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Abstract

Polymer and composite manufacturing is faced with growing demands in waste reduction, resource
management, and making a shift towards circular economy principles. Although urgent, the adoption
of data-driven tools in each step of a supply chain to facilitate efficient cyclic material flows is low.
This paper designs and empirically analyzes sustainable supply chain design in polymer and composite
production with a focus on digital traceability, closed-loop and material recovery, and performance-
based decision-making. The study explored the effect of Internet of Things (loT) monitoring, artificial
intelligence (Al), and life-cycle assessment (LCA) on transparency, recovery efficiency, and supply
chain resilience through the use of a mixed-methods research design, which involves industrial data
analytics, interviews with experts, and case-based simulations. Indeed, empirical evidence shows that
companies that have implemented digital traceability systems have 12—15% greater material recovery
rates and better responsiveness in reverse logistics, and that thermoplastics recover significantly more
than thermoset composites. The optimization models also show that there can be some logistics costs
and emissions reduction by redesigning a closed-loop network. The study contributes an evidence-
based, validated framework that integrates the ideas of the circular economy with digital technologies
and offers practical implications to manufacturing firms, recyclers, and logistics to enhance the
sustainability, flexibility of operations, and cost-efficiency of the use of composite supply chains.

Keywords: Circular polymer supply chains, digital traceability, material recovery and recycling,
sustainable manufacturing, Al-enabled decision-making

INTRODUCTION
Polymer and composite fabrication is an important part of contemporary industrialization, especially

in the high-performance area in the automotive, aerospace, construction, renewable energy, and
consumer products industries. However, the rapid expansion of such industries has contributed to the
environmental problems of the world, including the generation of plastic waste, the use of greenhouse
gases, and resource depletion. Nonetheless, classic linear manufacturing systems are highly dependent
on fossil raw materials, whereas composite processing is energy-consuming, and it has significant
effects on the environment. The growing amounts
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to recycle many of the engineered materials [4, 6],
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economy underline the lengthening of the material cycle of life by means of recycling, remanufacturing,
and the closed-circuit flow [1], whereas the principles of sustainable supply chains are aimed at
maximizing the efficiency of resources, reducing the level of unproductive waste, and improving
transparency throughout the value chain. The central features of both strategies involve enhancing the
efficiency of the material flow, especially the capacity to trace, recover, and re-add the polymer and
composite materials using modern and sophisticated technological infrastructure. The adoption of
digital technologies, including loT-based monitoring, Al-based predictions, and real-time analytics of
data, has demonstrated significant potential to enhance the performance of the circular flow [3].
However, their use in polymer and composite supply chains is still disjointed and not well proven by
empirical studies.

Although scholarly attention is starting to pick up, there are still considerable gaps in the
comprehension of the systematic application of data-driven models to assist the process of the circular
material loop in this sector. Current literature tends to concentrate on individual processes without the
consideration of the embracing character of procurement, production, logistics, and recovery networks.
Existing frameworks covering the measurement of circularity performance by means of quantifiable
measures and industry-driven data are inadequate, especially when it comes to sectors whose core
relates to engineered composites.

Scope of the Article

The research paper concentrates on the polymer and composite industry, such as thermoset and
thermoplastic composites, and where they are applicable in the automotive, aerospace, construction,
and consumer products industries. Sustainability aspects explored in the research include resource
efficiency, waste reduction, material loops, energy reduction, and environmental performance. The
dimensions encompass supply chain procurement, production, distribution, reverse logistics, recycling,
and digital traceability.

Boundaries consist of suppliers of upstream raw materials and recycle suppliers, but not behavior at
the retail level. Among the assumptions, there exists the willingness of the industry to use digital tools
and the existence of reliable data about the operations of the industry. Limitations refer to possible
inconsistency of data quality related to industry partners and sector-specific disparities in the level of
recycling technology. Examples of key stakeholders to analyze are manufacturers, suppliers, recyclers,
technology providers, and logistics service providers.

RESEARCH OBJECTIVES
1. To assess the level of success of the process of integrating material flow circles in polymer and
composite manufacturing value chains.
2. To investigate the role of data-driven systems in enhancing resilience as well as responsiveness
in composite supply chains.

HYPOTHESES
e Hl: Circularity of material flows can have a tremendous impact on the environmental
performance of polymer and composite manufacturing supply chains.
e [2: Data-driven systems significantly enhance disruption resilience and disruptive
responsiveness within the supply chain at the time of implementation.

THEORETICAL FRAMEWORK

The theoretical basis of the study is based on a variety of interconnected frameworks that together
act to elaborate on how the manufacturing of polymers and composites can be switched to the idea of
sustainable and cyclical supply chain models. The paper combines Circular Economy Theory,
Sustainable Supply Chain Management (SSCM), Industrial Ecology, and the Resource-Based View
(RBV) to serve as a holistic theoretical background on how digital and circular capabilities together
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contribute to the sustainability and resilience of polymer and composite supply chains. The foundational
lens comes with the Circular Economy Theory [10] that focuses on restorative and regenerative systems
of industry. Its principles include designing out waste, ensuring the material remains in use for the
longest possible time, and regenerating natural systems [ 11]. When applied to polymers and composites,
the theory emphasizes that closed-loop cycles should be made possible in which materials like
thermosets and thermoplastics are picked up, reprocessed, and again incorporated into new production
cycles [7]. The theoretical view can be directly related to the focus of the study as an integration of the
circular material flow [9]. Regarding the understanding of a circular economy, operationalizing the
concept of circularity in this study is based on the measurement of recovery rates, closed-loop logistics,
and the reintroduction of recovered materials to production systems.

In line with this, the conceptualization of what industrial ecology describes as a manufacturing system
argues that the exchanges of resources within the ecosystem are similar to natural processes. In the case
of composite manufacturing, the focus of industrial ecology is the possibilities of symbiotic
relationships between manufacturers, logistics, and recyclers to ensure resource efficiency. Waste heat,
scrap materials, and end-of-life parts might be reused in the industrial chains, which minimizes the
environmental load and enhances the circularity of materials. The focus of the study, as dictated by the
Industrial Ecology theory, is not on individual process-level improvements but on system-wide
optimization and inter-organizational coordination.

Sustainable Supply Chain Management (SSCM) Theory used in the study is a further expansion of
old, robust principles of supply chain, which incorporates principles of environmental and social factors.
SSCM theory guides the evaluation of the role played by procurement, production, distribution, and
reverse logistics in terms of sustainability in the polymer and composite industries. It offers a guideline
on assessing the digital traceability, waste minimization plan, and closed-loop logistics as elements of
sustainable performance.In line with the SSCM theory, the empirical study assesses the overall effect
of procurement, production, and distribution on sustainability and reverse logistics.

Lastly, the Resource-Based View (RBV) and the Dynamic Capabilities Theory provide a strategic
understanding of how companies can use internal resources and attain technological change. Digital
supply chains apply these theories to understand how data-driven instruments, including loT-enhanced
monitoring and Al-based forecasting, can become valuable and rare, and inimitable capabilities that can
be utilized to enhance circularity and resilience [12]. These capabilities have helped in creating a
quicker decision-making process, increased use of resources, and responsiveness to the disruption in
polymer and composite manufacturing.

In terms of RBV and dynamic capabilities, digital traceability and analytics become a useful, unique,
and inimitable resource that can be used to gain a competitive edge in the long run by implementing
closed supply chain policies.

In sum, these theories form a complete basis for interpreting sustainable, fact-based models of supply
chains and their applicability in altering circular material flows within the polymer and composite
industry.

CONCEPTUAL FRAMEWORK

Four main constructs are incorporated in the conceptual framework that informs this research and
brings into existence sustainable supply chain performance in polymer and composite manufacturing.
The domain of circular material flows is the flagship construct, which focuses on recovery, recycling,
and reintroduction of polymer and composite materials into the production process. Evidencing this,
there are the benefits of data-driven tools, such as digital traceability programs and IoT-enabled
monitoring and Al-based analytics, which improve the visibility and decision-making at supply chain
levels. Recovery efficiency is a convenience metric that measures the efficiency of material
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reprocessing, sorting, and retrieval. These aspects are supported by closed-loop logistics, which is the
systemic transfer of post-use materials into the manufacturing systems.

The theory of operationalization believes that data-driven tools and closed-loop logistics direct
recovery efficiency to bolster circular material flows. This interrelated framework gives the analytical
foundation for empirical evaluation of the study and will be visually demonstrated in the entire article

[8].

Figure 1 is based on the idea of improving the efficiency of the recovery process using data-driven
tools and closed-loop logistics, which in turn help consolidate the cyclical movement of materials in
the creation of polymers and composite items. It shows a summarization of the main relationships that
can be used in enhancing sustainability performance along the supply chain.

REVIEW OF LITERATURE

The international polymer and composite supply chain upheaval has been quite dramatic over the
past decade, mainly because of the rising industrial demand, ecological concerns, and manufacturing
technologies. Polymer and composite materials are the major components of a wide variety of products,
like automotive, aerospace, marine, renewable energy, construction, and consumer products. These
materials are significant because of their light weight, chemical resistance, mechanical strength, and
ability to deform, which are characteristics essential for materials used in high-performance
applications. Nevertheless, there are complicated sustainable issues with their increasing utilization.
Recent publications (more recent than 2019) stress that traditional supply chains in polymers and
composites are still based on more or less linear models of raw material extraction, manufacturing, use,
and disposal [21]. This linearity raises landfill strains, increases carbon footprint, and speeds up
resource reduction, especially when composite structures are hard to dismantle, process, and recycle, as
they are heterogeneous due to their inhomogeneous structure and their chemical bonding.

It is against this backdrop that, in recent world discourse, circular and sustainable supply chain
operations in polymer-intensive industries have received increased focus on understanding of supply
chains [20]. Current literature on the strategies of a circular flow of materials outlines the four essential
processes, including recycling, remanufacturing, reuse, and redesign of the product.[23]. The most
widely researched strategy is recycling, particularly in the case of thermoplastics, with particular
success in mechanical and chemical recycling methods. Recent technologies like depolymerization,
solvent-based recovery, and pyrolysis have been reported to enhance recoveries and lower degradation
of polymer chains.

*  Data-driven tools IoT *  Closed-loop logistics
o Al *  Reverse logistics
o Traceabhilitv . Material retuirn

A A

*  Recovery efficiency sorting
*  Reprocessing
*  Retrieval
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*  Circular material flows recovery
*  Recycling
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Figure 1. Conceptual framework for sustainable circular supply chains.
Source: Author's illustration
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However, in the case of thermoset composites, recycling is still constrained technologically, as they
have irreversible cross-linked structures [26]. Researchers suggest that widespread use of recycling in
composite-intensive industries is, in fact, the result of the demand for additional material design,
economic motivation, and technological discoveries.

The concept of remanufacturing has also been incorporated as a way to improve the life cycle of
products, especially in industries like automotive and aviation, where the composite materials that are
highly valued could be refurbished and reused in other operational cycles [24]. Less frequently used in
structural materials, reuse is increasingly being explored in the field of modular building and consumer
manufacturing, where parts can be reused with little processing. Redesign of products, with the use of
eco-design and design-for-disassembly principles, is starting to be seen as key to making products
circular already at the most initial phases of development. It has been stressed in several studies that
composite components with end-of-life considerations, e.g., easy fiber-resin separation, greatly boost
the viability of recycling and help minimize downstream waste.

The literature on data analytics and digital technology platforms emphasizing the reshaping of supply
chain optimization is expressed with parallelism. Since 2019, the concept of digitalization has taken
center stage in the discussions of the sustainable supply chain [18]. IoT-based tracking systems, digital
twins, machine learning algorithms, and blockchain-enabled traceability are the tools that change supply
chains and make them more visible, more accurate in forecasts, and more efficient in their operations
[15]. Recent studies indicate that sensors on [oT can be used to monitor the energy usage, rate of defects,
and material use in real time in the production lines, thereby minimizing waste and allowing proactive
maintenance. Similarly, machine learning programs are used to predict demand and optimal inventory
management as a way of reducing overproduction and overutilization of resources [13].

According to several studies, data-driven systems also play a role in enabling circular economy
practices. As an example, digital traceability gives manufacturers access to tracking materials
throughout their life cycle so that post-consumer waste can be effectively retrieved and recycled into
manufacturing [19]. The use of blockchain-based applications in polymer supply chains has been
demonstrated to enhance the supply chain transparency level and minimize fraud in recycled materials
certification, with emphasis on closed-loop logistics through the recording of verifiable data of the
material flow paths. Digital life cycle assessment (LCA) tools can give objective measurements on
environmental effects and can thus guide better-informed choices in terms of raw material choice,
processing technologies, and end-of-life choices [25].

Within the framework of manufacturing polymers and composite materials, new developments in the
literature emphasize the importance of considering circularity on the level of the entire system. Recent
studies, issued no more than 2-4 years ago, update us on the fact that personal efforts, such as recycling
or energy efficiency, cannot work without organizing the entire supply chain. This is more so with
composites, where the lack no homogeneity of materials complicates the recovery processes and
requires networked actions among manufacturers, recyclers, logistics service providers, and technology
firms. According to the literature on closed-loop supply chains, the chain circularity must not be sought
only as a consequence of technical progress but should be achieved with the assistance of powerful
governance schemes, protocol positions, economic rewards, and data-sharing architects.

Recent empirical research is offering useful information on how circular flow practices are being
applied practically. Studies in the national automotive industry show that carbon fiber composites
produced through recycling give a cut in carbon emission levels of up to 85 percent of virgin materials,
despite the economic hurdles. The research in the aerospace industry points to successful pilot projects
involving the retrieval of scrap composite materials by short pyrolysis and reusing the material in non-
structural roles. Within the consumer goods sector, there is a push to actually use recycled material in
products and to use take-back schemes more than ever through the emerging consumer regulations like
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the Plastics Strategy of the European Union. Nevertheless, it is always noted in the literature that
recycling technologies based on composites are still in an infantile stage, financially restricted, and
unevenly spread in their locations.

There are still a number of research gaps whose existence is evidenced by the growing scholarly
interest. To start with, the majority of studies on circularity strategies are treated as individual studies,
not as a bundled aspect of the entire supply chain. The operational results of the circuitous material flow
in the support of digital tools during the procurement, manufacturing, reverse logistics, and recycling
phases lack recent and empirical studies. Second, the impact of digitalization on polymer and composite
markets and its integration with a sequence of circular materials is less known, although it is commonly
researched in the general supply chain settings [14]. A few studies specifically analyze how IoT, Al
and digital traceability systems can promote such indicators of circularity as recovery efficiency,
material purity, and closed-loop operational responsiveness.

Third, people may consider that the currently existing literature immediately orients to technical and
environmental aspects with a disregard for the managerial and organizational capacity needed to
achieve a circular and digital transformation. Ideas developed around the positions of resource-based
and dynamic capability, including digital readiness, innovation capability, or collaborative learning, are
few and far between when applied to polymer and composite supply chains [17]. This generates a
knowledge gap on internal firm capabilities mediating the success of practices that are circular and data-
driven.

Lastly, experimental data, laboratory-level examples, or concept models are used in most of the
studies as opposed to industry-level empirical data [22]. Mixed-method studies that combine
quantitative data analysis with qualitative input by industry practitioners, especially on the operational
issues and barriers to implementation in actual manufacturing contexts, are lacking [16].

All these gaps serve to indicate that there must be a serious, data-based assessment of effective,
sustainable supply chain models that can unify a circular material flow with digital technologies
throughout the spectrum of the polymer and composite manufacturing industry. The present work seeks
to fill these gaps by formulating and empirically testing conceptualizations that integrate the principles
of circularity, digital trace, and performance measures and closed-loop logistics in order to improve the
performance of sustainability.

RESEARCH METHODOLOGY

The adopted methodological strategy employed in this study aims at offering a holistic and
empirically based evaluation of the sustainable supply chain constructs in the production of polymer
and composite materials. Since it concentrates on both circular material flows and data-driven tools, the
research design of this study is a mixed-method one. It is a combination of quantitative evaluation of
industrial datasets and the qualitative experience of practitioners to gain a deeper insight into the
realities of operations and technological issues. Mixed-method design is especially suitable since
circularity and digitalization can apply both to the measurable performance indicators and contextual
decision-making processes at the stages of the supply chain.

The quantitative part of the research focuses on the collection and analysis of numeric data relative
to material use, waste production, energy inputs, recovery, and logistic performance. These data
examples are available from industrial collaborators in the polymer and composite industries, such as
thermoset and thermoplastic component manufacturers, composite waste recycling programs, and
logistic companies engaged in the reverse supply chain processes. Digital traceability reports, IoT
sensor logs, and production monitoring systems are also included in the industrial datasets, and they
present data that shows the real-time tracking of material movement and operational efficiency. Also,
secondary data like life cycle inventory databases and sustainability reports are used to complement the
main data and increase the strength of the analysis.
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The qualitative component will comprise semi-structured interviews with the sustainability officers,
supply chain managers, recycling specialists, and digital technologies providers. The interview
objectives provide empirical information on the digital transformation processes, organizational
readiness to circularity, and attitudes to composite recycling issues. Qualitative data are also used to
place quantitative data in perspective by clarifying differences, confirming patterns, and defining new
opportunities in the industry. Such a mixture of both quantitative and qualitative data adds credibility
to the study and makes the results representative of the real-life practice in the industry.

Participating organizations included in the study are sampled through a purposive sample to include
entities directly engaged in polymer and composite manufacturing supply chain operations and have
experience in implementing circular solutions or utilizing digital technologies. The sample consists of
companies across the automotive, aerospace, construction, and consumer goods sectors, and specialty
composite recyclers and reverse logistics services companies. This is to make sure that the sample is
representative of a wide variety of material types, fields of application, and levels of technological
maturity. The geographical diversity is also looked into by sampling in order to capture a difference in
regulatory settings, technology uptake, and recycling facilities.

The techniques of data collection used are structured surveys sent to supply chain individuals, digital
trackability information obtained from the enterprise systems, material movement data records proxied
out of the production lines, and records of reverse logistics activities. The measures of the constructs of
digital readiness, organizational support of circularity, and perceived barriers to the supply chain take
place using Likert-scale items in surveys. The data logs of material flow created due to IoT devices and
production monitoring software give detailed data on the cycle time, scrap rates, and recovery
efficiencies.

To analyze the data, different statistical and analytical tools are applied. The connections between
the circular material flows, the recovery efficiency, the responsiveness of the supply chain, and the
adoption of digital tools are examined using the assistance of regression analysis. Structural equation
modeling (SEM) is used to test the hypothetical model by allowing simultaneous measurement of the
relationship between two or more constructs. Material flow analysis (MFA) is a technique that focuses
on plotting the perception of material flows within the supply chain streams and using it to measure the
performance of the cycle in terms of flow balances and recovery ratios. Where optimization is needed,
like in the case of analysis of alternative recycling paths or closed-loop logistics strategies,
mathematical models of optimization are used to find optimal patterns of resource allocation.

It involves moral considerations when conducting research. Confidentiality is ensured, and all the
organizations involved in the activity are informed about their participation in the project and that any
proprietary industrial information would be anonymized and applied only to academic research. The
research complies with the institutional ethical standards and ensures that the operational information,
especially related to the digital systems and production processes, is stored safely. Lastly, reliability
and validity are strengthened by triangulating data, verifying quantitative and qualitative results, pilot
testing survey instrumentation, and analytical model validation by experts.

The combination of survey-based SEM, Material Flow Analysis (MFA), qualitative interviews, and
optimization modeling then guarantees methodological standards and triangulation of results. In
general, the methodological framework offers a solid foundation to assess sustainable supply chain
models and allows an understanding of how data-based tools and circular practices can be collectively
used to further promote sustainability in the production of polymers and composite assets.

Analytical Tools and Techniques Employed

In order to guarantee methodological rigor and triangulation of results, this paper uses a mixture of
Structural Equation Modeling (SEM), Material Flow Analysis (MFA), and optimization modeling. The
analytical tools have a different yet complementary role in the analysis of sustainable and circular
supply chain dynamics in polymer and composite manufacturing.

© STM Journals 2026. All Rights Reserved 60



Sustainable Supply Chain Models for Polymer and Composite Manufacturing Hamal et al.

The relationships between the latent constructs, e.g., digital integration, supply chain transparency,
material recovery efficiency, and sustainability performance, are analyzed with the help of Structural
Equation Modeling (SEM). SEM fits in this study exceptionally well since it allows simultaneous
analysis of multiple interrelated dependencies, and measurement error is taken into consideration. SEM
enhances the reliability of conclusions that can be drawn about the effects of the digital and circular
practice on the overall supply chain performance by testing hypothesized causal pathways using
empirical data.

Material Flow Analysis (MFA) has been used to map and measure material inputs, outputs, and losses
in various phases of the polymer and composite supply chain systematically. MFA is also suitable for
the research of the circular economy since it gives a good depiction of the material circulation, the
recovery rate, and the leakage points. MFA in this study facilitates the validity of results as it bases the
claims of sustainability on physically measurable material flows, thus connecting the operations to the
environmental performance.

Facilitating the supply chain with alternative closed-loop configurations based on cost, capacity, and
environmental constraints is performed by the use of optimization models. The models help in
determining the best network structures to use in recycling, remanufacturing, and reverse logistical
processes. The methods of optimization are suitable in this research since it is capable of scenario-based
comparison of trade-offs between the goals of economic efficiency and sustainability. Their presence
strengthens the analytical capability in that they show how insights obtained through empirical research
can be operationalized into actionable performance-enhancing decisions.

Collectively, these analytical instruments introduce complementary insights to statistical validation,
physical material accountability, and decision-oriented optimization, which increases the level of
reliability, consistency, and practical relevance of the study findings. consistency,

Data Analysis

The data analysis creates a combination of statistical validation (SEM), physical material
accountability (MFA), and decision-specific optimization modeling to measure circular and digital
supply chain performance.

This study's data analysis is organized to present a holistic analysis of the material flow circles, digital
tool adoption, and supply chain performance in polymer and composite manufacturing networks. Since
this study is mixed-method in design, analytical processes incorporate quantitative methods of statistics,
material flow models, and computation to describe both the numerical trends and the overall systemic
trends. The analysis is based on a sample of 120 respondents comprising polymer and composite
manufacturing companies, recycling agencies, and logistics companies in the automotive, aerospace,
building, and consumer product industries. As well, empirical material flow assessment and efficiency
modeling are supported by operational data sets of 14 industrial partners.

The first stage is the preprocessing of the data and its validation. The survey responses undergo
screening: they are checked for completeness, continuity, and outliers to standard SPSS rules. Scale
items are substituted with their mean to fill missing values, and listwise deletion is applied to categorical
data so that the resulting dataset retains statistical integrity. The survey instrument is evaluated based
on reliability using Cronbach's alpha, and convergent and discriminant validity are assessed to ensure
that the construct soundness is evaluated before proceeding to advanced modelling.

In order to obtain the relations among circularity practices, data-driven tools, and supply chain
performance, a set of descriptive statistics, correlation matrices, and inferential tests is conducted.
Descriptive statistics describe the central tendencies and dispersion of research variables like recovery
efficiency, recycling rates, digital readiness, and process traceability. Correlation analysis is used to
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estimate the direction and strength of relationships among key constructs. These correlations are used
to find out original patterns and, therefore, support the utilization of higher-level structural analyses.

The analysis is conducted using the multifixed regression analysis, where data-driven tools, circular
material flow, and closed-loop logistics are tested to minimize the dependence of the incidence of the
two variables on the environmental performance and operational performance measures. The regression
models describe differences in the effectiveness of recovery, the responsiveness of supply chains, and
the efficiency of resource optimization. These quantitative relationships are analyzed and contribute to
inferential knowledge about the impact of digital technologies on the strategies of circularity.

Structural Equation Modelling (SEM) is used to test the conceptual model formulated in the previous
sections by using AMOS and R-lavaan packages. SEM enables the assessment of more than two
dependent and independent variables at the same time, and it is appropriate when assessing the
relationships between interconnected constructs like circular flows, adoption of digital technologies,
and recovery performance. SEM analysis encompasses the evaluation of model fit using indices like
CFI, TLI, RMSEA, and SRMR. An adequate model fit enhances the validity of the hypothesized
relationships as well as gives empirical support to the proposed sustainable supply chain model.

Since the study is circularity-based, Material Flow Analysis (MFA) is mainly used to describe the
flow of material in the production phase, usage phase, and recovery phase. MFA diagrams are
embedded in STAN (Substance Flow Analysis software) and Python-MFA packages and are plots of
stock and flow quantities of thermo/thermoset composite materials. These charts are used to trace the
points of material leakage or inefficiency, or underutilization in the recycling and recovery. Circularity
measures (input-output ratios, recovery rates, and closed-loop percentages) provided by MFA also give
facts on the degree of integration of the circular flow.

Besides MFA, alternative scenarios assessed through efficiency evaluation and optimization models
are applied to enhance material circularity. Data Envelopment Analysis (DEA) is an efficiency
assessment method that is applied to compare recovery units or recycling facilities in terms of different
input-output variables. The logistics network configurations are simulated using optimization models
that are written in Python and MATLAB to minimize the cost, emissions, and material waste. The
models are used to determine the best routing, facility location, and batch sizes of recycling in diverse
operating conditions. These mathematical computations offer practical information on how the supply
chains may be redesigned to improve the aspect of circularity and lower the environmental impact.

Moreover, the environmental impacts of the virgin material production, the composite
manufacturing, the recycling, and the disposal are assessed using the Life Cycle Assessment (LCA)
tools, supplemented by the data sets of SimaPro and openLCA. The results are not presented here, but
LCA calculations can enable a comparative assessment of the various material pathways, which
enhances the body of analysis of the study.

Interpretive data from interviews are analyzed based on thematic coding in NVivo. Theoretical
constructs, technological barriers, organizational preparedness, environmental regulatory issues, and
economic factors are presented and combined with quantitative evidence to give an overall
interpretation. This qualitative combination assists in the contextualization of the statistical outputs and
gives an insight into the reasons some trends appear in the data.

Triangulation is used throughout the analysis to enhance validity. Quantitative findings are cross-
substantiated with qualitative findings, MFA findings, and optimization findings. This multi-layered
method is going to make sure that the findings are based on solid and multi-layered evidence.
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In general, the data analysis structure has integrated statistical modeling, material flow quantification,
optimization methods, and a qualitative interpretation to produce a holistic analysis of circular material
flows and digital transformation of polymer and composite supply chains. This structure of analysis
also offers a strict approach to the presentation of the results, findings, and implications in further parts
of the article.

Results

The study outcomes present guidance on the content of material recovery performance, the efficacy
of the supply chain, and optimization outputs that entail circular and data-driven concepts of
manufacturing polymer and composite. As a result of the analysis, several empirical outputs were
produced, such as table-based summaries of recovery rates, graphs with charts of supply chain
efficiency measures, and model-driven simulations of recycling and closed-loop logistics situations.

These findings are empirical because of the SEM validation, MFA-based material flow balances, and
optimization-based scenario analysis.

Recovery statistics of the materials retrieved through industrial partners show that a large deviation
between polymer materials and composite classes exists. An overview table of recovery rates reveals
that thermoplastic compounds had a mean recovery rate of 68 percent, compared to 42 percent of
thermoset compounds. The table also indicates variations by sector, with the automotive scrap streams
showing the greatest consistency in recovery, with aerospace composite waste showing less recovery
as a result of its high structural integrity demands. Also, the data set indicates a significant efficiency
of recovery in the facilities that had digital traceability tools, as the average recovery rates would
increase by an estimated 1215 percent in comparison with those that are run by manual tools.

Schemes that show the efficiency measures of the supply chain offer additional information on the
performance of the processes. A succession of bar and line graphs depicts the trends in decreases in
cycle time, defect rate improvement, inventory turnover, and responsiveness in logistics. As an
example, cycle time decreased significantly by an amount that could be measured, and hit time
decreased by 7 and 15 percent, respectively, based on product type in facilities with IoT-enabled
monitoring systems. Likewise, the adoption of digital traceability also corresponded to accuracy in route
material movement and lower stock discrepancy, as indicated in higher inventory accuracy scores.
Reverse logistics performance expressed in closed-loop logistics metrics increased the return rates on
post-use material and more frequent collections when digital tracking systems were implemented.

Outputs of the optimization models provide simulated situations under which the recycling processes
can be improved, and the logistics reconfigured. The recycling optimization model results show that
the possible recovery rate optimization of up to 25 percent can be achieved in case alternative processing
pathways are taken, like solvent-assisted recovery or pyrolysis of composite materials. The closed-loop
optimization of logistics under simulation even shows the cutting of transportation length and
emissions, with route optimization attaining up to 18 percent cost reduction of fuel consumption and
mileage compared to the actual route.

All of these findings together offer the empirical background for evaluating the contribution of the
presence of circular material flows and data-driven technologies to enhanced performance in the supply
chain in the area of manufacturing polymer and composite products. The above descriptive outputs are
the foundation of further analysis and explanation in the subsequent chapters of this paper.

Table 1 provides a summation of comparative recovery of thermoplastic and thermoset materials,
differences of the materials across industrial sectors, and the effect brought by a digital traceability
system. Evaluating such information in a table format can enable the reader to interpret recovery
efficiencies well and comprehend operational variations affecting the results of circularity.
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Table 1. Summary of Material Recovery Rates Across Polymer and Composite Categories.
Category / Variable Details / Findings

Mean Recovery Rate — Thermoplastics |68%

Mean Recovery Rate — Thermosets 42%

Sector-wise Variation — Automotive Highest consistency in recovery; stable scrap stream characteristics

Sector-wise Variation — Aerospace Lower recovery due to the high structural integrity requirements of composite waste

Impact of Digital Traceability Tools Facilities using digital traceability show 12-15% higher recovery efficiency
compared to manual systems.

Key Insight Digital visibility and real-time tracking significantly improve material segregation
and reprocessing performance.

This analogy points out the structural drawbacks of thermoset recycling and the fact that digital
traceability has an enabling effect on enhancing recovery efficiency.

Findings

The study has shown that there are a number of notable trends with respect to the association between
electronic technologies, circular material practices, and supply chain performance in polymer and
composite production. First, the findings show that the positive effect of digital tools on circularity
outcomes is apparent. By using facilities that implement monitoring using IoT, digital traceability
systems, and state-of-the-art analytics, the recovery efficiencies and precise material routes have always
been reported to be higher. The revival of digitally prepared facilities by 12-15 percent is vital in
highlighting the essence of real-time data availability and automated trace performance in handling the
complex composite movement.

Second, the research points out excellent performance through closed-loop logistics systems.
Organizations that applied formal mechanisms of returns, backed by electronic tracking, counted
increased rates of collection of post-use materials and improved predictability of reverse logistics
processes. These closed-loop systems also helped to achieve any measurable cuts in transportation
distances and fuel consumption, as shown by the optimization model outputs. These advancements
indicate that the incorporation of digital forms of intelligence in the process of logistics coordination
improves the level of efficiency as well as the ecological effects.

Third, the results determine a systematic obstacle to recovery and recycling, especially of thermoset
composites. As major obstacles surfaced, technical complications were linked to material heterogeneity,
economic restrictiveness owing to elevated recycling expenses, and scarcity of uniform technologies of
recovery. Secondly, organizational and regulatory impediments such as limited supplier cooperation,
poor digital preparedness of small businesses, and varied policies on waste management practices across
regions were found in the interview data.

All in all, the results reveal that digital enablement is a significant driver of improvement in circularity
and supply chain performance, but the systemic and technological obstacles still restrict the large-scale
application of circular flows of materials to the polymer and composite industry.

DISCUSSION

Based on the above empirical results, the present section explains the findings based on the theoretical
basis of the study and available literature on the topic of circular economy and sustainable supply chain
management.

The results of the current research can be taken as convincing evidence that the implementation of
data-based systems in the supply chains of polymer and composite manufacturing considerably
improves performance in terms of materials and responsiveness in operation. The results can be seen to
contribute to current scholarly discussions in sustainable supply chain management by empirically
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proving how technological enablers positively influence circularity in traditionally low-recyclability
industries.[31]. The research confirms the modern literature on the digital transformation as a major
determinant of sustainable development in an industrial network of great complexity [32].

Through the Circular Economy and SSCM lenses, the findings can be used to show how digital
enablers can convert sustainability intentions into quantifiable operational results.

The main contribution can be seen in showing how digital traceability and monitoring based on IoT
can improve polymer and composite recovery efficiencies. Empirical differences, especially within the
composite-heavy sectors, are quite few, so current literature generally conceptualizes digitalization as
an opportunity that exists in theory. This study validates the claim that real-time availability of material
transfer will result in increased segregation of waste and faster reuse of material that has been recovered
into the production processes because digitally equipped facilities realized 12-15 percent higher
material recovery rates. These findings extend the Circular Economy Theory by providing evidence of
the working mechanisms that make materials stay in productive use for longer periods of time.

Sustainable Supply Chain Management (SSCM) Theory is also promoted through the study, as the
interdependence of technological capabilities and the closed-loop logistics functions is identified.
Closed-loop systems facilitated by digital tools were observed to be responsive to reverse logistics,
shorter lengths of transportation, and lower associated emissions. These findings are consistent with the
dynamic capabilities viewpoint, according to which the ability to react to disruptions and sustainability
needs appears to be stronger when the organization possesses adaptable and technology-enabled
processes. The contribution of the finding to the theory is that it demonstrates the role of digital
preparedness as a mediator of sustainability intentions to quantifiable performance benefits.

There were significant performance variations between thermoplastics and thermosets.
Thermoplastic recovery rates were close at 68, whereas thermoset composites were way behind at 42,
although these kinds of digital investments were spread in some plants. This indicates intrinsic material-
based limitations: permanently cross-linked bonds in thermosets restrict the aspect of recycling that is
based on current technology [30]. Despite such limitations recognized in the literature, several recent
papers have optimistically projected the success assumption of thermoplastic recycling to the composite
categories in a wider scope. This analysis has been more cautionary and more realistic, and this confirms
that the result of circularity is also conditioned by the maturity of the technology, rather than the
commitment of managers or the data visibility alone [27]. Accordingly, it implies a significant
theoretical boundary condition of circular economy models in composite industries.

Results also show the existence of organizational readiness barriers. There was a digital divide
revealed by interviews. Large companies were quick to move towards automation and traceability, but
small and medium enterprises were less likely to implement it because they are price sensitive and have
a low level of technical competence. This gap can be explained by the resource-based view (RBV):
digital tools are resources that are both valuable and rare, yet not everywhere and ubiquitous. This
implies that not only the scaling of technologies but also platforms of strategic knowledge sharing and
policy-driven support of the value chain are required in terms of circularity acceleration.

The other important implication is in regard to governance and standardization. Digital tools enabled
better internal traceability, but interoperability across organizations was poor, with data architectures
that were fragmented and with little interest in sharing proprietary data of operations. These results are
consistent with the recent literature that found trust, transparency, and contractual alignment to be the
obstacles to collaboration-based sustainability initiatives. Traceability could involve blockchain that
mitigates these frictions, but such implementation is still in its early stages and is expensive. In the case
of SSCM theory, this result supports the significance of coordination mechanisms and common data
ecosystems to attain the full maximization of the circularity effect.
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Quantitative simulation in the validation of closed-loop models is also a theoretical contribution.
Optimization proved to have the potential of both a 25 percent gain in restorative percentages and a
possibility of an 18 percent decrease in logistics-associated emissions. This empirically validates the
view of industrial ecology, in that symbiotic operational redesign, as opposed to process-level
improvements, creates system-wide sustainability benefits. The data indicate that the shift to circular
manufacturing needs both the revision of material design and the redesign of the network to develop
environmentally and economically stable ecosystems.

The methodological contribution of the study in terms of its implementation is that it uses mixed-
method and real-life data and tries to fill a gap in which much of the previous research is based on
conceptual frameworks or ignores smaller-scale outcomes. The study combines regression, SEM, MFA,
and simulation analysis, which gives a comprehensive validation of interactions between circularity,
digitalization, and logistics in actual operations. This triangulation analysis boosts the level of academic
rigor and sets a precedent for future empirical research in the complicated industrial setting.

Lastly, findings point out serious implications of practice and policymaking. The manufacturers need
to focus on the investment in traceability, automated material sorting, and design-for-recycling
solutions, especially in relation to composite structures, with the processing of EoL still being a
technical limitation. To overcome the thermoset problem of pyrolysis, solvent-based recovery and other
superior processing should be embraced by the recyclers. The regulators can hasten the transition
through the promotion of the use of recycled content, the standardization of cross-border movement of
waste, and the facilitation of collaborative digital infrastructures [28].

The environmental benefits of utilizing recycled materials in manufacturing applications have been
demonstrated across various sectors [29].

Overall, the research contributes to the theoretical knowledge in the field of the sustainable composite
supply chain transformation by explaining the role of technology-driven systems of cyclicity in
providing meaningful performance advancements as well as unveiling systemic barriers to change that
still require systematic innovation, capability building, and governance reorganization. Overall, the
results show that the concept of circularity in polymer and composite supply chains is not only feasible
but also necessitates technological progression and network-level coordination in order to fit its
potential optimally.

Implications

These research findings are packaged into implications for its major stakeholders, such as
manufacturers, recyclers, policymakers, and logistics service providers in industries with high
composite-based contents.

The outcomes of this research produce a number of significant implications for industry,
policymakers, and academia. In more practical terms, the illustrated changes in recovering efficiency
and logistics responsiveness are another important signal to highlight the necessity of embracing the
digital traceability technology and implementing IoT-capable material monitoring throughout the
composite supplies. Real-time visibility can make manufacturers more efficient in scrap loss reduction,
recycling optimization of workflows, and closed-loop reintegration of post-use materials. Enhancing
the available collaborative recycling chains, especially between producers and specialized recycling
companies of composite materials, can help further reduce the leakage of material and improve the
marketability of thermoset and thermoplastic recycling. Academic research on automation, design-to-
recycle, and future digital infrastructure will thus be critical in enhancing the process of catalyzing
circularity in polymer money industries.
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This research also yields policy implications in a strong way. Although the issue will require time,
involvement in the greater adoption of the recycled content can be encouraged by regulatory
interventions, including incentives applied by the government in the use of recycled content and
producer responsibility, and standardized online reporting. Moreover, alignment of the gaps in data
alignment and material traceability can be achieved through the coordinated laws of the nation, which
encourage the shared digital platforms and regulations of movement of waste across borders.

To the scholarly community, the research represents an empirical investigation to bridge a gap in
sustainable production, to find that the use of digital technology correlates with quantifiable levels of
achieving circularity. SEM, material flow analysis, and optimization modeling provide a
methodological basis for the future research of real-life transitions. All these contributions to the body
of knowledge on data-driven sustainability indicate new directions for researching a scalable
transformation of composite supply chains.

Limitations of the Study

Although it has excellent contributions, this research has been limited in some ways that must be
taken into account when interpreting the results. To start with, the data set was mainly limited to selected
polymer and composite manufacturing plants and within a particular geographical area, which could
restrict the extrapolation of the findings to the global supply chain context that has a different regulatory
and technological landscape. The sample size is also indicative of those industries that are ready to
submit their production and waste recovery data, as well as those that are less digitized and those that
do not disclose their data, which might be underrepresented. The material flow assessment was also
limited in the granularity of its content, where commercial secrecy limited the availability of the delicate
data of the composite waste streams, in turn, because of access to thermoset recycling technologies. It
was found that time constraints did not allow for observing improvements in circularity over time, and
for this reason, further research proposals should rely on a longer timeframe of observation to be able
to cover the changing trends in adoption and system-wide effects more thoroughly.

Future Research Directions

Further development of this study is advised in the future by investigating more technologies and
larger system-level interventions that can hasten circularity in polymer and composite supply chains.
To begin with, there is a gap in knowledge that needs to be addressed through more research on Al-
enabled circularity models that can predict the waste quantities, optimize collection and recovery
pathways, and improve real-time decision-making within closed-loop networks. Second, the concept of
lifecycle carbon accounting should be included to measure emissions reduction that can be attributed to
the use of circular practices and digital innovations. Third, the development of bio-based polymers and
recyclable composite formulas provides a valuable route to ending material dependence on fossil
resources, which requires trial and testing of commercial value. Fourth, to establish scalability and
policy flexibility, pilot studies on a large industrial scale in numerous geographic locations must be
conducted. Lastly, another area of future research is the cross-industry collaboration platforms and
information-sharing governance frameworks, which could provide interoperability and visibility
throughout supply chain participants around the world.

Recommendations

There are several practical suggestions that can be offered to the stakeholders in the industry and the
government, depending on the results of this study. To improve (and make more efficient) material flow
visibility and to enable 30-day disposals to be more efficient, manufacturers should pay more attention
to the integration of traceability technologies, such as the Internet of Things sensors and digital product
passports. Additional reduction of material losses and higher closed-loop activity will become feasible
through the strategic investment into automated sorting systems and design-for-recycling. The
policymakers are urged to tighten regulation systems by offering incentives to use recycled material,
subsidizing sophisticated recycling recovery plants, and standardizing digital obligations that enhance
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transparency throughout the supply chain. Moreover, the presence of supplier digital preparedness is to
be improved with special attention to capacity-building interventions, technology joint ventures, and
public-corporate innovation alliances, minimizing adoption gaps between small and medium
enterprises. Supply chain partners must also be interested in combined recycling networks and long-
term agreements that will help in scaling infrastructure and the stable demand of secondary materials.
Altogether, these suggestions will help expedite a shift to data-based, circular manufacturing economies
in industries that consume a significant amount of plastics.

CONCLUSION

Relying on the analysis of empirical results and theoretical implications, this part of the paper will
summarize the most important contributions of the research and specify its practical and policy
implications.

The research design adopted in this study is mixed-method research, combining both quantitative and
qualitative methods. The given method guarantees the comprehensive analysis of circular supply chain
models in the context of polymer and composite production, with a special emphasis on the
incorporation of digital technologies, material recovery processes, and data-driven decision-making
tools. The study uses empirical analysis and optimization-based modeling to improve the theoretical
framework and practical application of the principles of a circular economy to complex manufacturing
supply chains.

Theoretical Contributions

The current study contributes to the knowledge on sustainable operations and supply chain

management in several new theoretical ways:

e It promotes the circular supply chain theory through the union of digital traceability,
accountability of material flow, and closed-loop optimization under a single framework of
analysis.

o The research empirically confirms the importance of digital technologies (IoT and Al) as the
facilitators of circularity, as the continuation of earlier conceptual deliberations into quantifiable
performance results.

e One of these is that by integrating Structural Equation Modeling (SEM) and Material Flow
Analysis (MFA), the study mediates between behavioral-organizational approaches toward
sustainability performance and physical material flow approaches toward sustainability
performance, thus providing a more comprehensive view of sustainability performance.

e The results are relevant to the recent discussion of Industry 4.0 circles in manufacturing,
specifically with polymer and composite materials, with which the current research has little to
no empirical data

Managerial Implications
The results provide practical recommendations to the industry players in the polymer and composite
supply chains:
e It is possible to improve the rate of material recovery and supply chain resiliency by
implementing digital traceability systems that can be used to monitor material flows in real time.
e Decision models based on optimization can be used by supply chain managers to redesign reverse
logistics networks to strike a balance between cost efficiency and environmental goals.
e Composite material handling firms need to focus on design-for-recyclability concepts, especially
with thermoset composites, in which recovery issues are even more acute.
e The cooperation among manufacturers, recyclers, and logistics providers is an important factor
that can be identified as critical to the successful implementation of closed-loop supply chain
integration and operational agility.

Implications on Policy and Regulatory Change.
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Another significant relevance of the study to policymakers and sustainability planners is:

e Regulators could assist in the circular manufacturing process by encouraging uniform digital
tracking of polymers and composites in the supply chains.

e The policy frameworks are supposed to encourage recycling infrastructure and reverse logistics,
especially of high-value composite materials.

o The results help confirm the creation of evidence-based sustainability regulations based on
material flow accountability instead of compliance-based reporting.

e Sustainability planners can use the framework proposed to adjust the industrial policy to the
overarching climate and resource-efficiency objectives at the regional and national scales.

Altogether, this research paper shows that the effective shift towards sustainable and circular supply
chains in the production of polymer and composite materials involves the concerted efforts between
digital technologies, analytical tools, and policy-supportive mechanisms. Although the research offers
strong empirical and managerial data, the studies can be expanded in the future by including
longitudinal data, cross-country analyses, and new recycling technologies as additional factors to
increase the scalability and generalizability of circular supply chain models.

The suggested framework has a good level of practical applicability to manufacturers, recyclers,
policymakers, and logistics providers that strive to transform their supply chain toward a data-driven
transformation into a circle.
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