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Abstract

The globalization of high-technology supply chains has concentrated design and technological
control in advanced economies, limiting the industrial upgrading potential of emerging regions. At
the same time, increasing sustainability pressures demand the integration of circular economy
principles into production systems. However, existing research rarely integrates supply chain
localization strategies, circular value creation mechanisms, and regional capability development
within a unified explanatory framework. This study develops a conceptual circular supply chain
framework for the sustainable localization of high-technology unmanned aerial vehicle (UAV)
systems in emerging economies. Drawing on localization theory, circular supply chain design, and
capability accumulation literature, the framework conceptualizes localization as a systemic
configuration composed of three interdependent structural dimensions: (1) core technological supply
chain processes, (2) transversal circular value creation mechanisms, and (3) regional capability
accumulation pathways. Unlike linear acquisition models, the proposed framework embeds
modularity, repairability, remanufacturing, and lifecycle management within the supply chain's
operational architecture. This integration enables simultaneous outcomes in environmental
sustainability, economic resilience, and social upgrading. The framework further identifies boundary
conditions and aligns structurally with Sustainable Development Goals related to responsible
production, industrial innovation, and climate action.

Keywords: circular supply chain; sustainable localization; industrial upgrading; UAV systems;
emerging economies

1. Introduction

High-technology supply chains for unmanned aerial vehicle (UAV) systems have become
increasingly globalized and centralized, concentrating design, manufacturing, and technological
control in a limited number of advanced economies. China dominates the export of light-to-medium
civil UAVs, while the United States leads in the export of high-end, heavy UAV systems [1]
Economies characterized by high openness, favorable institutional environments, advanced
technological capabilities, and strong economic performance shape the core structure of the UAV
trade network, reinforcing the centralization of control over critical UAV technologies [2].

While this configuration enhances efficiency and accelerates technological innovation, it
simultaneously generates structural dependency for emerging economies. These economies
frequently participate only as end-users or low-value assemblers due to high initial investment costs,
technological immaturity, and limited absorptive capacity [3]. Such structural asymmetries constrain
the development of local capabilities, technological autonomy, and long-term industrial upgrading.

At the same time, sustainability imperatives are reshaping industrial production systems
worldwide. Circular economy (CE) principles, such as modularity, repairability, remanufacturing,
and resource recovery, are increasingly recognized as strategic mechanisms to reduce environmental
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impacts and improve resource efficiency. Designing products with modular architectures enables
easier repair, upgrading, and disassembly, thereby extending product life cycles and reducing waste
generation [4,5]. In sectors such as agriculture [6] and steel manufacturing [7] circularity is
increasingly conceptualized as a structural design constraint rather than a downstream
environmental adjustment.

However, in high-technology sectors, circularity is often treated as an operational afterthought
rather than being embedded as a foundational design principle within supply chain configuration
and technology localization strategies. This limitation is particularly relevant in emerging economies,
where integrating CE principles into localized supply chains produces measurable yet highly context-
dependent effects on regional industrial development. Empirical evidence indicates that circular
performance outcomes vary significantly depending on infrastructure availability and institutional
capacity. For example, regions with infrastructure coverage above 60% have achieved substantial
environmental gains, such as the European Union reaching 60% waste reuse by 2023, whereas regions
with infrastructure availability below 30%, including parts of Sub-Saharan Africa at approximately
20%, face structural implementation constraints regardless of policy support.

Although CE integration has been shown to influence regional industrial development through
employment generation, resource efficiency gains, and structural transformation [8] these effects
materialize only when infrastructure thresholds, institutional coordination, technical capabilities,
and market readiness for environmental technologies are aligned. Barriers such as qualification gaps
for digitization and systemic information deficits further constrain CE implementation and require
targeted training and infrastructure investments [9]. While studies examine CE challenges in
emerging countries, including Brazil [9] India [8] and Southeast Asia [10], few frameworks integrate
supply chain localization, circular design principles, and regional capability development into a
unified strategic model for high-technology industries.

This gap is particularly salient in the context of UAV-based environmental monitoring systems.
These systems combine advanced electronics, modular hardware architectures, embedded software,
and specialized service components, making them suitable candidates for circular supply chain
structuring. Although research has examined UAV innovation ecosystems and science-industry
collaboration [11], little attention has been paid to embedding circular supply chain mechanisms into
UAV localization strategies. As a result, circularity remains largely conceptual rather than
structurally integrated into the design of high-technology supply chains in emerging economies.

Therefore, this paper proposes a circular supply chain framework for the sustainable localization
of high-technology UAV systems in emerging economies. The framework integrates supply chain
localization theory, circular supply chain design principles, technology transfer mechanisms, and
regional capability development into a multi-layered structure. Unlike traditional linear acquisition
models, the proposed framework conceptualizes circularity as a structural driver of industrial
upgrading, resilience, and sustainable regional development.

The central research question guiding this study is: How can circular supply chain design
principles be integrated into high-technology UAV localization strategies to foster sustainable
regional industrial development in emerging economies?

This study contributes to the sustainability and supply chain literature in three ways. First, it
integrates circular economy principles into the theory of high-tech supply chain localization. Second,
it conceptualizes circularity as a mechanism for regional capability accumulation rather than merely
as an environmental compliance strategy. Third, it provides a strategic framework that links
technological integration processes with sustainable industrial transformation pathways, offering
implications for policymakers, manufacturers, and regional innovation ecosystems.

The remainder of this paper is structured as follows. Section 2 reviews the relevant literature on
sustainable supply chains, the integration of the circular economy, and regional industrial
development. Section 3 describes the conceptual methodology used to develop the framework.
Section 4 presents the proposed circular supply chain model. Section 5 discusses its sustainability and
policy implications. Finally, Section 6 concludes and outlines directions for future research.
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2. Materials and Methods

2.1. High-Technology Supply Chain Localization

High-technology industries are characterized by concentrated production structures and
globally distributed value chains, where advanced economies retain control over high-value activities
such as design, innovation, and system integration. Supply chain localization strategies have been
proposed as mechanisms to enhance regional capability accumulation, technological autonomy, and
industrial resilience. These strategies typically include supplier development, local sourcing, and
structured technology [12,13].

Recent research highlights that localization is often driven by cost efficiency, time
responsiveness, and supply chain security considerations [12,14], as well as by long-term strategic
positioning linked to environmental, social, and governance (ESG) performance [15]. However, these
approaches tend to favor developed economies characterized by technological maturity, advanced
infrastructure, and institutional stability, where supplier—customer relationships facilitate
knowledge spillovers and long-term productivity gains [16].

In contrast, emerging economies frequently adopt sequential localization models, in which
digitalization and infrastructure upgrades precede deeper participation in buyer—supplier networks.
Evidence from Vietnam suggests that digital readiness enhances the effectiveness of subsequent
industrial integration strategies [17]. Despite these contributions, existing localization frameworks
rarely integrate sustainability-driven design principles or circular economy mechanisms into the
structuring of high-technology supply chains [18-20].

2.2. Circular Supply Chain Design in High-Tech Industries

Circular supply chain (CSC) research has evolved from closed-loop logistics optimization to
systemic frameworks that incorporate product design, reverse flows, remanufacturing, recycling, and
service-based value models. CSC implementation has been associated with improvements in
resource efficiency, waste reduction, and sustainable development performance, particularly in
emerging economies [21].

Key enablers of circular value creation include modularity, repairability, and design for
disassembly, which facilitate lifecycle extension and material recovery [22]. Effective implementation
typically requires four interrelated dimensions: business model innovation, product design
adaptation, service design integration, and supply chain coordination [23]. Digital technologies,
such as IoT, blockchain, big data analytics, and Al, further enable real-time resource tracking,
environmental monitoring, and demand-driven optimization [24,28]

Empirical syntheses indicate measurable performance improvements from CSC
implementation, including enhanced resource utilization and waste reduction [24]. However,
implementation challenges persist, particularly in high-technology industries, where technological
complexity, high investment costs, and organizational resistance limit adoption [2]. Most studies
emphasize environmental performance metrics rather than structural supply chain reconfiguration.
As a result, the integration of circular mechanisms into strategic high-tech localization processes
remains insufficiently developed.

2.3. Circular Economy and Regional Industrial Development in Emerging Economies

In emerging economies, the intersection between supply chain localization, circular economy
(CE) integration, and regional industrial development remains underexplored. Although CE
initiatives have been linked to employment generation, resource efficiency gains, and structural
transformation [8], their outcomes are highly context dependent. Infrastructure availability,
institutional coordination, digital readiness, and absorptive capacity significantly condition circular
performance [19].
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Comparative evidence indicates that developed economies achieve higher rates of resource
recovery and waste reuse due to advanced policies and technological capabilities. In contrast,
developing countries face structural barriers, including policy fragmentation, limited financing, and
inadequate enabling conditions [19]. Case studies from Brazil and Mexico highlight the difficulties
SMEs face in implementing CE models due to insufficient regional support systems and misaligned
business strategies [9,25].

High-technology sectors demonstrate varied levels of sustainability integration. Electronics
manufacturers adopt green control, lean, agile, and clean innovation strategies aligned with product
life cycles and supply chain structures [26]. Advanced industries increasingly incorporate circular
models and recycling technologies, as illustrated by developments in battery ecosystems [27].
However, the effectiveness of these initiatives depends on collaborative governance mechanisms,
digital integration, and lifecycle coordination [28].

Even in complex industries such as aviation, sustainability integration operates through multi-
layered synergy mechanisms involving core enterprise governance, industry chain collaboration, and
cross-organizational innovation networks [29]. Organizations that treat sustainability as a strategic
priority rather than as regulatory compliance demonstrate stronger competitive positioning and
long-term resource efficiency [30]. Nevertheless, empirical evidence continues to show substantial
disparities in circular performance between developed and emerging contexts, where infrastructure
thresholds strongly influence industrial outcomes [10].

Despite these insights, research has not sufficiently examined how circular principles can be
structurally embedded within high-technology supply chain localization strategies to support
sustained regional industrial upgrading in emerging economies.

2.4. Technology Transfer, Innovation Ecosystems, and Capability Accumulation

Technology transfer literature emphasizes absorptive capacity, knowledge spillovers, and
institutional coordination as central drivers of industrial upgrading. Developmental buyer-supplier
relationships, particularly those involving multinational enterprises, facilitate the transfer of tacit
knowledge and the accumulation of technological capabilities [31]. Local and global business
linkages jointly enhance learning processes and strengthen innovation capacity.

Recent studies highlight the role of Industry 4.0 technologies in improving innovation
performance through data-driven decision-making, digital platforms, and cross-organizational
collaboration [32,33]. Sustainable supply chains further enhance productivity through green
technological spillovers, particularly among high-tech and state-owned enterprises [15]. In strategic
sectors such as semiconductors, sustainable industrial positioning is increasingly linked to global
value chain competitiveness [30].

Innovation ecosystems within aviation and high-technology industries demonstrate the
importance of science-industry collaboration and coordinated governance structures [29]. However,
while these studies advance understanding of technology transfer and ecosystem development, few
frameworks integrate supply chain localization, circular economy principles, and regional capability
accumulation into a unified model that can guide high-technology system localization while
simultaneously fostering circular value creation.

This fragmentation across research streams motivates the development of an integrative
framework addressing the structural embedding of circular supply chain mechanisms within high-
technology localization strategies in emerging economies. To clarify the positioning of existing
research streams and highlight the conceptual gap addressed in this study, Table 1 synthesizes the
main contributions and limitations of prior literature on high-technology localization, circular supply
chains, and regional capability development.
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Table 1. Research Gap Addressed in this Study.
Representative Gap Addressed by
Research Stream Main Contribution = Key Limitation
Studies This Study
Focuses on cost
Explains localization efficiency, Integrates  circular
Verboeket et al. [14];
strategies, supplier autonomy, and supply chain
High-Tech SupplyLuo and Li [13];
development, and security; limited mechanisms into
Chain Localization =~ Akbari and Hopkins
capability upgrading integration of localization
[17]; Chen et al. [15]
mechanisms circular design frameworks
principles
Lahane and Kant [21]; Emphasizes Embeds circular
Develops models for
Sami et al. [22]; environmental mechanisms within
Circular Supply Chain remanufacturing,
Suppipat and Hu metrics rather thanhigh-tech
Design reverse logistics, and

[23]; Supriadi et al
resource efficiency

structural ~ supply localization

[24]; Zhang et al. [2] chain localization = processes
Links CE to Connects CE
Mangla et al. [8]; Fragmented
employment, implementation
Cezarino et al. [9]; analysis; lacks
CE in  Emerging infrastructure with regional
Sharmin et al. [19]; integration with
Economies thresholds, and industrial
Zvarych and Drapak high-tech  supply
institutional upgrading in high-
[10]; Cantu et al. [25] chain structuring
constraints tech sectors
Ivarsson and Alvstam Proposes  unified
Explains  absorptive Does not integrate
[31]; Chen et al. [15]; framework
Technology Transfer capacity, knowledge circular supply
Sahoo et al. [32]; combining
& Innovation spillovers, and chain design into
Karuppiah et al. [33]; localization, CE, and
Ecosystems ecosystem technology
Hou et al. [29]; Liu et capability
coordination localization
al. [30] accumulation

3. Conceptual Methodology

This study adopts a conceptual research design to develop an integrative framework that
bridges high-technology supply chain localization, circular economy principles, and regional
capability development. Rather than conducting empirical testing, the objective is to synthesize and
structurally integrate fragmented theoretical streams into a coherent explanatory model that can
guide sustainable UAV localization strategies in emerging economies. Following Jaakkola [34], this
study employs an integrative conceptual approach that connects and extends distinct theoretical
domains into a unified structure.

Conceptual research is particularly appropriate when existing literature is theoretically
fragmented and lacks integrative explanatory models [34,35]. In management and supply chain
research, theory-building through conceptual synthesis enables the articulation of relationships
among constructs that have traditionally evolved in isolation [36]. In such studies, theoretical
contributions emerge not from statistical inference but from the structured clarification of
relationships among core concepts and from the development of explanatory configurations [35].

In this study, “findings” are generated through the systematic integration of theoretical
mechanisms across domains. Specifically, the framework articulates how circular value-creation
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mechanisms embedded in localization strategies influence regional capability accumulation and
sustainability outcomes. The explanatory logic resides in the structural configuration of
interdependent dimensions rather than in empirical estimation.

3.1. High-Technology Supply Chain Localization

The present study addresses theoretical fragmentation identified in Section 2 across four
complementary research streams:

1. High-technology supply chain localization

2. Circular supply chain design

3. Circular economy implementation in emerging economies

4. Technology transfer and capability accumulation

These streams were selected because each captures a distinct but interrelated dimension of the
localization—circularity—development nexus.

o High-technology localization literature explains operational restructuring and strategic
autonomy dynamics.

. Circular supply chain research provides environmental and lifecycle-based integration
mechanisms.

J Circular economy implementation studies in emerging economies highlight contextual
and infrastructural constraints.

J Capability accumulation and technology transfer theory explains long-term industrial
upgrading processes.

Individually, these streams offer partial insights. However, their analytical separation limits the
development of structurally integrated localization models that can simultaneously address
environmental sustainability and industrial transformation. Following the logic for conceptual
framework development proposed by Seuring and Miiller [38], this study integrates constructs
across these domains to generate a unified structural model.

3.2. Framework Development Process

The framework structures a three-stage analytical process consisting of:

Stage 1: Construct Identification

Key mechanisms and constructs were extracted from the literature, including localization
strategies (supplier development, local sourcing, technology transfer), circular design principles
(modularity, repairability, remanufacturing), absorptive capacity, knowledge spillovers, and
regional capability upgrading.

Stage 2: Cross-Domain Mapping

Conceptual complementarities and overlaps were identified across research streams. For
example, localization mechanisms were mapped against circular design principles to determine how
structural supply chain decisions could embed repair loops, modular upgrades, and service-based
value capture. This stage clarified how environmental sustainability mechanisms could be
operationalized within localization architectures.

Stage 3: Structural Integration

Constructs were organized into a multi-dimensional framework that links technological supply
chain processes with circular value-creation mechanisms and regional capability-accumulation
pathways. This configuration establishes directional relationships among dimensions, thereby
generating explanatory propositions regarding how circular localization influences sustainability
and industrial upgrading outcomes.

This approach follows established theory-building principles in which new frameworks emerge
through systematic integration rather than incremental extension of isolated constructs [35,36].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3. Conceptual Structure of the Framework

The structured configuration builds upon sustainable supply chain integration logic [37] and
capability accumulation theory [31] while extending these perspectives into a unified localization
architecture.

The proposed model conceptualizes supply chain localization not as a linear acquisition process
but as a systemic configuration composed of three interdependent structural dimensions:

Structural Dimension 1: Core Technological Supply Chain
Design adaptation and system specification, component acquisition, integration, testing, deployment,
and after-sales functions representing the operational architecture through which localization
decisions materialize.

Structural Dimension 2: Circular Value Creation Mechanisms
Modularity, repair loops, remanufacturing processes, recycling flows, and service-based models that
extend product life cycles and enhance resource efficiency. These mechanisms operate transversally
across operational stages.

Structural Dimension 3: Regional Capability Accumulation
Supplier development, employment generation, knowledge spillovers, digital infrastructure
enhancement, and institutional coordination mechanisms supporting long-term industrial
upgrading.

Each structural dimension performs a distinct analytical function within the explanatory model:

J The first dimension defines the operational infrastructure.

. The second embeds sustainability mechanisms within that infrastructure.

. The third captures cumulative industrial and developmental outcomes.

By structuring the framework in this configuration, circularity is reframed as a structural
localization mechanism rather than as an environmental compliance tool.

3.4. Boundary Conditions and Scope

The framework is designed for application in emerging economies characterized by partial
industrial capability, evolving digital infrastructure, and active industrial upgrading strategies. It
assumes minimum absorptive capacity within regional ecosystems and institutional support for
sustainable transformation.

The framework does not assume full technological sovereignty in core UAV components.
Rather, it accommodates staged localization strategies in which system configuration, modular
integration, and lifecycle service capabilities precede deeper proprietary design capabilities.

Although illustrated through UAV-based environmental monitoring systems, the framework’s
structural logic applies to other modular high-technology manufacturing sectors seeking to integrate
circular supply chain principles within localization strategies.

3.5. Methodological Contribution

This conceptual methodology contributes by:

1. Structurally integrating fragmented research streams into a unified explanatory
configuration.

2. Making explicit the generative logic linking circular mechanisms to regional capability
accumulation.

3. Reframing circular economy principles as structural drivers of localization and industrial
upgrading rather than peripheral environmental adjustments.

4. Extending sustainable supply chain framework logic toward high-techno-logy industrial
transformation [38].

The integrative logic developed here provides the analytical foundation for the circular supply
chain framework presented in the following section.
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4. Proposed Circular Supply Chain Framework for Sustainable
UAYV Localization

4.1. Overview of the Framework

Building upon the theoretical integration developed in Sections 2 and 3, this study proposes a
circular supply chain framework designed to guide the sustainable localization of high-technology
UAV systems in emerging economies.

Unlike traditional cost-driven localization models that prioritize supplier substitution and
operational efficiency [12,14], the proposed framework embeds circular value-creation mechanisms
and regional capability-accumulation processes directly into the structural architecture of high-
technology supply chains. Circularity is therefore positioned not as a downstream environmental
adjustment, but as a core architectural component of localization strategy.

The framework is structured into three interdependent structural dimensions (SD):

(1) the core technological supply chain,
(2) circular value creation mechanisms, and
(3) regional capability accumulation pathways.

4.2. Structural Dimension 1: Core Technological Supply Chain

This structural dimension represents the functional architecture through which localization
decisions materialize operationally and where circular integration must be embedded from the
earliest design stage onward. It constitutes the operational backbone of high-technology UAV
systems and includes six primary stages:

Design adaptation and system specification
Component acquisition

System integration

Testing and validation

Distribution and deployment

A e

After-sales service and maintenance

In conventional localization strategies, these stages emphasize cost efficiency and incremental
technology transfer. In contrast, the proposed model restructures each stage to enable circular
integration and long-term capability development.

In Stage 1 (Design adaptation and system specification), emerging economies with developing
aerospace and advanced manufacturing ecosystems may initially focus on system configuration,
modular adaptation, and application-specific customization rather than full-scale proprietary core
component design.

Circular integration across this structural dimension includes:

o Design incorporating modular architectures and traceable components, consistent with
circular design principles [22].

. Acquisition prioritizing standardized, repairable, and interoperable components.

o Integration enabling firmware upgradability and system adaptability.

o After-sales operations incorporate preventive maintenance, component recovery, and

refurbishment loops.
By embedding circular logic within core operational stages, the supply chain transitions from a
transactional configuration toward a lifecycle-oriented capability system.

4.3. Structural Dimension 2: Circular Value Creation Mechanisms

The second structural dimension introduces transversal circular mechanisms operating across
all supply chain stages. These include:

J Modular product design

. Design for disassembly
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. Repair and refurbishment loops

J Remanufacturing processes

o Recycling and responsible material recovery
J Service-based value capture models

These mechanisms align with circular supply chain integration frameworks linking product
design, business model innovation, and supply chain coordination [23].

Unlike the first structural dimension, which defines the operational sequence of activities, this
second dimension operates transversally, embedding circular logic within each functional stage.
Rather than treating circularity as an end-of-life strategy, the framework integrates it structurally
across the supply chain architecture.

Embedding these mechanisms into localization strategies extends product life cycles, reduces
dependency on full-system replacement, and enhances resource efficiency. Importantly, circular
mechanisms generate stable demand for diagnostics, calibration, maintenance, and recovery services,
thereby supporting localized economic activity and reinforcing technical specialization.

4.4. Structural Dimension 3: Regional Capability Accumulation

The third structural dimension captures the industrial development implications of circular
localization. By integrating circular mechanisms within operational supply chain architecture, the
framework generates cumulative regional effects, including;:

. Supplier development opportunities

J Skilled technical employment

o Knowledge spillovers across firms

J Strengthening of digital and industrial infrastructure
J Institutional coordination within regional ecosystems

This logic is consistent with technology transfer and absorptive capacity theory, which
emphasize learning mechanisms and buyer—supplier linkages in capability upgrading [15,31].

By shifting value capture from simple assembly toward integration, service provision, and
lifecycle management, circular localization enhances regional resilience under global supply chain
disruptions and strengthens participation in nearshoring dynamics

4.5. Operationalization of Circular Localization Across Supply Chain Stages

To operationalize the structural configuration proposed above, this subsection maps core supply
chain stages (SD1) to transversal circular mechanisms (SD2) and resulting regional capability effects
(SD3). This mapping clarifies how the interaction among structural dimensions generates cumulative
sustainability and industrial upgrading outcomes.

Table 2 illustrates that circular localization is embedded throughout the supply chain
architecture rather than confined to end-of-life recovery processes

Table 2. Operationalization of Circular Localization Across Supply Chain Stages.

Supply Chain Stage Circular Integration Mechanisms Regional Capability Outcomes

Design adaptation and system Modular architectures; traceable Development of engineering

specification components; design for capabilities; system configuration
disassembly expertise

Component acquisition Selection of standardized, Strengthening of local supplier
repairable, and interoperable networks; quality management

components; supplier traceability competencies
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System integration Firmware upgradability; modular Technical integration skills;
sensor integration; adaptable software-hardware coordination
system configuration capabilities

Testing and validation Preventive maintenance protocols; Specialized technical services;
calibration cycles extending certification and quality assurance
product lifespan capabilities

Distribution and deployment Reusable or recyclable packaging; Development of specialized
logistics optimization logistics services; reduction of

material waste

After-sales service and maintenance  Repair loops; refurbishment; Skilled technical employment;
remanufacturing; component service-based value capture;
recovery lifecycle management expertise

End-of-life management Responsible recycling; material =~ Emergence of circular service
recovery; partial system providers; new value chains in

reconditioning recovery and recycling

This operationalization demonstrates that circular localization is not an isolated environmental
intervention but a structural configuration linking operational decisions, circular mechanisms, and
regional capability accumulation. Through iterative interaction across stages, sustainability outcomes
emerge cumulatively rather than instantaneously, reinforcing the dynamic nature of localization as a
capability-building process.

4.6. Sustainability Outcomes

The first structural dimension provides the operational infrastructure, the second embeds
circular mechanisms within that infrastructure, and the third captures the cumulative industrial
effects generated by this integration. The interaction among the three structural dimensions produces
multidimensional sustainability outcomes:

Environmental: Reduced electronic waste, increased material recovery potential, extended
product lifespan, and lower lifecycle material intensity.

Economic: Local value capture, supplier ecosystem strengthening, and industrial upgrading.

Social: Skilled employment creation, technical training, and institutional capacity building.

Unlike linear localization models, the proposed framework aligns industrial competitiveness
with circular sustainability objectives and long-term regional transformation.

4.7. Theoretical Implications

The framework advances theory in three principal ways:

1. It reconceptualizes circular economy principles as structural localization mechanisms
rather than environmental compliance tools.

2. It connects supply chain design decisions with regional capability accumulation and
industrial upgrading outcomes.

3. It extends sustainable supply chain logic into the domain of high-technology localization
in emerging economies [37].

Figure 1 conceptualizes localization as a systemic configuration composed of three
interdependent structural dimensions. Rather than treating circularity as a downstream adjustment,
the framework embeds circular mechanisms into the supply chain's operational architecture to
generate cumulative regional capability and sustainability outcomes.
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Circular Supply Chain Framework for Sustainable UAV Localization

-
Structural Dimension 3 (SD3): Regional Capability Accumulation
Local suppliers | Skilled employment | Knowledge spillovers | Industrial upgrading
(.
4
Structural Dimension 2 (SD2): Circular Value Creation Mechanisms
Modularity | Repair | Remanufacturing | Recycling | Service-based models
(.
Design Component System Testing Deployment After-Sales
& Specification Acquisition Integration & Validation & Use Maintenanc
( Structural Dimension 1 (SD1): Core Technological Supply Chain )

Figure 1. Circular Supply Chain Framework for Sustainable UAV in emerging economies.
5. Discussion: Sustainability and Circular Transformation Implications

5.1. Environmental Sustainability Implications

The proposed framework repositions UAV localization as a sustainability-oriented industrial
strategy rather than a purely economic or geopolitical decision. By embedding circular value-creation
mechanisms within the supply chain's operational architecture, the framework directly addresses
three major environmental challenges associated with high-technology systems: electronic waste
generation, resource intensity, and premature product obsolescence.

High-technology UAV systems involve complex electronic components, batteries, composite
materials, and embedded digital systems. In linear localization models, system replacement often
occurs due to firmware incompatibility, component failure, or lack of repair infrastructure. The
integration of modular design, design for disassembly, and remanufacturing loops reduces material
throughput and extends system lifecycles.

Consistent with circular economy paradigms that conceptualize sustainability as systemic value
retention rather than waste management [38], this structural embedding of circular mechanisms
contributes to:

. Reduced electronic waste generation through component-level replacement rather than
full-system disposal.

o Increased material recovery potential through traceable and separable components.

o Lower embodied carbon intensity over the product lifecycle.

o Reduced dependency on raw material extraction.

Thus, environmental gains emerge not only from recycling activities but from systemic lifecycle
optimization.

5.2. Circular Resource Efficiency and Lifecycle Extension

The framework advances circular supply chain logic by operationalizing resource efficiency at
multiple stages of localization. Circular mechanisms embedded in SD2 act transversally across SD1
stages, transforming supply chain processes into lifecycle management systems.

Lifecycle extension mechanisms include:

o Firmware upgradability instead of hardware replacement.
. Predictive maintenance enabled by digital monitoring.

o Component refurbishment and reuse.

o Modular upgrades for sensor integration.

These mechanisms reduce material intensity per functional unit delivered. Instead of measuring
sustainability solely by production efficiency, the framework shifts attention toward functional
longevity and service-based value capture.
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In emerging economies, where material recovery infrastructure may be uneven, extending
product lifespan becomes a particularly critical sustainability strategy. Lifecycle extension reduces
waste pressure even when recycling systems remain incomplete.

5.3. Socio-Economic Sustainability Effects

Although environmental outcomes are central, circular localization also produces socio-
economic sustainability effects aligned with Sustainable Development Goals (SDGs) [39], SDG 8
(Decent Work and Economic Growth), SDG 9 (Industry, Innovation, and Infrastructure), and SDG 12
(Responsible Consumption and Production).

Circular integration structurally reconfigures demand patterns within the regional ecosystem,
creating sustained requirements for:

. Maintenance technicians

o System integrators

J Calibration specialists

J Remanufacturing services

J Digital monitoring and lifecycle analytics

These activities are more knowledge-intensive than basic assembly operations, promoting skill
upgrading and technical workforce development. When embedded within regional ecosystems, such
mechanisms can foster resilient industrial clusters capable of sustaining long-term innovation.

Importantly, sustainability outcomes are cumulative. Environmental performance
improvements reinforce economic resilience, while capability accumulation strengthens the capacity
for circular implementation.

5.4. Boundary Conditions and Limitations

Despite its integrative potential, the framework operates under several boundary conditions.

First, circular localization requires minimum digital infrastructure and traceability systems to
enable lifecycle monitoring. Without such infrastructure, circular mechanisms may remain
fragmented.

Second, intellectual property regimes and technological concentration in advanced economies
limit the extent of full technological sovereignty in UAV core components.

Third, institutional coordination is critical. Circular integration demands alignment between
manufacturers, service providers, recyclers, regulators, and training institutions.

Finally, this study is conceptual and does not empirically test the magnitude of sustainability
impacts. Future research should evaluate lifecycle carbon reductions, electronic waste diversion rates,
and employment intensity associated with circular UAV localization strategies.

Therefore, the framework should be interpreted as a structural explanatory model rather than a
predictive or performance-quantifying instrument.

5.5. Alignment with the Sustainable Development Goals (SDGs)

The proposed circular supply chain framework aligns structurally with several United Nations
SDGs [39], particularly those related to responsible production, industrial transformation, and
sustainable economic development.

SDG 12: Responsible Consumption and Production.

By embedding modularity, repairability, remanufacturing, and material recovery mechanisms within
high-technology UAV localization, the framework promotes responsible resource use and reduces
electronic waste generation. Lifecycle extension strategies directly contribute to sustainable material
management and improved circularity performance.

SDG 9: Industry, Innovation, and Infrastructure.

The integration of circular mechanisms into high-technology supply chains fosters innovation in
product architecture, service-based models, and digital lifecycle monitoring systems. By encouraging
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supplier development and strengthening industrial ecosystems, the framework supports resilient
infrastructure and sustainable industrialization pathways in emerging economies.

SDG 8: Decent Work and Economic Growth.

Circular localization generates demand for skilled technical employment in system integration,
maintenance, refurbishment, and digital monitoring. These knowledge-intensive activities contribute
to higher-value-added participation in global value chains while promoting stable employment in
advanced manufacturing sectors.

SDG 13: Climate Action.

Although the framework does not provide quantified carbon-reduction estimates, lifecycle extension
and reduced material throughput can contribute indirectly to lower embodied emissions and reduced
resource-extraction intensity. Future empirical research may assess the framework’s climate-
mitigation potential using lifecycle assessment methodologies.

Importantly, the alignment with SDGs is not treated as symbolic positioning but as a structural
outcome of embedding circular principles within the localization strategy. The framework
demonstrates how sustainability objectives can be integrated into industrial upgrading processes
rather than addressed as external compliance requirements.

5.6. Measurement and Evaluation Indicators

Although the proposed framework is conceptual, it enables the identification of measurable
indicators for future empirical assessments of circular localization performance. These indicators
operate across environmental, economic, and circular dimensions and reflect the structural
integration of supply chain processes, circular mechanisms, and the accumulation of regional
capabilities.

Consistent with lifecycle-oriented sustainability assessment approaches in circular economy and
sustainable supply chain research [37,38], performance evaluation in circular localization should
prioritize lifecycle-based metrics over purely production-oriented efficiency indicators.

J Percentage of components designed for repairability versus full replacement.

. Annual repair rate of localized systems.

. Extension of average product lifespan attributable to maintenance and refurbishment.
J Percentage of materials recovered or recycled at end-of-life.

J Estimated reduction in electronic waste generation.

. Frequency of firmware updates relative to hardware replacement cycles.

These indicators shift performance assessment from production efficiency toward resource
retention and lifecycle optimization.
The framework also suggests economic and capability-based evaluation dimensions, such as:

J Number of direct technical jobs generated (integration, maintenance, remanufacturing).
J Number of indirect jobs within supplier and service ecosystems.

J Percentage of localized value content within the integrated system.

J Number of regional suppliers incorporated into the value chain.

J Investment in digital infrastructure supporting lifecycle monitoring.

. Technical training hours associated with circular integration activities.

Importantly, these indicators should not be interpreted as immediate outputs but as cumulative
measures of capability accumulation over time. Their relevance lies in capturing the structural
interaction between localization decisions and sustainability outcomes.

6. Conclusions

This study developed a circular supply chain framework for the sustainable localization of high-
technology UAV systems in emerging economies. By structurally integrating localization theory,
circular supply chain design principles, and mechanisms for capability accumulation, the framework
reconceptualizes localization as a sustainability-oriented industrial transformation process rather
than a cost-driven restructuring strategy.
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Through the interaction of three interdependent structural dimensions—core technological
supply chain architecture, transversal circular mechanisms, and regional capability accumulation
pathways—the model demonstrates how environmental sustainability, economic resilience, and
social upgrading can be co-generated within a unified configuration. Circularity is not treated as an
add-on or end-of-life intervention, but as a structural feature embedded within operational decision-
making.

From an environmental standpoint, the framework shifts attention from waste mitigation to
lifecycle optimization and material-intensity reduction. By prioritizing modularity, repairability,
remanufacturing, and service-based value capture, the model advances a resource-retention logic
that aligns industrial upgrading with sustainability imperatives.

For emerging economies, sustainable localization does not require immediate full technological
sovereignty. Instead, staged capability development through system configuration, integration, and
lifecycle management may provide a viable pathway toward progressive industrial deepening. In
this sense, circular localization functions simultaneously as a sustainability mechanism and as a
dynamic capability-building process.

The theoretical contribution of this study lies in integrating previously fragmented research
streams into a coherent explanatory architecture, reframing circular economy principles as structural
localization mechanisms, and extending sustainable supply chain logic into high-technology
industrial transformation contexts.

Future research should empirically examine the environmental performance, lifecycle carbon
intensity, employment effects, and institutional coordination mechanisms associated with circular
localization strategies. By doing so, subsequent studies may test and refine the structural
relationships proposed in this framework.

In an era defined by supply chain reconfiguration, technological concentration, and accelerating
sustainability pressures, embedding circular principles within high-technology localization strategies
offers a structurally grounded pathway toward resilient, resource-efficient, and capability-enhancing
industrial systems. Circular localization thus emerges not merely as an environmental alternative,
but as a strategic configuration for sustainable industrial transformation.
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