Hi0jy Y 7|&9| 8

F| o= A9A A A17F(Generative Adversarial Networks @ GAN) 22 2dZ
&3l 2 HolEHE AT & AUtk GANZ A HElE FiL oy HIA| & S5o=
o, = 7H9] Aol M2 A5t S5olAl Frh. GANS FAst] ZHsiE 4
Sk A4E AlHelth GANS 29l Fo] = Generator(®8/d%)™ Discriminator
(TEg)o] A= FAsHaA ShEdhe d2l= AR o]t 7]eE 53] M= &
E37] de HolHE o] ¥ 4 Qlo] vl FESItHE T @, 2020).

ot AL ofet FHARTO ARsSol= ¥E dHolE ] F2 =4 A4
Sk dojElo] 7 #7719 B8, Bt FEIT AtE 0] Ao, Al°
QF7F TS| HYXITE R @R1AS A6l i EEshE 4 2O AH|ut
£9] o] E7HEsI. E3F A9 S AFolu Al oY 5 Rt

KA Aog Al9 Wt HEeE Aud 4 Qo)

A o=/

ok
i)
fo
N
30
iV

714

A= ML H3d 22 3] 7]eS 2o, Hlo[EE 7[Hios AAR Shaaial 4
o Akt 298 25T 5 A Ale Rt 7l 3-8 2oFe EsiH, ARl 7]
=& NP, Z7E "4, HloJg mlold, 2l5d =X 501 3t Al 712 Bt Zolel
A AAA, ABA S ATt ek 1Y Al9] SRS fiEre] daElEe] E-eu
glolg o= Qg TAskE AlS] H7ls B &2)4, ARelE Aol Hieh -2 EAR
ot E50] A= Al FEHI)L AP Al 5 20 Al 5°] diF=A Jo] ohE P g+t
A= 2A, ZEtolHAIo 3l B glolH fEof Hiet 3, Al ZEE4 52 HAt A
et = oS SRkl ATHHAA €, 2023).
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71 A71HAL = THFRE AL HRE H192 AT A1) A, 7, i 9 285k
ofe] ©A9 I AT 4= 7] Wizoll, PRt Al AEiAS] Wy 8-S A7t 3
S wHste A ol9ld= ZetolHA] FR oA AHEofoF ot Al o=
lsf bRk AT E82 A 71e4 He ¥ Al 5 FRA dgisidE AFslor & &
g opuje} thefsiAl Ashe Bt A AT "art 3l ZolHHHAIA 9, 2023).

g SEAROlE S8, AA, FEUA 71 HE, 714 AR} 2 71d4o] w2
glolE7} Zd=of Q. ol5°] AFE FEEE A5 ZHAAS] AlF AU 7149 Al
Gl 2 FF= v = W] 2ol Bt A2 FA3] Jokd Ba7h ATHAIL Market,
2025). T3 Al Al2EE SRR-E 7o R R83hs Afole BAERY A2 A&
U3 A3 =71 AAI9 A3t 5 7Rl tiFlo] T42loln). STl S35t Al°]
Gt JEueE o] &gto] sheie Jlom Ao A How ddd et 9l
o E3E Q1A FU R B4 tigt tiR|2A= 22 2719 71Eou A AlAS] 7

4], A7129] ®Hol w890 AAE Fi}&o|r},

4. Al HHAA9| 23

Z =
Al AL Al A|A"I} Eo] Qb 2]A QS HASH: U] E3o] B ZEA
A, #E 9 HD AAE Yufgith Al AMUA T AT oFd, 344 2l E53
BASE7] Y8 A19] A+, /i 2 &8-S AESItHPapagiannidis et al., 2025).
ARl Al AMUAE FAT 4125 S2sHHA HE, 7iQIEE o 2 83 &2
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AT ZHEAE, AREAL, A AL B RS 29 SFHH 9Jet ol sfAIRRE ] ZofsioF
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ALAMAAL Q17 A0 R 1sh AL A 9 4] Telo] sk A 232 o)

Sk Al Aol B TSR AUelzE TEek MY AkZel] o] Qizke] wint

Q.| ot ol <Is) ALl At Flek Tk WY S ALK, 2029).

AL olejdt A SIES PSSk Slat FRskE B WA A3 ol

A2 POl ARG AL A, A L dele] AL} BFE 4 ek £ AL
J59 GFORRE BESP] 9 Al BEL &A

o] W= o E83t A5S SYck= AS J5HEE SHHPapagiannidis et al., 2025).
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O

S
)
o
of

Sh= 3782 olds] Fastth WP siio] WirofRl= -9} oAl ARbojlA = Al
OJRt 3140 A=|7} ofyz} QIxte] Wyt 7ol H QshA FTHAI Market, 2025). &
Eol, 29 A9 i FEolu =3 Al 27do] TR AaoAE, 7IAER1 A
gRto 2= A5 A & gle A9t Atk

E3E AIS] £ A0S WEHOR 485l HH QAU A1 FE BE 7s/dol
W1 wizell, i A2 AA Au]7E BaAolet, QIzte] oJ3t 2

A AA Al FEAS I AGe A4 5 A, 71% oleln B8 SAL o oy
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ABSTRACT

A Study on the Countermeasures for Automating Customs
Clearance Documentation using Al Technology

Nak-Hyun Han*

Trade practice is a challenging field that involves extensive documentation, such as
invoices and bills of lading, and must constantly consider various factors, such as
national and regional regulations, tariffs, and exchange rate risks. Moreover, exchanges
with overseas partners face time differences and language barriers, requiring
considerable effort just to respond to daily emails and phone calls. In recent years, in
addition to the increase in trade volume, the number of tasks that must be addressed
has increased, including strengthening regulations in each country and establishing
environmentally friendly logistics systems. In this context, a new technology called
generative Al is attracting attention as a powerful means of practical innovation.
Automation of customs clearance documentation using Al technology is contributing
to increased efficiency in customs administration and shortening clearance times. Al
is being used in various fields, such as automatic classification of import/export
declarations and Al recognition of Certificates of Origin (C/O). The introduction of such
Al technologies can significantly improve the efficiency of import and export
operations by promoting the automation and simplification of customs clearance
procedures. This study analyzes the challenges of customs clearance documents and
customs clearance operations, addresses the challenges of customs procedures utilizing
Al examines cases of its introduction, and analyzes countermeasures for introducing
Al into customs clearance documents. This study is different from previous studies in
that it examines the challenges of customs clearance documents and customs clearance
work, the solutions and introduction cases of customs clearance procedures using Al,
and suggests countermeasures when introducing Al to customs clearance document
work.

| Keywords Al Bill of Lading, Certificate of Origin, Customs Automation, Customs Documentation,
Import/Export Declarations

* Honorary Professor, Kyungnam University, nhhan@kyungnam.ac.kr



M, £3 ohy

|_|'A T _Iﬁ i -r_, |_|' L

ADSIEHM R LM E HASY Y 2 A ST UH0| 7|0F A7 25S Mefotr 2M-2Y slags TES Z2otixt
Stak| "EMIRHA(Korea Customs Review), S 271610 QUELIC

ol0f & stEXjof AMY =22 ZHsIY W2
X 2 SR A FHE 2ol FU= JAIRE UX| Yo, AR SHYE =200 o= 20| ATAIHES RZoHd ASLICL

1. =2ED Wy
O w8 9%
2 sx| e =2 =1 Oy
M1z (3%) 3% 31 18 31
25 (68) 62 302 4% 302
H3s (9g) 9% 30¢ 74 314
M4z (128) 128 31y 108 31

O §1 XA
M- 2 20Fe] MBIHEHA- H7-MFAD) Y CHSHE)Y
O =2 FH|
s TAYY d A= TH A7 BoHEH, HAL AL
« B9 B o]2-Jd] 5 AT EoHFIAR, FolE, ZAAHY 5)
O HE K=
O = 91 @ 55T A @ AT a8 FelA
0O E1 4hy
A=A RGN EHo]R] B3 Fil(www.ketdi.or.kr)
* SIEUMFENLE SHOK| &HE & HMFEAT — stEA - =251
O |7XEz
H 3 2009 (AA7E B E =8of g5
* A BY| O =29 842 XEZ2 50% 2N Xz
O29H
AFEE AL (Tel 02-3416-5168)
O Yk ALgt

e

i<l

I O T
s = di=

Sher=Rt3lof oju] AASIIAY A7} G
¢ =REV QY AR &L =B He giAolA A
s 2o g sk, Yy B2 209

H =22
Qj_itt.

oM £

=AEE, JEHH 5)
=




- A1) Bl RS A0 stel, BASANOIA QS A9 JelHon ojFelz @
RE A 5 9

=13
=

© E7|EOIAM d7E] AES S =2, TR 47 otfl=t 9 skl HE=E 59
3% =& A #HolA sioll B W8 % ARRE H7|stojof gtk

L ERERY

AR olF2 HF B7|5HL, o]F-FHE 1A% thZo 000 9|, 000 et al. & R7]QI},
& AR7E 671 o1l B FEIAAN E1’.
© e B2 #715P7] of#te BEAR Agolu ¥Y, B 529 ®7]0] gsto] ARgsl=
AL o7 o, 74 HMSE 1), 2), 35 AT
* B} IO AR 2oF 99 9l ¥l (& D, (T D] §Aer duiss 73t
al SRR IE, =0l AR vjAsH, 1AREE e R I
dupl A= 2t

_}l_l
<
o
IR
o
0
-,

&= OflAl

710l WOl IR WAS HITD UCKYDIT, 2023).
+UTAISBY BYSHS YKL UES
8 D29 TRA0| HPISIACHOIRIGH 24, 2009).
7

s
Ao
=
xel
oo

ST B Y DAY
KA 2B Chet
BRI 2R 22

1) B HM226% H1g H
2) i 2017. 4. 7. 2015549320 HZ

[

(E 1) TAZENE 2

ag 1) 5825 +Y

AES. (2005). HMRIRE,. 29 T
Jason M, C. (2002). Customs Procedures. Trade Publishing.

81012, (2007). FTA X[2H= 2o &6t A7t 2429072 15(1), 12-13.
Me=2 Murphy C, W. (2003). A Study on the Interpretation of Incoterms 2010. 7rade Research
Society, 11(3), 24-25.

SfRl=E O|ZIof. (2003). #YU2E 7HAMNIME 2A. BHFASIL TSI HABIRI=E.
=

NS KITA. (2020. 12). 20204 &2 H7t 2 2021d M. Trade Focus, 71-73.

=]
KEHRA. (2024.2.12.). At E83t2 SHE 262 HA JNE... U AW, Available at
(https://www.yna.co.kr/view/AKR20240208103700055?input=1195m)




bl _ ]
AN A AN =

~ ot 12 il ~
W E | W W o = | w | w | R | 2| = g
Tk T | T | W gl F| T|X ok
T & & RO " D A H T s =
Ao | R | M K| ok = | | X i

i & i

iod iiod
oF | - 0| o | R A B Tl or | ew | ool | BN | < | K| R &0 | @
R R T - % T | W R T K| T
NS ~O of|of |0k | || R | & ||~ |io | J| o | R







ST
A2A A3 -5A A72(20259 9¥

Korea Customs Review

Vol. 2, No. 3 September 2025

18

-
I

=

MEA| ZMT OEEYEE 22, 75(015S)
ZAf HHO0055

02 3416 5168

02 3416 5025

HO|X]  www.ketdi.or.kr

'S SN 3022-7569(Print)
3022-831X(Online)

[~ for jon B> 1o ro X

O JE > on nE rE Nt n
d o

A M X BEZIM
ol M & 20251 09% 26
48 o 20255 098 302

% B 2] AU (TR o] glom A



Korea Customs Review

Vol. 2 No. 3 September 2025

ARTICLES

Digital—enabled ecological indicators for sustainable ports
: An integrated approach to pollution control and worker health protection

Zhenqing Su*Miao Su

Study on the Impact of Manufacturing Specialization Agglomeration on Export Trade

Zhen Wu

A Review of Export Controls on the Space Industry
: Focusing on the United States Export Control Regime
Young—Ju Kim

A Study on the Countermeasures for Automating Customs Clearance Documentationusing
Al Technology
Nak-Hyun Han

C ) KCTDI

Korea Customs and
Trade Development Institute




	00. 목차
	1. 소진경(p.1-46)
	2. 오진(p.47-63)
	3. 김영주(p.65-105)
	4. 한낙현(p.107-134)
	99. 판권
	빈 페이지

