. machines

Systematic Review

Engineering Innovations for Polyvinyl Chloride (PVC)
Recycling: A Systematic Review of Advances, Challenges,
and Future Directions in Circular Economy Integration

Alexander Chidara *(, Kai Cheng * and David Gallear

check for
updates

Academic Editor: Benoit Eynard

Received: 3 March 2025
Revised: 5 April 2025
Accepted: 18 April 2025
Published: 28 April 2025

Citation: Chidara, A.; Cheng, K.;
Gallear, D. Engineering Innovations
for Polyvinyl Chloride (PVC)
Recycling: A Systematic Review of
Advances, Challenges, and Future
Directions in Circular Economy
Integration. Machines 2025, 13, 362.
https://doi.org/10.3390/
machines13050362

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Mechanical and Aerospace Engineering, College of Engineering, Design and Physical Sciences,
Brunel University London, Uxbridge UB8 3PH, UK; david.gallear@brunel.ac.uk
* Correspondence: alexander.chidara@brunel.ac.uk (A.C.); kai.cheng@brunel.ac.uk (K.C.)

Abstract: Polyvinyl chloride (PVC) recycling poses significant engineering challenges and
opportunities, particularly regarding material integrity, energy efficiency, and integration
into circular manufacturing systems. This systematic review evaluates recent advancements
in mechanical innovations, tooling strategies, and intelligent technologies reshaping PVC
recycling. An emphasis is placed on machinery-driven solutions—including high-efficiency
shredders, granulators, extrusion moulders, and advanced sorting systems employing
hyperspectral imaging and robotics. This review further explores chemical recycling tech-
nologies, such as pyrolysis, gasification, and supercritical fluid extraction, for managing
contamination and additive removal. The integration of Industry 4.0 technologies, notably
digital twins and artificial intelligence, is highlighted for its role in predictive maintenance,
real-time quality assurance, and process optimisation. A combined PRISMA approach
and ontological mapping are applied to classify technological pathways and lifecycle op-
timisation strategies. Critical engineering constraints—including thermal degradation,
additive leaching, and feedstock heterogeneity—are examined alongside emerging inno-
vations, like additive manufacturing and microwave-assisted depolymerisation, offering
scalable, low-emission solutions. Regulatory instruments, such as REACH and Extended
Producer Responsibility (EPR), are analysed for their influence on machinery compliance
and design standards. Drawing from sustainable manufacturing frameworks, this study
also promotes energy efficiency, eco-designs, and modular integration in recycling systems.
This paper concludes by proposing a digitally optimized, machinery-integrated recycling
model aligned with circular economy principles to support the development of future-
ready PVC reprocessing infrastructures. This review serves as a comprehensive resource
for researchers, practitioners, and policymakers, advancing sustainable polymer recycling.

Keywords: PVC recycling; polyvinyl chloride; digital twin; sustainable manufacturing;
circular economy; chemical recycling; mechanical recycling; additive manufacturing; smart
tooling; lifecycle optimisation

1. Introduction

Polyvinyl chloride (PVC), a synthetic thermoplastic polymer, has been a pivotal mate-
rial since its accidental discovery in 1872. PVC has been widely utilized in various industrial
applications since its commercial introduction in the early 20th century. Recognised for its
durability, corrosion resistance, and versatility, PVC, alongside other plastic types, is among
the most produced polymers worldwide and also ranks as the third most widely produced
material after cement and steel [1,2]. PVC is also recognized for its corrosion resistance,
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durability, glossy appearance, and ability to withstand environmental stressors [3]. The
material’s ubiquity in modern life underscores its importance. However, its widespread use
presents significant environmental challenges, particularly concerning resource depletion
and waste accumulation [4].

The disposal of end-of-life PVC contributes substantially to landfill overflow and
marine pollution [5]. Additionally, incineration releases hazardous compounds, including
dioxins, organo-chlorine substances, hydrogen chloride gas, and additives, thus posing
environmental and health risks [6]. Recycling PVC offers a pathway for mitigating these
impacts by ensuring resource conservation and waste minimization [7]. Furthermore,
technological advances, such as in chemical recycling, have been instrumental in the
making of recycled PVC that retains the same physical and chemical properties as virgin
PVC, thus, making it suitable as a secondary raw material [8,9]. This advanced process
thus aligns with circular economy goals that emphasize resource efficiency and waste
reduction [10] and encourage policies and practices aimed at minimizing environmental
pollution and conserving natural resources [10-12].

Moreover, sustainable manufacturing today must be understood as a multidimen-
sional imperative aligned with the ESET framework, integrating economic, societal, envi-
ronmental, and technological factors [13].

Despite these promising developments, the practical implementation of PVC recycling
continues to face technological and economic hurdles. Challenges such as additive contami-
nation, polymer degradation, and process scalability limit the efficiency of existing recovery
systems. Challenges have been similarly recognized in low-carbon manufacturing (LCM)
frameworks, where operational and supply-chain-level models seek to minimize CO,
emissions through the linear optimisation of resource use [14]. Nevertheless, engineering
innovations in mechanical, chemical, and feedstock recycling offer viable pathways for
enhancing the recyclability of PVC within circular economy frameworks [15]. The pyrolysis
technique, for example, makes it possible to recover PVC from contaminated PVC wastes
due to the relative ease and low pollution of the process involved [16].

Objectives of This Study

This review systematically examines historical and contemporary practices in PVC
recycling, with a specific focus on the role of artificial intelligence, additive manufacturing,
and automation in enhancing recycling efficiency within circular economy frameworks.
The specific objectives are as follows:

1.  To trace the development of PVC recycling technologies and evaluate their environ-
mental impacts across various historical phases.

2. To analyse the integration of advanced manufacturing systems guided by PRISMA
protocols within PVC recycling processes and assess their contributions to circularity
and process optimisation.

3. To evaluate the extent to which innovative engineering solutions improve resource
efficiency and reduce waste in PVC recycling systems.

4. To identify existing challenges in PVC recycling and explore engineering solutions to
address them.

5. To formulate evidence-based policy recommendations and outline strategic research
directions that support the development of sustainable PVC recycling infrastructures.

In alignment with the objectives, this review addresses the following research questions:

1.  How have PVC recycling methods evolved over time, and what are the key techno-
logical milestones that have shaped their development?

2. In what ways do advanced manufacturing technologies contribute to the efficiency
and scalability of PVC recycling processes?
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3. To what extent do current PVC recycling strategies align with circular economy
principles, and how can system integration improve lifecycle optimisation?

4. What are the critical inefficiencies and environmental burdens associated with tradi-
tional PVC recycling methods, particularly regarding energy use, recovery rates, and
material degradation?

5. What technological and regulatory gaps remain in integrating circular economy prin-
ciples into advanced manufacturing systems for PVC recycling, and what research is
needed to address them?

2. Background: Historical Development and Evolution of PVC Recycling

Polyvinyl chloride (PVC) has been widely used in industrial applications due to its
durability, chemical resistance, and affordability. However, its end-of-life disposal poses
significant environmental challenges, necessitating efficient recycling methods. Historically,
PVC recycling efforts gained momentum in the 1960s, when concerns over plastic waste
pollution led to early waste management initiatives. Initially, manufacturers focused on the
in-house recycling of pre-consumer waste, while post-consumer recycling remained under-
developed due to contamination issues and technological limitations [17,18]. By the 1970s,
mechanical recycling emerged as a key strategy, driven by rising plastic waste generation
and regulatory pressure. Despite improvements in sorting, cleaning, and reprocessing
techniques, mechanical recycling faced challenges such as material degradation and the
presence of hazardous additives [19]. More recent advancements have integrated chemical
and feedstock recycling, aiming to recover high-quality PVC material as an end-product
while mitigating environmental impacts. Moreover, recycling remains the final option for
managing waste, protecting the environment, and benefiting from the energy produced in
the process [20].

The diversity of PVC applications is illustrated in Figure 1 below, which highlights
its predominant uses in Europe. Moulded profiles, pipes, and fittings make up the largest
portion of PVC applications, while rigid plates, coated fabrics, and flexible tubes make up
the smallest portion of applications.
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Figure 1. Distribution of total PVC use for different applications in EU [20].
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Milestones in Regulatory Frameworks for PVC Waste Management

Regulatory frameworks have played a crucial role in shaping PVC recycling poli-
cies. The European Union’s REACH, UK REACH, and Extended Producer Responsibility
(EPR) directives have mandated restrictions on harmful additives, thereby promoting safer
recycling practices [21,22]. Additionally, the Circular Economy Action Plan emphasizes
closed-loop recycling systems, encouraging industries to design recyclable PVC products.
While these regulations have improved waste management strategies, inconsistencies in
the enforcement across continents, countries, and regions remain a barrier to widespread
adoption [23].

3. Methodology
3.1. Materials and Methods

This study employs a systematic review methodology incorporating PRISMA guide-
lines and ontology mapping. This methodological approach ensures a comprehensive and
structured assessment of PVC recycling trends, challenges, and potential advancements.

This study’s foundation integrates traditional systematic review with advanced knowl-
edge representation techniques, aligning with both sustainability metrics and intelligent
manufacturing research.

Incorporating insights from Low-Carbon Manufacturing (LCM) theory [14], the
methodology further draws from linear programming (LP)-based operational models
for quantifying carbon emissions at both the supply chain and shop-floor levels. These
models complement ontological mapping by providing decision—support frameworks
aimed at optimising energy consumption, enhancing resource efficiency, and reducing
carbon intensity. This hybrid framework thus strengthens the evaluation of recycling
practices and smart manufacturing innovations within a circular economy context.

The research methodology is structured as shown in Figure 2.

Results and
Develop Prisma Protocol w2 Opportunities Case Study g Comparative Discussion
in PVC

Systematic Literature Policy and Regulatory Current Challenges and
Search Incentives Breakthrough

Data Extraction and Advances in PVC Conclusion and
Quality Appraisal Recycling Methods Recommendations
. Analysis and
ol P L Interpretation

Figure 2. Applied systematic methodology used in this review, consisting of 11 sequential steps:
(1) Develop PRISMA protocol, (2) Systematic literature search, (3) Data extraction and quality ap-
praisal, (4) Ontology PVC mapping, (5) Results and case studies, (6) Policy and regulatory incentives,

(7) Advances in PVC recycling methods, (8) Analysis and interpretation, (9) Comparative discussion,
(10) Current challenges and breakthroughs, and (11) Conclusion and recommendations (Authors’
own elaboration).

This study systematically addresses the research objectives by evaluating PVC recy-
cling across its historical development, current challenges, and future opportunities. The
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methodology combines academic rigour and stakeholder relevance, aligning the analysis
with current sustainability paradigms.

This study adopts a blend of PRISMA and ontology mapping approaches widely rec-
ognized for their comprehensive evaluative rigour. Following the PRISMA 2020 reporting
standards for systematic reviews and meta-analyses, the methodology outlines a detailed re-
view process, including article selection criteria, search strategies, data extraction, and data
analysis procedures. This framework evaluates PVC plastic products, post-consumer waste
challenges, and the effectiveness of recycling technologies. Additionally, this study critically
examines recycling technologies and practices by way of addressing the environmental
and sustainability implications of PVC waste management [24].

3.2. Systematic Literature Search Using PRISMA

The selection criteria aimed to ensure a comprehensive review by analysing a di-
verse range of peer-reviewed sources, case studies, and global practices related to PVC
waste management and recycling. Databases such as PubMed Central, Google Scholar,
ResearchGate, ScienceDirect, Web of Science, Springer Materials, and Scopus were utilized
to provide a reliable foundation for the literature review.

Boolean operators facilitated keyword searches to retrieve relevant journals. The
included search phrases were as follows:

TITLE-ABS-KEY: “PVC recycling” OR “circular economy” OR “sustainability” OR
“historical trends” OR “future outlook”), “PVC recycling” AND “environmental impact”
(“PVC recycling” OR “polyvinyl chloride recycling”), AND “circular economy” AND
“sustainability” (“Environmental Pollution” OR “environmental impact” OR “ecological ef-
fects”), “PVC” AND “environment” (“PVC recycling” OR “plastic recycling” OR “polyvinyl
chloride”), AND (“environmental impact” OR “ecological effects” OR “pollution”). These
strategies ensured a broad and specific retrieval of topics such as PVC recycling, environ-
mental impacts, circular economy principles, sustainability, technological innovations in
PVC recycling, and future prospects. The results were refined across search engines to
ensure precise and focused outcomes.

3.3. Search Parameters

This research focused on a 16-year period (2009-2024) and was justified by the
VinylPlus initiative in 2011, which committed to recycling 800,000 tonnes of PVC an-
nually by 2020. By 2019, VinylPlus had achieved 96% of this target, demonstrating the
industry’s commitment to sustainability and circular economy principles. Extending the
range back to 2009 enabled an understanding of historical trends and balanced perspectives.
The search process initially yielded 915 articles. Challenges such as data reliability and
policy gaps highlighted the importance of understanding current PVC recycling practices.

3.4. PRISMA Assessment Protocol

Step 1: Preliminary Screening—titles and abstracts were critically reviewed to exclude
unrelated studies. This reduced the pool to 457 articles.

Step 2: Suitability Assessment—articles were appraised for their alignment with study
objectives, focusing on the following:

e  PVC recycling methods and contributions to circular economy principles.

e  Cutting-edge technologies, lifecycle assessment, and policy evaluation.

e  C(riteria for exclusion included duplicate studies, unclear results, low-quality methods,
and outdated references. This step refined the selection to 120 high-quality articles.

Step 3: The final appraisal prioritised the relevance, innovation, and contributions to
existing research gaps, with a particular emphasis on studies examining advanced recycling
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technologies and future developments. Following a rigorous selection process, 85 high-
quality studies were identified as integral to the discussion and analysis of this research.
These articles played a crucial role in shaping this study’s analytical framework. Moreover,
101 supplementary articles enriched the broader contextual understanding of the research
theme, providing valuable background insights that help inform the overall discussion.

3.5. Ontological Relationships Mapping in PVC Recycling and Circular Economy

Ontological mapping, using Protégé, structured our knowledge about PVC recycling
processes. This approach visualized interdependencies among recycling technologies,
environmental policy, and system optimisation within a circular economy framework.
Combined with LCM’s operational models [14], the ontology’s semantic networks are
enhanced by incorporating energy flow constraints, machine-level carbon emissions, and
supply chain decentralisation strategies, thus offering a simulation-ready platform for
lifecycle-based decision-making [25].

Recent studies highlight ontology’s efficacy in identifying barriers like material con-
tamination and sorting inefficiencies. By integrating PRISMA and ontology mapping, the
methodology supports the following:

Identifying innovation areas;

Refining data relevance and quality’
Visualizing links between recycling technologies, CE principles, and policy interventions;

Operational modelling for LCM, such as supply chain LP models [14], could com-
plement ontological mapping by quantifying optimal recycling pathways based on
energy and emissions efficiency.

4. Results: Opportunities and Case Studies in PVC Recycling

PVC has become an integral material in numerous industries, including construction,
automotive, household, sports equipment, medical supplies, and textiles [23]. The global
production of PVC has surpassed 350 million tons, with approximately 6.5 million tons
produced annually in the EU-27, Norway, the UK, and Switzerland alone. This significant
output underscores the urgent need for sustainable recycling strategies. Figure 3 illustrates
the widespread applications of PVC, categorized by industry and product type, empha-
sizing the pressing issue of landfill waste due to inefficient and cost-prohibitive recycling
methods [23].

PVC, composed of 43% petroleum by-products and 57% sea salt, offers unique proper-
ties such as water and fire resistance, longevity, and adaptability to various applications. Its
flexibility and rigidity, along with colour variations, are achieved through specific additives,
including lubricants, plasticizers, and pigments [18].

Recycling innovations are evolving toward a lower energy intensity and higher sys-
temic integration, especially in smart tooling, chemical processing, and hybrid manu-
facturing platforms. The integration of LCM microfactory concepts [14] within addi-
tive manufacturing workflows presents decentralised, energy-efficient pathways for lo-
calised PVC recycling. For example, desktop manufacturing units are viable for con-
verting PVC waste into printable feedstock, allowing a zero-waste design and minimal
logistics overheads.

From a systems perspective, CNC strategies and sustainability matrices discussed in
current sustainable manufacturing frameworks [13] offer potential benchmarking tools
for PVC-specific recycling equipment. These can inform the design of smart extrusion
machines, Al-integrated granulators, and modular reactor systems used in pyrolysis and
supercritical fluid extraction processes.
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Figure 3. PRISMA flow diagram for systematic literature review [adapted and redrawn by the author
based on [26]. The diagram illustrates the identification, screening, and inclusion stages used in
selecting studies for this review. Adjustments were made to standardize terminology and enhance
clarity, in accordance with the PRISMA 2020 guidelines. Following the systematic review, and in
line with the PRISMA 2020 framework, additional data supporting this study were included in the
checklist, and supplementary materials were provided in the supplementary list.

Furthermore, regulatory innovation can be enhanced by aligning lifecycle assessment
protocols with energy flow modelling from LP-based LCM strategies. Such integration
enables a robust evaluation of policy impacts on machine configurations, energy input-
output metrics, and waste stream valorisation.

4.1. Technological Innovations in PVC Recycling

The recycling of PVC presents significant opportunities for environmental sustainabil-
ity, including resource recovery and waste reduction. Two major methods, chemical and
mechanical recycling, have emerged as critical approaches to addressing contamination
issues and improving material recovery [23].

The integration of energy-sensitive machining algorithms and eco-design strategies [13]
can further strengthen process-level interventions in PVC mechanical recycling systems.

e  Timeline of PVC Recycling Advancements

These milestones reflect the continuous advancement of PVC recycling technologies
and policies, demonstrating the industry’s efforts toward sustainability. Understanding the
historical trajectory of PVC recycling is crucial for assessing its current landscape. Table 1
outlines key milestones in PVC recycling, highlighting significant developments that have
shaped the industry and showing key industrial, regulatory, and technological milestones
from 1872 to 2023.
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Table 1. Timeline of PVC recycling advancements.
Year Milestone
1872 PVC first discovered [27]
1920 Commercial production and growing industrial applications [6]
1980 Introduction of mechanical recycling [19]
2000 Advancements in chemical recycling [23]
2011 VinylIPlus initiative launched [28]
The official launching of VinylPlus 2030, reaffirming dedication to strive for a sustainable
2021 .
and circular future [28,29]
‘The Vinyl Company’ teamed up with the ‘Responsible Care’ initiative as partners of “A
2023 Sustainable Tomorrow”, which focuses on efficient PVC material development to reduce its

carbon footprint [30].

The information in Table 1 and Figures 4 and 5 depicts the different stages of evolution
of PVC from its discovery through to its increase in popular uses to recycling and to more
recent initiatives designed to meet sustainability goals.

W Profiles

M Pipes & Fittings

m Other Non-paste

Flooring

M Miscellaneous Rigid & Bottles
Flexible Rigid & Sheet

M Rigid Film

M Cables

M Flexible Tubes & Profiles

M Coated Fabrics

m Other Paste

M Rigid Plates

Figure 4. Global PVC applications by industry and product type [adapted and redrawn by the author
based on [23].

PVE History Milestone " Today

Milestone Milestone S pilestone’ Milestone E“ﬁli’,‘:"%“:ﬂ “The Vinyl Company’
tea
Commercial ‘Advent of Advancements in' VinylPlus VinylPlus 2030 .;EZ';:":%L"‘CHHI -

v production and & nechanicaliichemical initiative peafiming g initiative as partners of "A
Milestone gowngincusizal ecing recycling Jaunched: dedication fo strive g ctainatle Tomorrow”,
PVC first applicationo fora sustaiable Sy hich focuses on efficient
discovered BVC and crculac fulure S py ¢ material

e — development to reduce its
carbon footprint

DU [ Sy S

2011

Figure 5. Diagram of PVC history with visual timeline of key milestones in the history of PVC
recycling from 1872 to 2023. The diagram illustrates technological, industrial, and regulatory develop-
ments leading toward the modern circular economy agenda. (Adapted and elaborated by the authors
based on Table 1 above).



Machines 2025, 13, 362

9 of 27

e  Chemical Recycling Techniques

Chemical recycling methods, such as pyrolysis, polymerization, and gasification,
provide alternative solutions to PVC recycling challenges by converting waste into valuable
raw materials or fuels. These methods reduce the dependency on virgin PVC and mitigate
environmental issues associated with landfilling [31-34].

Pyrolysis uses thermochemical decomposition to break down the PVC waste stream
to release by-products of wax, oil, gas, and solid residues. The process not only addresses
environmental challenges but also recovers high-value raw materials [35]. Monomers are
derived and used as a secondary raw material to reproduce PVC [36].

Gasification is a chemical treatment of PVC waste in the presence of air and steam,
producing energy, syngas, and other chemicals, and derives monomers for reproducing
new PVC with the same quality as the virgin material [36].

X-Ray Fluorescence (XRF) and Attenuated Total Reflectance Fourier Transform In-
frared Spectroscopy (ATR-FTIR) are not recycling methods themselves but serve as valuable
support tools in the chemical recycling process by aiding in the identification of materials
and contaminants in PVC [37]. Additionally, solvent-based closed-loop recycling enables
the depolymerisation of PVC into monomers for re-polymerization into high-quality mate-
rials [38]. Integrating chemical recycling into circular economy frameworks significantly
improves resource conservation and minimizes emissions, making it a vital component of
sustainable recycling solutions [39].

e Advances in Mechanical Recycling

Mechanical recycling, characterized by shredding, washing, and re-granulating waste
PVC, remains an important method due to its simplicity and lower environmental impact.
This approach has effectively managed PVC waste from products such as cables, films, and
bottles while preserving the material integrity [40].

However, challenges such as impurities and legacy chemicals, like DEHP, reduce
the recycling efficiency. Advanced technologies, including hyper-spectral imaging and
compatibilizers, enhance the purity and quality of recycled PVC [41,42]. Despite these
challenges, mechanical recycling continues to play a critical role in managing both post-
consumer and industrial PVC waste streams, and new innovations in machinery and
technology are emerging that could change global recycling practices in the near future [43].

4.2. Integrating Recycling Methods into Circular Economy Principles

The integration of chemical and mechanical recycling techniques within circular econ-
omy frameworks offers comprehensive solutions to PVC waste management. Innovations
such as selective dissolution and advanced sorting technologies enhance recycling efficiency
while reducing energy consumption and greenhouse gas emissions [22,44].

For instance, mechanical recycling has gained traction in regions like the EU due
to its economic viability, while emerging chemical recycling methods show promise for
large-scale applications [45]. By improving recycling operations using modern technolo-
gies, like artificial intelligence and digital twins, and adopting CE principles, PVC waste
can be transformed into valuable feedstock, thereby fostering resource conservation and
sustainability [46].

The integration of energy-sensitive machining algorithms and eco-design strategies [13]
can further strengthen process-level interventions in PVC mechanical recycling systems.

4.3. Policy and Regulatory Incentives

Despite its widespread use, PVC recycling has historically suffered from limited
regulatory support. The absence of robust policies addressing hazardous additives and
end-of-life disposal has hindered recycling progress [23]. For example, during the 1980s and
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1990s, mechanical recycling faced numerous technical and regulatory challenges, leading
to minimal recycling rates [20].

Recent advancements, such as the European Union’s REACH regulation, mandate the
removal of harmful additives, like di (2-ethylhexyl) phthalate (DEHP), before recycling,
ensuring safe and sustainable practices achievable through the continuous improvement in
and application of modern innovative technologies [21,47].

Extended Producer Responsibility (EPR) policies have also emerged, requiring manu-
facturers to take accountability for the entire lifecycle of their products [22].

Government incentives, including tax breaks and subsidies for recycling infrastructure,
further support PVC recycling efforts. These measures reduce financial barriers for indus-
tries, fostering participation in sustainable initiatives [48]. Additionally, public education
campaigns raise awareness about the environmental benefits of recycling, encouraging
community engagement and participation [23].

4.4. Case Study: Successful PVC Recycling Initiatives

PVC recycling initiatives worldwide demonstrate the potential for resource recovery
and sustainability.

Programs such as VinylPlus have successfully promoted recycling by fostering indus-
try partnerships and implementing advanced recycling technologies. In 2020, VinylPlus
recycled approximately 550,000 tonnes of PVC, aligning with the European Commission’s
circular economy goals [49].

Technological innovations, including the Vinyloop process and microwave-assisted
recycling methods, have shown significant promise in improving recovery rates and reduc-
ing pollution [50]. Additionally, solvent-based procedures recover high-value materials,
like copper from PVC-coated wires, supporting the economic feasibility [51].

4.5. Challenges and Prospects

Despite advancements, PVC recycling continues to face challenges, including con-
tamination, hazardous additives, and inconsistent regulatory frameworks. Mechanical
recycling often struggles with maintaining a high material quality, while chemical recycling
technologies face scalability issues [52].

Future efforts must focus on developing innovative recycling technologies, enhancing
regulatory compliance, and fostering international collaboration to achieve the full potential
of PVC recycling within circular economy frameworks [23,53].

5. Advances in PVC Recycling: Engineering and Technology

Due to the challenges associated with conventional PVC recycling methods, such as
mechanical and thermal recycling, innovative manufacturing processes are essential to
overcome these limitations and achieve circular economy objectives. These innovative
manufacturing processes enable the derivation of raw materials from PVC waste, which
have the same characteristics as virgin raw materials. The derived raw materials can be
used either for manufacturing new PVC products, which technically implies that the PVC
is being recycled, or they can used for other purposes, such as fuel or the manufacturing of
alternative products.

5.1. Innovative Manufacturing Processes Used in PVC Recycling
The following innovative technological processes are used to enhance PVC recycling:

e  Chemical recycling;
e Additive manufacturing (3D printing);
e  Supercritical fluid extraction (SFE);
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Microwave-assisted recycling;

Electrochemical recycling;

Biological recycling;

Dissolution and extraction;

Transforming PVC into a nanostructured catalyst support;
Sorting with electromagnetic waves;

Flotation with surfactants;

Pre-treatment using reagents;

Pre-treatment using Fenton reaction;

Pre-treatment with thermal heat treatment (mild and microwave);

Pre-treatment with corona discharge;

The following are true recycling processes mentioned above when used with de-
polymerized feedstock. In contrast, methods such as product reshaping without altering
molecular structure represent reuse or repurposing.

e  Chemical Recycling

Chemical recycling effectively manages impure and heterogeneous PVC waste streams
by depolymerizing PVC into its original monomers through processes such as chemolysis,
glycolysis, hydrolysis, pyrolysis, and gasification [54]. These monomers can be used
to produce new PVC products or fuels [55]. While chemical recycling produces high-
quality outputs equivalent to virgin PVC, it remains costly and energy-intensive, with
limited scalability.

e Additive Manufacturing (3D Printing)

This process involves shredding PVC waste into a filament or powder for use in
creating products via 3D printing. The material is added layer by layer to form items
based on digital designs [43,53]. This approach ensures zero waste and a closed-loop
system, facilitating creative and customized designs [23]. Despite its benefits, limitations in
mechanical properties and the need for further research constrain its practical application.

In line with devolved manufacturilng (DM) models [14], additive manufacturing
enables distributed, low-emission PVC reprocessing infrastructures, reducing logistics-
based carbon footprints.

e  Supercritical Fluid Extraction (SFE)

SFE uses supercritical fluids, such as CO,, to extract plasticizers from PVC, thereby
enhancing the recycling process [3,54,56]. Although environmentally friendly and capable
of producing high-quality outputs, the process involves complex operations and requires
high-pressure equipment [54,56]. Figure 6 illustrates the process which produces purified
PVC as an end product where plasticizers have been collected separately.

e  Microwave-Assisted Recycling

Microwave technology selectively heats PVC polymer chains, breaking them down
into monomers. This process is energy-efficient and environmentally friendly but requires
expensive equipment and may emit hazardous substances [57-59]. Figure 7 illustrates the
complex process with the resultant monomers being collected in a jar (item 4).

e  Other Innovative Recycling Techniques gaining traction are as follows:

1. Electrochemical Recycling: employs electrochemical reactions for high-purity
PVC recovery [60].

2. Biological Recycling: Uses enzymes or microorganisms for the environmentally
friendly degradation of PVC waste [61]. It is also known as ‘biodegradation” or
‘enzymatic degradation’ process.
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3. Dissolution and Extraction: selectively dissolves PVC using sustainable sol-
vents [62]. It is used to extract and purify PVC from waste streams for use in
making new products.

4. Nanostructured Catalyst Support: converts PVC into nanostructured materi-
als for catalytic reactions [63,64]. It is an innovative, environmentally friendly
process that enhances catalytic reactions.

5. Advanced Sorting Technologies: employs electromagnetic waves in an advanced
sensor technology to separate PVC from mixed waste streams [65].

CO2 outlet .
CO2 outlet plus plastizer

Plasticizer

Plasticized PVC | nm—m)p

Purified PVC

CO2 inlet

CO2 inlet

Figure 6. Illustration of SFE of PVC using CO;; show the carbon dioxide CO, inlet as a treatment
agent that passes through the plasticized PVC, selectively dissolves and extracts plasticizer molecules
without affecting the PVC’s chemical structure. The CO, now carrying the removed plasticizers, exits
through the outlet and proceeds to a separation stage, where the plasticizers are collected, leaving
behind purified PVC material. Diagram has been redrawn by author based on [56].

Figure 7. Schematic diagram of experimental setup for continuous pyrolysis process: (1) microwave
oven; (2) quartz reactor; (3) peristaltic pump; (4) feedstock; (5) gas flowmeter; (6, 7) cold traps;
(8) ice-water bath; and (9) cotton wool filter [adapted from [58].
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6. Pre-Treatment Techniques: prepares PVC waste for recycling through meth-
ods such as the Fenton reaction, thermal heat treatment, non-thermal plasma
technology, reagents, or corona discharge [64,66,67].

7. Flotation with surfactants: This technique enhances flotation when used in the
recycling process. It involves the addition of surfactants to increase the efficiency
in separation [57,67].

5.2. Integration of Sustainable Practices in PVC Manufacturing

Integrating sustainable practices requires blending conventional and modern recycling
methods to mitigate individual challenges. The following processes are examples:

1.  Catalytic Pyrolysis: reduces energy consumption and enhances the output
quality [64,68,69].

2. Microwave-Assisted Pyrolysis: combines microwave technology with pyrolysis to
degrade PVC waste [58,59].

3. Plasma Pyrolysis: converts PVC waste into syngas for hydrogen production and
turbines [70].

4. Plasma-Enhanced Gasification: improves the output quality by minimizing unwanted
by-products, such as tar and char [70-73].

e  Low-Emission Manufacturing Technologies

Innovative recycling technologies aim to reduce environmental impact and conserve
resources by minimizing greenhouse gas emissions. Emission reduction remains a key goal
for sustainable PVC recycling systems [67].

e  Material Substitution and Additives for Recyclability

Plasticizers and stabilizers enhance PVC'’s flexibility, durability, and processing stabil-
ity, and challenges posed by these additives are being addressed through solvent-based
extraction methods, enabling an improved recyclability [6,23].

5.3. Innovations in Production Machines and Tooling

Technological advancements in PVC recycling machinery improve efficiency and align
with circular economy goals.

For example, PVC can be automatically sorted from waste using robotics and Al
technology [74].

Furthermore, the advancement in chemical recycling has ensured a reduced depen-
dence on virgin polymers by making it possible to derive high-quality virgin-like monomer
materials from recycled waste [58].

These innovations from recent technological advancements are progressively leading
toward the attainment of a circular economy.

e  Machinery Optimized for Recyclable Materials

Recycling operations involve the use of machines specially optimized to perform
specific operations in the different stages of recycling. The production line in the recy-
cling process is made up of sorting machines, shredder machines, compression machines,
extrusion machines, and granulator machines [75].

1.  Sorting machines: Separate PVC from mixed waste streams [65]. This is illustrated in
Figure 8.

2. Shredders: Reduce PVC waste into manageable sizes [76]. Figure 9 illustrates the
shredding process.
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Spectrometer

Mixed plastic
waste

PVC detected

Conveyor
belt

Control unit

Air nozzle

Figure 8. An illustration of automated PVC plastic waste recycling. This figure has been conceptually
redrawn by the author and is adapted from the original design in [65].

Figure 9. A diagrammatic illustration of a 2-shaft shredder This figure has been conceptually redrawn
by the author and adapted from the original design in [76].

3.  Granulators: further crush PVC into consistent sizes [74,75].

4. Extruders: transform PVC into sheets, films, or structural parts [43].

5. Compression machines: Mould PVC into desired shapes at controlled tempera-
tures [46]. Figure 10 illustrates the process of the compression moulding of PVC.
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Figure 10. Illustration of compression moulding of recycled plastic. This version has been redrawn
by author, based on [77].

e  Smart Tooling for Sustainable Manufacturing

Smart tooling incorporates advanced technologies, such as Al, Big Data analytics,
and cyber—physical systems, to optimize PVC production and recycling processes. These
innovations support zero-defect production and sustainable practices [78,79].

Embedding energy flow monitoring into recycling machinery aligns with current CNC-
based sustainability metrics that assess the machine efficiency and lifecycle impacts [13].

5.4. Systems Integration for Sustainable Outcomes

Systems integration in PVC recycling and re-manufacturing is important for the
attainment of sustainable development and a circular economy because a synergistic
arrangement will ensure efficiency in energy and material usage as well as cost savings
and information sharing.

Two aspects in the adoption of an integrated system are represented by the use of
‘digital twins” and other automated technologies and machines in the production and
recycling processes.

e Digital Twin and Industry 4.0 Applications in PVC Recycling

Digital twins are a computer software model of a physical thing, process, or system. It
is a virtual representation of something in the physical world, such as a car, an office, or
even an entire city, and is used to connect the physical world to the digital world [46,80].

The integration of Industry 4.0 technologies, particularly digital twins, offers new
possibilities for optimizing PVC recycling processes. A digital twin is a virtual model
of physical recycling systems, enabling real-time monitoring and predictive analytics to
enhance efficiency. In PVC recycling, digital twins facilitate data-driven decision-making,
such as optimizing sorting accuracy, minimizing material loss, and forecasting mainte-
nance schedules for recycling equipment [80,81]. For instance, Al-driven digital twins in
mechanical recycling plants can improve the contamination detection, reducing the reliance
on manual sorting. Additionally, integrating IoT sensors in PVC processing units can



Machines 2025, 13, 362

16 of 27

provide insights into energy consumption, ensuring that sustainability metrics are met [82].
These innovations align with circular economy goals by improving resource efficiency and
reducing waste during recycling operations.

e Automation in Recycling and Manufacturing Processes

Automation addresses the growing generation of PVC waste by enhancing the recy-
cling speed and efficiency.

The rate at which PVC wastes and other plastic wastes are being generated has
drastically increased in direct proportion to the global population growth because of the
per capita consumption rate in recent times [48].

In order to cope with this drastic increase in the generation of plastic waste, the means
of waste management and recycling have been consistently developed and enhanced by
automation so as to manage waste as fast as it is being generated [72].

Therefore, continuous innovations are making recycling processes faster, easier, and
more automated, thereby reducing the reliance on finite resources and promoting sustain-
able practices [72].

6. Analysis and Interpretation

To systematically analyse the research data from both quantitative and qualitative
perspectives, this section presents the results of ontology-based data mapping and repre-
sentation. These results are instrumental in examining the evolution, trends, and impacts
within the field of PVC recycling. The application of the Protégé ontology tool is intended
to address the research questions effectively by integrating data from both analytical di-
mensions. This mixed-method approach ensures that quantitative findings are reinforced
by qualitative insights, thereby enhancing the depth and validity of the research outcomes.

PVC Classes on Innovative Manufacturing Technologies

The innovative manufacturing technologies query results (Figure 11) provided key
points on the ontology domain which are related to subclasses such as the following;:

e Digital twin applications;
e Low-emission technologies;
e  Smart tooling.

Acive otalagy X Enttes X dhiduals by class X OWLViz X DL Query x ndvidual Hierarery Tab X OnioGraf x SPAROL Quey X Snap Sparg X
(ciss herarehy, Inora ogis IEER y

Asserted * Query (class expression)

Innovatve_ Manufacturng_Technoiogies
-0 Chalenges
0 Economic_Viability
0 Material_Degradation Bete | AdStoortoogy
0 Policy_Gaps
0 Technical Barrirs

Figure 11. DL Query results on PVC classes innovative manufacturing technologies [83].
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The results indicate that innovative manufacturing technologies focus on resource
optimisation. It also shows the targeting of sustainability by reducing emissions and
emphasizes new technologies that are intelligence-enable, especially Al-enabled, and tools
for advanced manufacturing processes.

The relationship of the ontology hierarchy connects innovative manufacturing tech-
nologies to have a good relationship with wider characteristics, such as sustainabil-
ity, efficiency, and smart-enabled processes, supporting their alignment with circular
economy principles.

e  PVC Classes on Lifecycle Optimisation

The lifecycle optimisation query results (Figure 11) provided direct subclasses and
relationships, such as the following:

e  Closed-loop systems;
e  Design for recycling.

These subclasses underscore the design and operational systems intended to achieve
a closed-loop cycle. They depict where resources and products are continuously reused
or recycled, aligning with circular economy principles, while showing how strategies are
aimed at designing products with the end-of-life PVC recycling process in mind to support
materials recovery and a sustainable product lifecycle management.

The subclasses also show the relationship between closed-loop systems and designs
for recycling which are interconnected, while the hierarchy contributes to the development
of the PVC circular economy. Figure 11 illustrates the hierarchy and relationships generated
from Protégé.

The ontology structure focuses on systematic levels, which are practical strate-
gies towards a PVC circular economy, and lifecycle optimisation with the inclusion
of the instances of, for example, designs for recycling products, which show that the
ontology is granular enough to represent real-world industry applications to achieve
sustainability goals.

e PVC Classes on PVC Recycling Methods
The PVC recycling methods query results (Figure 12) provided direct subclasses and
instance such as the following;:

e  Chemical recycling;
e  Feedstock recycling;
e  Mechanical recycling.
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Figure 12. DL Query results on PVC classes lifecycle optimisation [83].
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The direct subclasses indicate recycling methods that show the breaking down
of PVC, which cannot be properly handled due to contamination issues, or waste by
mechanical recycling.

Feedstock recycling refers to the conversion of PVC waste into raw materials (feed-
stock) for use in other industrial manufacturing processes while physical recycling involves
converting PVC waste into new products without altering the material’s chemical structure.

Processes related to the subclasses, such as chemical supercritical CO, treatment, align
with chemical recycling but are also associated with feedstock recycling pilot programs.

The PVC hierarchy ontology structure classifies recycling into three subclasses, sup-
porting the comparative analysis of methods based on efficiency, scalability, and envi-
ronmental impact. The subclasses highlight cutting-edge recycling technologies that are
essential for handling complex PVC waste while aligning with circular economy goals.

The query results also provided an ontology structure that shows the validation of
feedstock recycling as theoretical frameworks for real-world industry applications, which
could be assessed as the best method for its sustainability and feasibility of supporting
and enhancing circular economy principles in specific contexts (e.g., low emissions, high
recyclability). Figure 13 clearly displays diagrammatically how the recycling technologies
are classified.
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|Class hierarchy Recyeing_Methods i | oL quen
Y480 Asserted * Query (class expression)
- ont.Thing PYC_Recyting_Methods
¥- 0 Chalenges
0 Economic_Viability
O Material Degradztion Execute|Ads o ortgy
0 Policy Gaps
0 Technical Barrers 2 s
Y- @ Creulrty_Meties very resu
O Regyelaitty Dot sikelsses B3 Queryfor

0 Resource_Efficiency 0 )
v Chemical Recyeiing
0 Wasts Reduction bl Diect superclasses

Y0 Envionmentl Inpcls OFeedstock_Recycling
0 Emissions Reduction OMechanical_Recing
0 Energy_Consumption
0 Material_ Recovery_Rates Subelasses A of ¥ Direct subclasses.
Y- @ imoratve Manufcluing Technologes
O Digital_Twin_Applications

Speclasses

Equvalent classes

Ochemical Recycling ¥ Sibdlasses

0 LowEmissicn_Technologies OFeedstock Recycling v Instances
0 smart_Tooling OMechanical_Recying

Y- @ Liecyce_Oplnzaton
0 Closed-Loop_Systems T Resultfilters

0 Design for Recycling pr =
-0 Malerls Type PYC @chemical Recyeing_Supercriticalco2 Name contzins
0 Chiorinated @Feedstock Recycling PilotProgram
O Flexible @Mechanical Recycling
0 Rigid
+ R ,
0 Chemical Recycling
0 Feedstock Recyeing Dispay outhoting
0 Mechanical Recyling Al
- O Reguiatory_Frameworks
 Extended_Producer_Responsibity_(EPR)
0 Waste_Management Directives

Dispay ontTing

Figure 13. DL query results on PVC classes recycling PVC methods [83].

Future simulation environments for PVC circular systems could benefit from inte-
grating LP-based operational models from LCM research, thereby providing quantifiable
benchmarks for ontology-based system configurations [14].

7. Discussion: Circular Economy Perspectives for PVC Recycling
7.1. Transitioning PV C Recycling into a Circular Economy Framework

The shift from a linear to a circular economy for PVC recycling is critical for resource
efficiency and sustainability. Traditional PVC recycling has relied predominantly on me-
chanical processing, which, while reducing waste, leads to material degradation over
multiple cycles. A circular economy approach aims to close the material loop by maximiz-
ing recovery, extending product lifecycles, and minimizing waste generation [12,28].

This section discusses how lifecycle optimisation, policy mechanisms, and technologi-
cal advancements contribute to improving PVC recycling. By integrating circular economy
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strategies, the industry can reduce its dependence on virgin materials, lower emissions,
and enhance regulatory compliance.

Figure 14 presents a comparative overview of the closed-loop economy in relation to
the linear and reuse economies. While the linear and reuse models may be considered in
situations where material recyclability is limited, the closed-loop and reuse approaches
offer practical benefits for the management of and reduction in PVC waste. Both contribute
to improved sustainability outcomes by promoting material retention and minimizing
environmental impacts [84,85].

Circular
economy

Linear
Economy

4

Raw materials Raw materials

Production Production

Recycling

R Recycling

Figure 14. Schematic and components of linear, reuse, and circular economies (recycling). Redrawn

Non-recycliable
waste

and modified by author based on conceptual structure outlined in [86].

7.2. Strategies for Achieving a Closed-Loop System
e  Design for Recycling

Enhancing recyclability at the design stage ensures higher material recovery rates
and reduces the environmental impact. Selecting non-toxic additives, optimizing polymer
structures, and engineering products for easy disassembly are key strategies in circular
PVC production. Improved polymer formulations and biodegradable plasticizers enable
repeated recycling without a significant loss of mechanical properties, addressing concerns
about material degradation [87]. This links to the research question regarding the lifecycle
optimisation by presenting design-based solutions for PVC sustainability.

e Extended Producer Responsibility (EPR)

EPR policies transfer the responsibility for post-consumer PVC waste from end-users
to manufacturers, encouraging sustainable material management. By implementing take-
back schemes and promoting recyclable designs, manufacturers help facilitate closed-loop
recycling. The VinylPlus initiative in the European Union is an example demonstrating
how regulatory incentives can drive sustainable industry practices [28,29]. Addressing
the research objective of policy frameworks, this section highlights the role of regulatory
instruments in advancing circular economy principles.

7.3. Circularity Challenges and Barriers

Despite its benefits, transitioning PVC recycling to a circular economy model presents
challenges, which include the following;:
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e  Technological Barriers: Current mechanical recycling methods result in polymer degra-
dation, limiting recycling prospects. Chemical recycling offers a solution but remains
economically unscalable.

e  Regulatory Variability: inconsistent global policies create inefficiencies in cross-border
waste management and hinder large-scale adoption.

e  Market Hesitancy: industries often resist using recycled PVC due to concerns about
quality and processing stability, impacting the demand.

e  Economic Constraints: high capital investment requirements for advanced recycling
infrastructures pose financial risks for smaller enterprises.

This connects to the research question on identifying inefficiencies in existing recycling
systems, offering insight into technical and regulatory barriers impeding circular adoption.

Transitioning to a circular economy model for PVC recycling requires addressing
both technical and policy challenges. The primary barriers include an inadequate waste
collection infrastructure, a lack of standardization in recycling protocols, and consumer
resistance due to perceived quality differences in recycled products [23,41]. Furthermore,
inconsistent regulatory frameworks across regions hinder the development of a unified
recycling strategy.

To mitigate these challenges, policymakers must establish clear guidelines for PVC
recyclability standards, ensuring consistency in the product quality and safety. An increased
investment in public awareness campaigns can also promote consumer trust in recycled
PVC products, facilitating a broader market adoption.

7.4. Opportunities and Benefits for Circularity in PVC Product Lifecycles

Shifting towards closed-loop recycling significantly reduces environmental impacts by
cutting CO, emissions, lowering energy uses, and diverting waste from landfills. Studies
indicate that improved mechanical and chemical recycling systems can reduce greenhouse
gas emissions from PVC production by 30%, highlighting their role in mitigating climate
change [88], addressing the research question concerning environmental impacts and the
effectiveness of recycling strategies.

Advancements such as Al-driven sorting systems, digital twins for process optimisa-
tion, and solvent-based purification techniques improve the PVC recycling efficiency. These
technologies enhance recovery rates, reduce contamination, and enable the production
of higher-quality recycled PVC [58], addressing the research question of how innovative
manufacturing and engineering solutions can enhance recyclability.

7.5. Future Directions in PVC Recycling Innovations

Future research must focus on scaling cost-effective recycling solutions, optimizing ma-
terial designs for repeated use, and integrating regulatory frameworks to standardize PVC
recycling processes globally. Digital technologies, such as block-chains for supply chain
transparency and Al-driven quality control, offer promising pathways for enhancing mate-
rial traceability and efficiency. Strengthening collaboration among industry stakeholders,
policymakers, and researchers will be key in achieving a fully circular PVC industry.

By aligning with circular economy principles, PVC recycling can transition from a
waste-intensive model to a sustainable, resource-efficient system. This section synthesizes
technological and regulatory insights to propose actionable future directions.

Innovations such as smart sorting systems, Al-powered quality control, and blockchain-
based traceability platforms represent potential for revolutionizing PVC recycling. These
technologies can enhance the transparency in material sourcing, reduce contamination risks,
and optimize resource allocation across the recycling value chain. Additionally, further
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research into bio-based additives for PVC formulation could improve its recyclability and
environmental footprint [89].

By aligning technological advancements with circular economy principles, the PVC
industry can achieve long-term sustainability goals while maintaining economic viability.
Strengthening collaborations between researchers, policymakers, and industry stakeholders
will be crucial in driving further innovations in PVC recycling.

This study also underscores the pivotal role of engineering innovations and smart tech-
nologies in transforming PVC recycling practices toward a more sustainable, circular, and
intelligent manufacturing paradigm. By synthesising insights from LCM frameworks [14]
and sustainable manufacturing tools [13], this research presents an interdisciplinary ap-
proach to designing low-carbon, resource-optimised recycling systems.

The key takeaways are as follows:

e  The integration of ontological mapping and LP-based operational models enhances
the system-level understanding of energy and material flows.

e  Desktop manufacturing and devolved supply systems provide viable models for
decentralised PVC recycling infrastructures.

e  Smart tooling and CNC energy flow analytics offer practical benchmarks for machine
performance and environmental compliance.

Future work will also focus on the simulation-based validation of integrated
ontological-operational frameworks and the development of a digital twin system for
real-time lifecycle optimisation in PVC reprocessing facilities. Moreover, the implemen-
tation of sustainable manufacturing matrices will support the continuous performance
assessment of recycling technologies in line with net-zero targets.

7.6. Addressing Gaps and Future Directions in PVC Recycling Innovation

There are areas not adequately explored in the quest for a circular economy through
PVC recycling, such as the use of digital twins and other Industry 4.0 technologies.

Ontology mappings reflect unexplored areas in PVC recycling, which require at-
tention for the sake of providing more insights that could help enhance the drive for a
circular economy.

In addition, Big Data Analysis tools are rarely used in the research related to PVC
recycling, which could have enhanced the viability and reliability of the results obtained
from this research.

8. Current Challenges and Breakthroughs in PVC Recycling
8.1. Material Composition and Complexity

Polyvinyl chloride (PVC) presents significant recycling challenges due to its complex
composition. PVC primarily consists of carbon (55-57%), chlorine (~41%), and oxygen
(2-4%), with the latter often arising from thermal oxidation during processing.

The material’s high additive content, including plasticizers, stabilizers, and pigments,
further complicates recycling processes. Notably, plasticizers such as bis(2-ethylhexyl)
phthalate (DEHP), an endocrine disruptor, have faced regulatory bans due to environmental
and health concerns [41].

The dynamic nature of PVC waste, derived from post-consumer, industrial, and
construction sources, exacerbates recycling challenges [23].

Additionally, its integration into composite products like coated fabrics or natural
fillers, such as rice husk, complicates separation and recycling due to the material incom-
patibility [8,90,91].
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8.2. Technical Limitations in Current Methods

The recycling of PVC is constrained by the technical limitations of current methods.
Mechanical recycling, the most common approach, often results in degraded mechani-
cal properties due to repeated thermal processing, which reduces the melt strength and
compromises the material integrity. This degradation is further exacerbated by the pres-
ence of mixed material streams, making recycled PVC unsuitable for high-performance
applications [92].

Investments in advanced separation techniques for recovering PVC from composites
and innovations in chemical recycling to convert PVC waste into valuable feedstock with a
minimal environmental impact are critical [8,88].

It is necessary to explore the use of Big Data and artificial intelligence in PVC recycling
to enhance existing technologies and improve process efficiency.

8.3. Economic Viability and Market Challenges

Despite its broad applications, PVC recycling faces challenges related to economic
viability and market acceptance. A high energy consumption and inconsistent quality
outputs make recycled PVC less attractive compared to virgin materials [23]. Contaminants,
such as DEHP, complicate recycling processes, leading to increased operational costs and
fluctuating raw material prices [41,47].

Mechanical recycling often results in diminished material properties, discouraging
manufacturers from adopting recycled PVC for high-performance applications. For in-
stance, recycled PVC’s use in flooring products can compromise the mechanical integrity,
creating doubts among manufacturers [8].

Additionally, consumer scepticism regarding the quality and efficacy of recycled PVC
delays market adoption, affecting growth and sustainability goals [88].

9. Conclusions

This study underscores significant advancements in PVC recycling while recognizing
the challenges associated with material quality retention, economic viability, and regula-
tory inconsistencies. By integrating advanced manufacturing technologies and circular
economy strategies, PVC recycling can evolve into a sustainable, resource-efficient system.
Future efforts should prioritize regulatory harmonization, investments in infrastructure,
and the implementation of intelligent manufacturing solutions to drive sustainability in
PVC recycling.

9.1. Summary of Key Findings

The findings of this study indicate that PVC recycling is still undergoing a gradual
yet progressive development. They also show that global cooperation and continuous
research and development are crucial to achieving sustainability and a circular economy.
Encouraging innovative PVC recycling technology could make recycling a widely adopted
global practice with reduced costs in the foreseeable future.

9.2. Policy and Practice Recommendations

The urgency of addressing the enormous PVC waste and its environmental impact
necessitates the formulation or revision of policies and the engagement of governments,
global leaders, manufacturers, and industry stakeholders to rigorously adopt environmen-
tally sustainable practices that benefit health and the environment. It is recommended that
a universal template be adopted globally for policy formulation and implementation, with
some allowances for adjustments to accommodate unique situations in different regions.
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Collective effort appears to be the critical factor underpinning the accomplishment of the
circular economy goal.

9.3. Future Directions for Research and Development

Future research must focus on scaling cost-effective recycling solutions, optimizing
material designs for repeated use, and integrating regulatory frameworks to standardize
PVC recycling processes globally. Digital technologies, such as block-chains for supply-
chain transparency and Al-driven quality control, offer promising pathways to enhance
material traceability and efficiency. A future PVC recycling industry dominated by Al-
assisted smart machines could make circular economy objectives feasible. The ongoing
transition from traditional to innovative PVC recycling methods (such as digitalisation
and integrated engineering) is gradually resolving the scalability and pollution problems
associated with current recycling methods.

By aligning with circular economy principles, PVC recycling can transition from a
waste-intensive model to a sustainable, resource-efficient system.

It is also essential to introduce fermentation bioreactors for microbial PVC degrada-
tion, pursue lifecycle digitalization by means of Al and ontologies to facilitate traceable
sustainability [93], and use modular machines designed for distributed recycling [54]. This
section completes the research objectives by synthesizing technological, regulatory, and
economic insights to propose actionable future directions.
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