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Preface

Welcome to “Resources Conservation, Recycling, and Waste Management”. As you hold this

reprint in your hands, you are embarking on a transformative journey exploring the profound

significance of responsible resource management and its pivotal role in shaping a sustainable future.

Throughout history, humanity has fueled its progress and development by harnessing the

Earth’s resources. However, this relentless pursuit of growth has exacted a toll on our planet.

Excessive consumption, pollution, and the depletion of finite resources have left us grappling with

the urgent need for change. The time has come for a paradigm shift—a resounding call to action to

safeguard our planet for generations to come.

Within the pages of this reprint, we delve into the intricate dimensions of resource conservation,

recycling, and waste management. Drawing upon the expertise and insights of dedicated experts,

researchers, and practitioners, we illuminate the path towards sustainability. Each chapter offers a

holistic view of the subject, covering a diverse array of topics that span various sectors.

As you delve into these pages, you will explore the fundamental principles of resource

conservation. You will discover the significance of reducing our ecological footprint and optimizing

resource allocation, paving the way for a more balanced and efficient use of our planet’s resources.

This reprint also delves deeply into the principles and practices of recycling, revealing the

transformative potential of innovative technologies and processes that can turn waste into valuable

resources. Furthermore, we examine waste management systems, from collection and sorting to

treatment and disposal, emphasizing the importance of responsible waste management practices and

the role of digitalization in mitigating environmental harm.

The topics explored in this reprint are far-reaching, encompassing a wide range of sectors. Our

aim is to empower individuals, communities, and policymakers with the knowledge and strategies

needed to shift from a linear model of resource use to a circular economy. By upholding the principles

of sustainability, efficiency, and equity, we can forge a future where resources are treasured, waste is

minimized, and the delicate balance of our planet is restored.

As you embark on this enlightening journey, I encourage you to approach these topics with an

open mind and a willingness to embrace change. Together, we hold the power to create a world

where responsible resource management is at the forefront of our collective consciousness. Let us

embark on this transformative journey, armed with knowledge, passion, and a deep commitment to

preserving the beauty of our Earth.

Manoj Kumar Nallapaneni, Subrata Hait, Anshu Priya, and Varsha Bohra

Editors
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From Trash to Treasure: Unlocking the Power of Resource
Conservation, Recycling, and Waste Management Practices
Manoj Kumar Nallapaneni 1,2,3,* , Subrata Hait 4 , Anshu Priya 1,5 and Varsha Bohra 6,7,8
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3 Swiss School of Business and Management Geneva, Avenue des Morgines 12, 1213 Genève, Switzerland
4 Department of Civil and Environmental Engineering, Indian Institute of Technology Patna,

Bihta 801106, Bihar, India; shait@iitp.ac.in
5 Centre for Plant and Environmental Biotech, Amity Institute of Biotechnology, Amity University,

Noida 201313, Uttar Pradesh, India
6 Department of Biology, Hong Kong Baptist University, Kowloon Tong, Hong Kong;

bohravarsha11@gmail.com
7 Council of Scientific and Industrial Research (CSIR)–National Environmental Engineering Research Institute,

Nagpur 440020, Maharashtra, India
8 School of Science and Technology, Hong Kong Metropolitan University, Ho Man Tin, Hong Kong
* Correspondence: mnallapan2-c@my.cityu.edu.hk

1. Introduction

“Trash to Treasure” refers to transforming discarded or unwanted items, often consid-
ered trash or waste, into valuable or desirable products. It involves repurposing, upcycling,
or creatively reusing materials typically disposed of in landfills. For instance, repurposing
or upcycling trash can create distinctive and valuable products while reducing the demand
for new raw materials. Various materials can be involved in the Trash to Treasure initiatives;
for example, discarded wood can be transformed into stylish furniture pieces [1], old fabrics
can be repurposed into trendy fashion accessories (Figure 1a) [2], pamphlets in the daily
newspaper into decorative place mat (Figure 1b) [3] or glass bottles can be turned into
decorative vases or lamps [4].
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1. Introduction 
“Trash to Treasure” refers to transforming discarded or unwanted items, often consid-

ered trash or waste, into valuable or desirable products. It involves repurposing, upcy-
cling, or creatively reusing materials typically disposed of in landfills. For instance, repur-
posing or upcycling trash can create distinctive and valuable products while reducing the 
demand for new raw materials. Various materials can be involved in the Trash to Treasure 
initiatives; for example, discarded wood can be transformed into stylish furniture pieces 
[1], old fabrics can be repurposed into trendy fashion accessories (Figure 1a) [2], pam-
phlets in the daily newspaper into decorative place mat (Figure 1b) [3] or glass bo les can 
be turned into decorative vases or lamps [4]. 

 
(a) 

 
(b) 

Figure 1. (a). Jean into a trendy tote bag (Picture Credits: iHanna) [2]; (b). Pamphlets in the daily 
newspaper into decorative placemats (Picture Credits: Dollar Store Crafts) [3]. 

Like the ones said above and the ones seen in Figure 1, there are many possible op-
tions, but all these fall under general examples; nevertheless, when we talk from an ad-
vanced scientific angle, we can create much more valuable products, such as food waste 
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Figure 1. (a). Jean into a trendy tote bag (Picture Credits: iHanna) [2]; (b). Pamphlets in the daily
newspaper into decorative placemats (Picture Credits: Dollar Store Crafts) [3].

Like the ones said above and the ones seen in Figure 1, there are many possible options,
but all these fall under general examples; nevertheless, when we talk from an advanced
scientific angle, we can create much more valuable products, such as food waste to value-
added products like biosurfactants [5], plastic waste to activated carbons [6], spent batteries
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into buffer storage units for emergency purposes or stationary energy storage in variety of
application [7,8] and others like this. This way, Trash to Treasure promotes sustainability,
resourcefulness, and environmental consciousness. Additionally, when we look at the Trash
to Treasure projects with more profound thought, they promote environmental sustainabil-
ity and encourage creativity, craftsmanship, and entrepreneurship [2–5]. Overall, Trash to
Treasure represents a shift toward embracing sustainability, encouraging resourcefulness,
and fostering a culture of various activities that broadly fall under a circular economy.
However, for such transformation to become a new normal, we must unlock the power of
resource conservation, recycling, and waste management practices.

“Resource Conservation, Recycling, and Waste Management” are interconnected practices
that aim to reduce the consumption of resources by promoting the reuse and recycling
of materials and effectively managing waste to minimize environmental impact, enable
sustainable development, conserve energy, offer economic benefits, promote climate change
adaptation and mitigation techniques, and promote public health and safety. As a result,
the importance of resource conservation, recycling, and waste management cannot be ignored in
today’s world. Hence, to understand how the solutions related to Trash to Treasure are being
proposed and practiced, we opened a Special Issue titled “Resource conservation, Recycling,
and Waste Management”, calling for contributions (www.mdpi.com/journal/sustainability/
special_issues/Resources_Conservation_Recycling_Waste_Management, accessed 11 August
2023). The response was positive with a wide range of contributions; based on which we (the
editors) carried out a discussion (Section 2), paving the way for some actions, that we listed
(in Section 3) as a call-to-action for individuals, call-to-action for industries/corporates, and
call-to-action for governments and policymakers for better realization and implementation
of Trash to Treasure initiatives by unlocking the power of resource conservation, recycling,
and waste management.

2. Resource conservation, Recycling and Waste Management

The Special Issue “Resource conservation, Recycling, and Waste Management” includes
fifteen insightful contributions covering different aspects of sustainable development
achieved through efficient approaches, and the gist of all the contributions is summarized
categorically in Sections 2.1–2.3 below.

2.1. Resource conservation

Resource conservation refers to the awareness and application of practices to pre-
serve and manage natural resources sustainably. It involves recognizing the finite na-
ture of resources and the need to protect them for the benefit of current and future
generations [9]. This Special Issue attracted few studies that fall under these condi-
tions; for instance, the article “Combined Effects of Biochar and Inhibitors. . .” (https://www.
mdpi.com/2071-1050/15/7/6100, accessed on 10 August 2023) highlights the potential
of combined effects of biochar and inhibitors like nitrification inhibitors (methyl 3-(4-
hydroxyphenyl) propionate), and urease inhibitors (n-butyl phosphorothioate triamine)
on greenhouse gas (GHG) emissions, global warming potential and nitrogen use effi-
ciency in roasted tobacco cropping systems as adequate soil GHG mitigation strategies in
agroecosystems. Further, there was a significant increase in the crop yield and nitrogen
uptake potential. The study could be a valuable and practical option for improving crop
yield and mitigating climate change, thereby boosting sustainable agriculture. There is
another article “Developing a Sustainable Omnichannel Strategic Framework toward Circular
Revolution. . .” (https://www.mdpi.com/2071-1050/14/18/11578, accessed on 10 August
2023) that empirically examined the relationship between the quality of integration (INQ)
and brand loyalty (BL), perceived quality (PQ), Brand awareness (BAW), brand associa-
tion and brand equity (BE) in the context of Omnichannel Marketing (OM). This study
brings a conceptual extension to the literature on omnichannel strategies, INQ and OM.
In contrast, they presented the necessary reasons for managers to provide INQ in an
omnichannel environment to increase brand equity with an empirical application. This
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study could benefit brand owners, managers, and marketers by showing how to set up
the omnichannel system toward a circular revolution. Another article, “A Critical Assess-
ment on Functional Attributes and Degradation Mechanism of Membrane Electrode Assembly. . .”
(https://www.mdpi.com/2071-1050/13/24/13938, accessed on 10 August 2023), discussed
direct methanol fuel cells (DMFC), a subset of polymer electrolyte membrane fuel cells
(PEMFC) that possess benefits such as fuel flexibility, reduction in plant balance, and
benign operation. The DMFCs have the potential to play an essential role in the future,
specifically in replacing lithium-ion batteries (LiBs) for able and military applications. In-
adequate reliability can potentially impede the commercialization of DMFCs. Therefore,
the present article aims to assess the general degradation mechanism of MEA components
of DMFCs with the basic structured procedure while excluding the system modeling and
quantitative/qualitative analysis. Another article, “Increased Digital Resource Consump-
tion in Higher Educational Institutions. . .” (https://www.mdpi.com/2071-1050/14/4/2377,
accessed on 10 August 2023), is a novel study in a sense that it assesses the role of artifi-
cial intelligence (AI) as a booming technology, for understanding student behavior and
evaluating their performance. The article discusses an AI-based analytics tool, the Random-
Forest-based classification model, which can predict student performance early in their
courses by allowing for early intervention. The study has very strong practical implications
in forecasting the behavioral elements of teaching and e-learning for students in virtual
education systems.

2.2. Recycling

Recycling is collecting, sorting, processing, and transforming used or discarded materi-
als into new products or raw materials. It involves converting waste materials into reusable
resources, thereby reducing the need for extracting and manufacturing new materials
from virgin sources [10]. It’s important to note that the recyclability of materials can vary
depending on factors such as local recycling infrastructure, market demand, and the spe-
cific composition of the materials [11]. Following local recycling guidelines and practices
ensures effective and efficient recycling processes [10,11]. This Special Issue attracted a few
studies that fall under these conditions; for instance, the article “. . . Clean Energy Vehicles
in Japan Considering Copper Recycling” (https://www.mdpi.com/2071-1050/15/3/2113,
accessed on 10 August 2023) deals with the scope of introduction of clean energy vehicles
(CEV) in the transportation sector to achieve carbon neutrality. The research highlights
the need for strategies and policies that consider metal resources recycling and supply
constraints in addition to factors such as carbon dioxide (CO2) emissions during CEV
promotion. The optimization model used in this study provides valuable insights into
the sustainable consumption of copper resources through recycling and reducing CO2
emissions. Another article, “Development, Critical Evaluation, and Proposed Framework: End-
of-Life Vehicle Recycling. . .” (https://www.mdpi.com/2071-1050/14/22/15441, accessed
on 10 August 2023), deals with end-of-life vehicle (ELV) recycling for sustainable devel-
opment. This study has been performed through a mixed-method approach: a literature
and policy review accompanied by detailed structured interviews with major stakeholders
and industrial visits. This investigation reveals that India’s ELV recycling system is em-
bryonic and struggling against numerous inherent impediments. This research could be
beneficial in assisting the government in implementing regulatory and legal frameworks.
Another article, “Development of a Reverse Logistics Modeling for End-of-Life Lithium-Ion
Batteries. . .” (https://www.mdpi.com/2071-1050/14/22/15321, accessed on 10 August
2023), discusses spatial modeling framework to quantify the environmental and economic
effects of the expansion of the supporting infrastructure network for electric vehicle (EV)
end-of-life LiBs management and sustainable recycling in Canada. The reverse logistics
study presented in the manuscript integrates the geographic information system, mate-
rial flow analysis for estimating the availability of spent LiBs stocks, and the life cycle
assessment approach to assess the environmental impact. Along similar lines, an insight-
ful article, “An Assessment of Drivers and Barriers to Implementation of Circular Economy

3
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in the ELV Recycling. . .” (https://www.mdpi.com/2071-1050/14/20/13084, accessed on
10 August 2023), highlighted the impediments and drivers regarding implementing circular
economy in India’s ELV recycling sector in India. According to the research, economic
viability, environmental degradation, and global agenda are the three leading primary
drivers. In contrast, limited technology, financial constraints, and lack of knowledge
and expertise are significant barriers that thwart circular economy implementation in
India’s ELV recycling sector. This study could be constructive in assisting the Indian
authorities in devising appropriate policies and strategies for developing a regulatory
and legal framework conducive to both circular economy and sustainability. In another
article, “Recent studies and technologies in the separation of polyvinyl chloride for resources
recycling. . .” (https://www.mdpi.com/2071-1050/15/18/13842, accessed on 13 August
2023), researchers try to manage the plastic waste containing polyvinyl chloride (PVC),
which is often destined for landfills as it poses particular difficulties for thermal treatment
because of its additives, such as chloride (Cl–), which can negatively impact the refractory
materials used in boilers. However, recognizing the value of PVC in PVC-bearing mixed
plastics as a valuable resource, the authors focused on understanding the technologies for
separating the PVC. Their systematic review stressed various technologies such as selective
comminution, gravity separation, magnetic separation, electrical separation, flotation, and
other advanced technologies such as sorting and density-surface-based separation. They
also mentioned that, out of all these, flotation seems to be a widely used method for PVC
separation from mixed plastic, thus promoting mixed plastic waste recycling.

2.3. Waste Management

Waste management strategies refer to the approaches and practices used to handle
and manage waste in an environmentally responsible and sustainable manner. These
strategies aim to minimize waste generation, maximize resource recovery, and reduce
the negative impacts of waste on human health and the environment [12]. This Special
Issue attracted few studies that fall under these conditions, for instance the article “Adsorp-
tion of Fatty Acid on Beta-Cyclodextrin. . .” (https://www.mdpi.com/2071-1050/15/2/1559,
accessed on 10 August 2023), focuses on the role of β-cyclodextrin (β-CD) functionalized
cellulose nanofiber (CNF) to adsorb the long chain fatty acids (LCFA), palmitic acid. The
adsorption kinetics and isotherms were also elucidated to describe the adsorption behav-
ior precisely. The study has practical implications in wastewater treatment for removing
LCFAs from the wastewater. Another article on “COVID-19 Biomedical Plastics Wastes. . .”
(https://www.mdpi.com/2071-1050/14/11/6466, accessed 10 August 2023) discussed
the steep rise in plastic waste and management of biomedical plastic waste generated
because of COVID-19 outbreak. The article elaborates on the issues of safe biomedical
plastic waste disposal strategies. The article explicitly highlights the measurement of en-
vironmental issues in terms of plastic waste footprint and the strategy for safe disposal.
The article also discusses sustainable techniques to reduce plastic waste and the need
for incorporating Personal protective equipment (PPE) management policies into fiscal
policies, to encourage green technology and find and implement safer practices. Another
article, “Heavy Metal, Waste, COVID-19, and Rapid Industrialization in This Modern Era. . .”
(https://www.mdpi.com/2071-1050/14/8/4746, accessed on 10 August 2023), presents a
comparative valuation of the COVID-19 pandemic, heavy metal, waste and their effect on
the atmosphere, humans, and economy. The review article highlights poor waste manage-
ment practices and environmental and health disasters due to COVID-19-generated waste.
Further, the article emphasizes the need for future studies on new policies for waste man-
agement, pollution monitoring, and waste recycling. Another article, “Exploring Industry-
Specific Research Themes on E-Waste. . .” (https://www.mdpi.com/2071-1050/15/16/12244,
accessed on 10 August 2023), did a thorough literature search on e-waste literature contribu-
tions in MDPI Sustainability journal to identify the prominent research themes, publication
trends, research evolution, research clusters, and industries related to e-waste through
descriptive analysis. The study gave four major research themes and clusters: closed-
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loops supply chains, e-waste, sustainable development, and waste electrical and electronic
equipment. Overall, this review can be a foundation for subsequent scholarly pursuits
toward e-waste management and fresh lines of inquiry for the journal to focus further
scientific collection in this field. In another article, “A Bibliometric Analysis of Sustainable
Product Design Methods from 1999 to 2022. . .” (accessed 10 August 2023), researchers ex-
plored the importance of effective product design strategies in promoting sustainable
production, consumption, and disposal practices. They mainly highlighted the challenges
of determining the most effective design approaches from a sustainability point of view
to identify the current research trends, progress, and disparities between China and the
rest of the world. They observed that the Chinese studies emphasized digital-driven devel-
opment, rural revitalization, and system design. On the other hand, research from other
countries highlighted a circular economy, distribution, additive manufacturing, and artifi-
cial intelligence. Notably, Chinese and international studies lacked quantitative research
methods concerning socio-cultural sustainability. Another article, “Leveraging Blockchain
and Smart Contract Technologies to Overcome Circular Economy Implementation Challenges”
(https://www.mdpi.com/2071-1050/14/15/9492, accessed on 10 August 2023), is some-
thing different than other articles published in this Special Issue, which provided an
appropriate digital solution for circular economy (CE) implementation. The article presents
a thorough investigation of challenges under five barrier categories, Technological, Finan-
cial, Infrastructural, Institutional, and Societal, to address CE challenges and solutions
to challenges raised in the earlier information and communication technologies-based
solutions for CE. This perspective further explores the role of blockchain smart contract
technology in overcoming CE challenges and presents a circular economy blockchain (CEB)
architecture development.

3. Call-to-Action

Based on the Special Issue contributions discussion in Section 2, we can argue that
research related to resource conservation, recycling, and waste management practices is
extensively happening on various waste products or resources and the systems or processes
surrounded by them across different sectors of society. However, when we see things from
deeper insights, many of these Trash to Treasure activities are still in the early stages, at
least in the global south. In contrast, there are many instances of greenwashing in the
name of waste management and sustainable transition in the global north. So, as a best
practice, with this editorial, we came up with call-to-action (CtA) statements, which are
directives that encourage or prompt individuals or groups to take a specific course of
action. In our context, CtA serves as an invitation, urging people to participate, engage, or
support initiatives or movements in Trash to Treasure activities by unlocking the power of
resource conservation, recycling, and waste management. A well-crafted CtA should be
action-oriented; that is what we did here, see Boxes 1–4.

Box 1. Call-to-action for Researchers and Academicians.

Call-to-action initiatives for researchers and academicians to realize resource conservation, recycling,
and waste management are crucial for generating knowledge, innovation, and evidence-based
solutions. Here are some key initiatives that researchers and academicians can undertake:

Conduct Research on Sustainable Practices: Research to explore and analyze sustainable practices in
resource conservation, recycling, and waste management. Investigate waste reduction strategies,
recycling technologies, circular economy models, and the environmental impacts of different
waste management approaches. Generate knowledge that can inform policies, practices, and
technological advancements.
Develop Innovative Technologies: Focus on developing innovative technologies and processes that
improve resource conservation, recycling, and waste management. This can include advancements
in recycling techniques, waste-to-valuable materials, waste-to-energy conversion, waste sorting
and separation methods, and sustainable materials design. Collaborate with industry partners,
gov-ernment agencies, and other stakeholders to translate research into practical applications.
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Box 1. Cont.

Collaborate in Interdisciplinary and Transdisciplinary Projects: Foster collaboration among researchers
and academicians from various disciplines to address the complex challenges of resource conserva-
tion, recycling, and waste management. Encourage interdisciplinary and transdisciplinary projects
integrating engineering, environmental science, social sciences, economics, and policy studies
ex-pertise. This can lead to holistic and comprehensive solutions.
Share Knowledge and Best Practices: Publish research findings in academic journals and share knowl-
edge through conferences, seminars, news articles, and workshops. Disseminate information on
best practices, case studies, and successful waste management initiatives.
Engage with Stakeholders: Collaborate with stakeholders, including government agencies, NGOs,
industry representatives, and communities, to understand their needs, challenges, and perspectives.
Engage in participatory research approaches that involve stakeholders in problem-solving, deci-
sion-making, and implementing sustainable waste management practices.
Educate and Mentor Students: Integrate resource conservation, recycling, and waste management
topics into academic curricula across various disciplines. Educate students about the importance of
sustainability and equip them with the knowledge and skills needed to contribute to sustainable
waste management practices. Mentor students in research projects focused on waste management
and encourage them to pursue careers in the field.
Policy and Advocacy: Engage in policy discussions and advocacy efforts related to resource conser-
vation, recycling, and waste management. Provide expert input to policymakers, contribute to
developing evidence-based policies, and advocate for sustainable practices at local, national, and
international levels.
Foster Industry-Academia Collaboration: Collaborate with industry partners to bridge the gap
between research and practice. Work together to develop and implement sustainable waste man-
agement solutions, test new technologies, and conduct pilot projects. Facilitate knowledge transfer
and technology transfer to ensure research outcomes have real-world impact.
Continuous Learning and Improvement: Stay updated with the latest advancements, technologies,
and best practices in resource conservation, recycling, and waste management. Foster a culture
of con-tinuous learning and improvement within academic institutions. Encourage collaboration
among researchers through conferences, seminars, and research networks to share experiences and
learn from each other.
Influence Research Funding Priorities: Advocate for research funding priorities that support resource
conservation, recycling, and waste management. Engage with funding agencies, policymakers, and
research councils to emphasize the importance of research in these areas and secure funding for
innovative projects.

Box 2. Call-to-action for Individuals.

Call-to-action initiatives for individuals in realizing resource conservation, recycling, and waste
management are essential for promoting sustainable practices at the individual level. Here are some
key initiatives individuals can take:

Practice Reduce, Reuse, Recycle: Practice the three R’s of waste management. Reduce waste by
avoiding unnecessary packaging, opting for reusable products, and buying only what is needed.
Reuse items whenever possible, such as using refillable water bottles, bringing your shopping bags,
and donating or selling items instead of throwing them away. Finally, recycle materials accepted in
your local recycling program to ensure they are properly processed and turned into new products.
Separate and Sort Waste: Properly segregate waste at home by separating recyclable materials, such
as paper, plastic, glass, and metal, from non-recyclable items. This makes it easier for recycling
facilities to process and recover valuable resources.
Composting: Establish a composting system for organic waste, such as fruit and vegetable scraps,
yard trimmings, and coffee grounds. Composting helps reduce the amount of waste sent to landfills
while producing nutrient-rich compost that can be used in gardens or landscaping.
Responsible Consumption: Make conscious choices when purchasing products. Consider the environ-
mental impact of the items you buy, such as their packaging, durability, and recyclability. Opt for
products made from recycled materials or those with minimal packaging.
Energy Conservation: Conserve energy by practicing energy-efficient habits. Turn off lights when not
in use, unplug electronics when they are not being used, use energy-efficient appliances, and adjust
thermostats for optimal energy use. Energy conservation reduces the demand for fossil fuels and
helps mitigate climate change.
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Box 2. Cont.

Educate Yourself : Stay informed about your community's waste management practices, recycling
guidelines, and resource conservation initiatives. Familiarize yourself with local recycling programs,
collection schedules, and guidelines to ensure proper waste disposal.
Spread Awareness: Share your knowledge and enthusiasm for resource conservation and waste
management with others. Encourage friends, family, and colleagues to adopt sustainable practices
and participate in recycling programs. Organize community events, workshops, or educational
campaigns to raise awareness about the importance of recycling and waste reduction.
Support Recycling Infrastructure: Advocate for and support the development of recycling infrastruc-
ture in your community. Engage with local authorities, businesses, and organizations to promote
the expansion of recycling programs, collection centers, and facilities.
Participate in Clean-up and Recycling Initiatives: Get involved in local clean-up events and recycling
drives. Join community efforts to clean up parks, beaches, and other public spaces while promoting
recycling and proper waste disposal.
Engage in Policy Advocacy: Support policies and regulations that promote resource conservation,
recycling, and waste management. Stay informed about relevant legislation and advocate for
initiatives prioritizing local, regional, and national sustainable practices.

Box 3. Call-to-action for Industries/Corporates.

Call-to-action initiatives for industries/corporates in realizing resource conservation, recycling, and
waste management are crucial for promoting sustainable practices at a larger scale. Here are some
key initiatives that industries and corporations can undertake:

Implement Sustainable Supply Chains: Evaluate and optimize supply chains to minimize waste
generation and resource consumption. Incorporate sustainable practices such as sourcing materials
from responsible suppliers, reducing packaging waste, and promoting the use of recycled or
renewable materials.
Adopt Circular Economy Principles: Embrace the principles of the circular economy by designing
products for durability, repairability, and recyclability. Implement strategies such as product take-
back programs, remanufacturing, and incorporating recycled content into new products.
Waste Reduction and Recycling Programs: Establish comprehensive waste reduction and recycling
programs within the organization. Set ambitious waste reduction targets, promote waste segregation
and sorting, and invest in efficient recycling infrastructure. Encourage employees to actively
participate in recycling and waste management initiatives.
Resource Efficiency and Conservation: Implement measures to optimize resource efficiency, such as
energy-efficient technologies, water conservation practices, and waste minimization strategies.
Conduct regular audits to identify areas for improvement and implement energy-saving initiatives
throughout operations.
Adopt Life Cycle Assessments: Conduct life cycle assessments (LCAs) to analyze the environmental
impacts of products and processes. Use the results to identify opportunities for waste reduction,
resource conservation, and environmental improvements throughout the supply chain.
Collaboration and Partnerships: Collaborate with suppliers, customers, and other stakeholders to
promote sustainability and waste management initiatives. Engage in partnerships to develop
innovative recycling, waste reduction, and resource conservation solutions.
Employee Education and Engagement: Educate employees about the importance of resource conserva-
tion, recycling, and waste management. Provide training on waste reduction practices, recycling
guidelines, and the organization’s sustainability goals. Encourage employee participation through
recognition programs, incentives, and internal communication channels.
Transparent Reporting: Provide transparent and accurate reporting on waste generation, recycling
rates, and resource conservation efforts. Publicly disclose sustainability performance to stakeholders,
shareholders, and customers. Use sustainability reports to demonstrate progress and set future targets.
Extended Producer Responsibility (EPR): Take responsibility for the entire life cycle of products by imple-
menting EPR programs. Develop strategies to collect, recycle, or safely dispose of products at the end of
their life, ensuring their proper management and reducing the burden on waste management systems.
Innovation and Research: Invest in research and development to explore innovative technologies and
processes that promote resource conservation and waste management. Support initiatives that enhance
recycling capabilities, develop new recycling methods, and improve the recyclability of materials.
Advocacy and Policy Engagement: Engage in advocacy efforts to support policies and regulations that
promote sustainable practices, resource conservation, and waste management. Collaborate with
industry associations and organizations to influence and shape policies that drive sustainability.
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Box 4. Call-to-action for Governments and Policy Makers.

Call-to-action initiatives for governments and policymakers in realizing resource conservation,
recycling, and waste management are crucial for creating an enabling environment and driving
systemic change. Here are some key initiatives that governments and policymakers can undertake:

Develop Comprehensive Waste Management Policies: Establish comprehensive waste management
policies prioritizing waste reduction, recycling, and resource conservation. Set clear targets and
timelines for waste diversion, recycling rates, and landfill reduction. Ensure alignment with inter-
national best practices and commitments.
Strengthen Legislative Frameworks: Enact and enforce legislation that supports sustainable waste
management practices. This includes regulations on waste segregation, recycling requirements,
EPR, and landfill restrictions. Strengthen penalties for illegal dumping and improper waste
disposal practices.
Promote and Implement EPR Programs: Implement EPR programs that hold producers responsible
for the entire life cycle of their products, including post-consumer waste management. Encourage
producers to design products for recyclability, establish take-back systems, and support recycling
infrastructure development.
Invest in Recycling Infrastructure: Allocate resources and funding to develop and enhance recycling
infrastructure, including collection systems, sorting facilities, and recycling plants. Support the
es-tablishment of recycling hubs and material recovery facilities to enable efficient and effective
recy-cling processes.
Provide Incentives and Support Mechanisms: Offer financial incentives, tax breaks, grants, and subsidies
to businesses and industries that adopt sustainable waste management practices, invest in recycling
technologies, and reduce waste generation. Support research and development efforts focused on
waste management innovation.
Foster Public-Private Partnerships: Facilitate partnerships between the government, private sector,
and civil society organizations to promote collaboration and knowledge sharing. Encourage
joint initiatives to develop sustainable waste management solutions, share best practices, and
leverage resources.
Education and Awareness Campaigns: Implement public education and awareness campaigns to inform
citizens about the importance of resource conservation, recycling, and waste management. Guide
proper waste segregation, recycling practices, and the benefits of sustainable waste management.
Promote behavior change through targeted messaging and community engagement.
Support Research and Innovation: Invest in research and development to explore new technologies,
processes, and materials that enhance recycling capabilities, improve waste management practices,
and promote resource efficiency. Support pilot projects and innovation centers focused on waste
management and recycling.
International Cooperation and Knowledge Exchange: Foster international cooperation and knowledge
exchange on best practices, policies, and technologies for waste management. Partner with other
countries and international organizations to share experiences, collaborate on research, and pro-
mote global solutions.
Monitoring and Reporting: Establish monitoring and reporting systems to track progress toward
waste management targets and evaluate the effectiveness of policies and initiatives. Regularly
publish reports on waste generation, recycling rates, and resource conservation efforts to promote
transparency and accountability

4. Conclusions

Overall, this editorial argues that we will all see a new normal in the Trash to Treasure
initiatives in the near future as the knowledge around this subject is increasing and widely
accepted, of course, with some uncertainties. However, it can also be understood that
realizing this new normal is not easy without unlocking the power of resource conservation,
recycling, and waste management practices, in which the actions that stakeholders of society
should follow play an important role. For instance, researchers and academicians under-
taking CtAs can contribute significantly to advancing resource conservation, recycling,
and waste management. Their work can drive innovation, inform policies, and provide
evidence-based solutions to address the environmental challenges associated with waste
and resource management. Individuals undertaking CtAs can be significant in realizing
resource conservation, recycling, and waste management. Collectively, these actions can
substantially impact conserving resources, reducing waste, and protecting the environment
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for future generations. Similarly, industries/corporations undertaking CtAs can make
significant strides in realizing resource conservation, recycling, and waste management.
By integrating sustainability into their operations, they can reduce environmental impacts,
enhance their reputation, and contribute to a more circular and sustainable economy. Lastly,
when Governments and policymakers undertaking the CtAs can create an enabling environ-
ment for resource conservation, recycling, and waste management. They can drive systemic
change, set the direction for sustainable practices, and ensure the long-term well-being of
communities and the environment.
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Abstract: Biochar (BC), nitrification inhibitors (methyl 3-(4-hydroxyphenyl) propionate, MHPP),
and urease inhibitors (n-butyl phosphorothioate triamine, NBPT) have emerged as effective soil
greenhouse gas (GHG) mitigation strategies in agroecosystems. However, the combined use of BC
and inhibitors in karst areas has no available data. Therefore, the combined effects of BC, MHPP, and
NBPT on GHG emissions, global warming potential (GWP) and nitrogen use efficiency (NUE) in
roasted tobacco cropping systems were studied to improve the understanding in climate mitigation.
CO2, CH4, and N2O emissions from soils were measured using static chamber-gas chromatography.
Results showed that the combined use of BC and inhibitors significantly increased soil total nitrogen,
available potassium, electric conductivity, pH, and soil organic matter compared to the control. The
combined use of BC and MHPP or NBPT significantly increased cumulative soil CO2 emissions by
33.95% and 34.25%, respectively. The exponential–exponential function of soil CO2 fluxes with soil
moisture and temperature demonstrated good fit (R2: 0.506–0.836). The combination of BC and
NBPT increased the cumulative soil CH4 emissions by 14.28% but not significantly compared to the
fertiliser treatment. However, the combination of BC and MHPP resulted in a significant reduction in
cumulative soil CH4 emissions by 80.26%. In addition, the combined use of BC and MHPP or NBPT
significantly reduced the cumulative soil N2O emissions by 26.55% and 40.67%, respectively. The
inhibition effect of NBPT was better than MHPP. Overall, the combined use of BC and inhibitors
significantly reduced the yield-scaled GWP, markedly increased crop yield and NUE, and mitigated
climate change in the southwest karst region.

Keywords: biochar; nitrification inhibitor; urease inhibitor; greenhouse gas; global warming potential;
nitrogen use efficiency

1. Introduction

Terrestrial ecosystem emissions have dramatically increased atmospheric CO2, CH4,
and N2O, which contribute to global warming [1]. Since 2010, atmospheric greenhouse
gas (GHG) concentrations have continued to increase; in 2017, the annual average concen-
trations of CO2, CH4, and N2O reached 410.53, 1853, and 328.9 mm3/m3, respectively [2].
Consequently, effective measures to change agricultural management programmes to
mitigate GHG emissions are urgently needed.

The following effective field measures are currently recommended to reduce GHG
emissions without decreasing crop yields: biochar (BC) amendments [3] and dual-inhibitor
applications [4]. BC is a highly aromatic carbon sequestration material produced by
pyrolytic carbonisation of biomass under anoxic or oxygen-limited conditions [5]. BC is
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rich in N, P, and K and has high pH, high porosity, large specific surface area, high carbon
content, high cation exchange capacity, and high thermal stability [6]. Some studies have
shown that BC has a relatively low turnover rate and may survive in the soil for more than
100 years [7]. Therefore, if BC interacts with the soil for a long time, then it can be used as a
means to mitigate climate change by enhancing soil carbon sequestration [8]. The carbon
sequestration pathways of BC include the conversion of readily decomposable plant carbon
to stable BC, increased capability of plants to capture atmospheric CO2 due to increased
biomass, and inhibition of decomposition of readily decomposable soil organic carbon [9].
Simultaneously, the application of BC may impact soil CO2 emissions by changing soil
structure, cation exchange, enzyme activity, and microbial communities [10]. Numerous
studies have shown that soil GHG emissions are reduced with BC addition. Agegnehu et al.
(2016) found that the BC treatment group had significantly lower GHG emissions than
the control group [11]. Xie et al. (2013) found that replacing straw amendments with BC
reduced CH4 emissions and increased soil organic carbon storage [12]. However, several
studies have shown that BC amendments are ineffective and may even promote GHG
emissions. For example, Zhang et al. (2010) found that BC significantly increased CH4
emissions [13]. In addition, the application of BC at high rates increased CO2 and N2O
emissions from forest soils [14]. The effect of BC on soil GHG emissions depends on many
factors, such as feedstock, pyrolysis temperature, and BC application rate, according to a
series of meta-analyses [15,16]. Furthermore, environmental conditions, such as soil texture,
fertiliser application, and climate change, can affect GHG emissions from BC-applied
soils [17].

Moreover, urease and nitrification inhibitors are frequently used in soil amendments.
Studies have shown that nitrification inhibitors decrease N2O generation by directly lower-
ing nitrification and indirectly reducing denitrification of NO3

− [18,19]. Urease inhibitors
diminish the concentration of NH4

+ in the soil and the likelihood of N2O volatilisation by
retarding the conversion of NH4

+ [20]. Zaman et al. (2008) observed that the application of
inhibitors significantly reduced N2O emissions and NO3

− leaching [21]. A meta-analysis
showed that nitrification inhibitors reduce direct N2O emissions by 44% [22]. However,
inconsistent results have also been discovered with urease and nitrification inhibitors in
the reduction of N losses. Lam et al. (2018) found that the application of urease inhibitors
in acid soils increased N2O emissions by 17% [23]. In addition, the effects of urease and
nitrification inhibitors on soil CH4 emissions are variable because they may increase CH4
emissions, enhance CH4 oxidation, or have no impact at all [24,25]. These different results
may be attributable to soil type, inhibitor type, inhibitor application rate, and application
method [26,27]. Meanwhile, in crop nitrogen (N) transformation and utilisation, the use
of nitrification and urease inhibitors significantly increased crop yields and promoted N
uptake [28].

Studies recently found that the combined application of BC and inhibitors is more effec-
tive than single applications in mitigating GHG emissions and improving crop yields [29,30].
Most of these studies were conducted on agricultural land and focused on food crops, such
as maize, rice, and wheat, with minimal research on cash crops, such as tobacco [31,32]. In
southwest China, namely, the karst area, tobacco is a significant cash crop [33]. Karst areas
are known to be highly susceptible to soil degradation caused by human activities [34],
whilst the unique geological environment and climatic circumstances of karst areas consti-
tute an important production prerequisite for high-quality tobacco. The application of BC
and inhibitors to the soil can increase soil carbon sink, promote soil fertility, and mitigate cli-
mate change. Therefore, investigating the combined effects of BC, urease, and nitrification
inhibitors on soil GHG fluxes in roasted tobacco cropping systems in karst areas is crucial.
Given the uncertainty of the combined effects of BC, methyl 3-(4-hydroxyphenyl) propi-
onate (MHPP), and n-butyl phosphorothioate triamine (NBPT) on GHG emissions from
the soil, a full accounting of the global warming potential (GWP) of soil GHG emissions is
necessary during assessment of their climate impact in karst areas. A field experiment was
set up using static chamber-gas chromatography (GC) techniques in the roasted tobacco
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cropping system in karst areas to simultaneously measure soil CO2, CH4, and N2O fluxes.
This study aimed to understand the combined effects of BC and MHPP or NBPT on soil
GHG emissions from roasted tobacco cropping systems in karst areas and those on crop
production and N conversion.

2. Material and Methods
2.1. Experimental Site

The field trial was conducted at the Pingba Tobacco Experimental Base of the Guizhou
Academy of Tobacco Science (26◦26′193′′ N, 106◦14′166′′ E; 1391 m above sea level). The
region has a typical subtropical humid monsoon climate with an annual average tempera-
ture of 14.5 ◦C and an annual average precipitation of 122 mm. Referring to the Genetic
Soil Classification of China, the soil in this study was yellow soil. The soil texture of the site
was clay loam. Table 1 lists the basic properties of the different treatments.

Table 1. Effect of BC, MHPP, and NBPT on soil properties.

T1 T2 T3 T4

pH 6.58 ± 0.15 b 6.47 ± 0.02 b 7.04 ± 0.09 a 6.94 ± 0.17 a

EC (µS/cm) 151.73 ± 33.42 c 388.67 ± 74.57 b 881.67 ± 52.37 a 895.00 ± 86.26 a

TC (g/kg) 19.19 ± 0.89 a 19.19 ± 1.77 a 21.49 ± 2.60 a 20.18 ± 2.34 a

TN (g/kg) 1.76 ± 0.12 b 1.83 ± 0.04 b 2.26 ± 0.16 a 2.07 ± 0.10 a

TP (g/kg) 0.92 ± 0.06 a 1.03 ± 0.05 a 1.07 ± 0.02 a 0.96 ± 0.03 a

TK (g/kg) 13.83 ± 0.83 a 14.37 ± 0.76 a 12.17 ± 0.78 b 11.67 ± 0.71 b

AN (mg/kg) 123.08 ± 6.94 b 146.43 ± 5.91 a 143.89 ± 19.65 ab 133.97 ± 11.61 ab

AP (mg/kg) 13.14 ± 3.89 b 23.94 ± 3.40 ab 27.43 ± 9.72 a 20.51 ± 5.44 ab

AK (mg/kg) 289.29 ± 122.78 b 467.88 ± 72.14 b 1382.41 ± 328.31 a 1042.48 ± 138.50 a

SOM (g/kg) 31.20 ± 4.50 b 29.66 ± 5.91 b 45.23 ± 2.07 a 41.48 ± 6.17 a

T1, T2, T3, and T4 represent CK-, F-, F + BC + MHPP-, and F + BC + NBPT-amended soils, respectively. EC:
electric conductivity; TC: total carbon content; TN: total nitrogen content; TP: total phosphorus content; TK:
total potassium content; AN: rapid-acting nitrogen content; AP: effective phosphorus content; AK: rapid-acting
potassium content; SOM: soil organic matter content. Different letters within the line indicate significant differences
between treatments at p < 0.05.

2.2. Field Experiments

The experiment was conducted in a completely randomised block design with three
replicated four-treatment field trials. In April 2022, roasted tobacco-specific fertiliser, BC,
nitrification inhibitor (MHPP), and urease inhibitor (NBPT) were uniformly mixed into
the 0–20 cm soil layer and applied at 675 kg/ha, 20 t/ha, 13.5 kg/ha, and 337.5 g/ha,
respectively. The treatment settings were as follows:

(1) T1: No fertiliser application (CK);
(2) T2: Single application of special fertiliser for roasted tobacco (F);
(3) T3: Special fertiliser for roasted tobacco (F) + biochar (BC) + nitrification inhibitor

(MHPP);
(4) T4: Special fertiliser for roasted tobacco (F) + biochar (BC) + urease inhibitor (NBPT).

Special fertiliser for roasted tobacco (N: P2O5: K2O = 10:10:25) was applied in all
plots before the high row monopoly (30 cm). After sowing, uniformly sized tobacco
seedlings (Yunyan87) were transplanted from the seedbed to the row monopoly. For
tobacco transplantation, 1.1 m row spacing and 0.6 m row distance were adapted. A total
of 60 plants were planted in each plot, which had an area of 39.6 m2. Tobacco yields
in the field trial were remarkably dependent on natural precipitation. The additional
fertiliser (272 kg/ha) was applied 1 month after the basic fertiliser (675 kg/ha). Consistent
management measures were applied during the growing season. Soil temperature and
moisture sensors were placed at soil depths of 5, 10, and 20 cm, and the data were recorded
with a logger (TR-6, Shuncoda, China). The entire growth cycle of roasted tobacco is
approximately 120 days, which is divided into three stages: root extension period (REP,
30 days), vigorous period (VP, 30 days), and mature period (MP, 60 days).
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2.3. Gas Sampling and Measurements

Soil GHG fluxes were measured using static chamber-GC techniques from May to
August 2020. A chamber base (10 cm high, 30 cm diameter) with deep circular depressions
was placed inside each area. These bases were kept in place for the duration of the
experiment. When the opaque removable polyvinyl chloride (PVC) chambers (50 cm high)
were put on the bases, the depressions were filled with water to prevent air leakage. The
chamber has a thermometer that records the air temperature during sampling time. An
electric fan was also installed in the chamber to ensure that the gases were well mixed
during the sampling process. A 20 mL sample of gas was taken from each chamber at 0, 6,
12, and 18 min after each closure using a syringe, and then filled into evacuated 12 mL glass
bottles. The samples were then analysed within 24 h after collection. Soil GHG emissions
were assessed every 7 days. Measurements between 8:00 and 11:00 a.m. were selected to
limit the daily volatility in flow patterns.

A modified GC (Agilent 7890), including a flame ionisation detector (FID) and an
electron capture detector (ECD), was used to detect CO2, CH4, and N2O in soil [35].
N2 was used as the carrier gas. Nitrous oxide was separated using two stainless-steel
columns (column 1 with 1 m length and 2.2 mm i.d.; column 2 with 3 m length and
2.2 mm i.d.) fitted with 80–100 mesh Porapack Q. CH4 and N2O were identified using FID
and ECD, respectively. The oven, ECD, and FID were run at 55 ◦C, 330 ◦C, and 200 ◦C,
respectively [36].

The GC was calibrated using three recognised reference gases to assure the precision
and dependability of the continuous readings. If linear regression values of R2 > 0.90 were
not provided, then they were not included in the gas sample data set. Soil GHG emission
fluxes were determined using the following equation [37]:

FGHG =
60
100
× ρ0 ×H× 273

273 + T
×

(
dc
dt

)
,

where FGHG is the flux of CO2, CH4, or N2O (mg·m−2·h−1); 60 and 100 are unit conversion
factors for calculating GHG fluxes; ρ0 is the density of CO2, CH4, or N2O in standard
conditions (g/L); H is the height of the sampling chamber (cm); T is the temperature of the
chamber (◦C); dc/dt is the rate of change (µL/L) of the CO2, CH4, or N2O concentration
in the sampling chamber over time t (min), with positive and negative values indicating
emissions and absorption, respectively.

The emissions of CO2, CH4, and N2O are accumulated over two adjacent measurement
periods during the growth cycle of roasted tobacco. These emissions are determined using
the following equation:

EGHG = ∑n
i=1(Fi + Fi+1)/2× (ti+1 − ti)× 24,

where EGHG is the cumulative emission of soil GHGs; Fi and Fi + 1 represent the soil GHG
fluxes at sampling periods i and i + 1, respectively; ti + 1 − ti is the interval (d) between the
i-th and (i + 1)-th measurement times; n is the total number of gas samples collected.

The relationship between soil CO2 emission fluxes and soil temperature and moisture
can be fitted with the help of the following exponential–exponential function [38]:

FCO2 = aebWecT,

where a, b, and c are fitting constants; W is the soil volumetric water content (SVWC) (%);
T is the soil temperature (◦C).

The N2O emission factor (EFN2O) (kg/ha) from the application of N fertiliser was
estimated by applying the following equation:

EFN2O = (EF− E0)/Nap × 100%,
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where EF (kg/ha) is the cumulative N2O emission from the N fertiliser treatment; E0
(kg/ha) is the cumulative N2O emission from the unfertilised treatment (T1); Nap is the
amount of N fertiliser (kg N/ha) applied to N treatment plots.

2.4. Determination of Crop Yield, Nitrogen Use Efficiency, and GWP

The yield of tobacco is the mass of dry matter collected during the growing season.
Tobacco yield was assessed on three tobacco plants from each plot. Tobacco samples were
divided into three parts: root, stem, and leaf. The samples were then washed with tap water,
followed by deionised water. These samples were placed in an oven at 105 ◦C for 30 min
and finally baked at 65 ◦C for 48 h to maintain a uniform weight. The yield was calculated
by weighing the dried tobacco samples, and the total nitrogen (TN) content was assessed
using an elemental analyser (Vario MACRO Analyser, Elementar Analysensysteme GmbH,
Hanau, Germany). The amount of N uptake and the nitrogen use efficiency (NUE) in the
crop were obtained by calculation.

The NUE is calculated as follows:

NUE = (NDMF −NDMU)/Nap,

where NDMF is the N content of dry matter obtained from the fertilised treatment; NDMU
is the N content of dry matter obtained from the unfertilised control treatment; Nap is the
amount of N applied.

Cumulative emissions of CO2, CH4, and N2O were analysed to balance the net green-
house effect. Cumulative GHG emissions were converted into CO2 equivalents (CO2-eq)
using their specific GWP values. These emissions are an index defined as the cumulative
radiative forcing caused by a unit quantity of current gas release and at a selected time
frame in the future. The GWP (based on a 100 year time horizon) is 25, 298, and 1 for CH4,
N2O, and CO2, respectively. The following equation was used to estimate the GWP of
different treatments [39]:

GWP = CO2 emission + CH4 emission× 25 + N2O emission× 298,

where GWP is expressed in kg CO2-eq/ha; CO2, CH4, and N2O fluxes are expressed in kg/ha.
The yield-scaled GWP (t CO2-eq/t) is calculated in accordance with the following

method [40]:
Yield− scaled GWP = GWP/yield.

2.5. Soil Collection and Analyses

Soil samples (0–20 cm) were collected 1 week before the construction of the plots and
at the end of the field experiment. Five soil samples were collected from each plot and
then mixed thoroughly to form a composite sample. Soil pH was determined with a pH
meter in a soil–water suspension at a ratio of 1/2.5. Soil electric conductivity (EC) was
assessed with a conductivity meter (Orion, CM-180) at a soil/water ratio of 1/2.5. Soil
total carbon (TC) and TN were determined with an elemental analyser [41]. Soil total
phosphorus (TP) and available phosphorus (AP) were measured using the H2SO4–HClO4
ablation and NaHCO3 extraction techniques, respectively. The NaOH fusion method and
the CH3COONH4 extraction technique were used to estimate total potassium (TK) and
available potassium (AK), respectively [42]. Soil available nitrogen (AN) was analysed by
the alkaline solution diffusion method [43]. Soil NH4

+ and NO3
− were extracted with 2 M

KCl solution (1:5, w/v). NH4
+ and NO3

− were determined by the flow analyser system [29].
Soil inorganic nitrogen (SIN) was determined by 1 M KCl extraction followed by Kjeldahl
distillation in the presence of MgO + Devarda’s alloy, followed by titration for TN [44]. Soil
organic matter (SOM) was determined by oxidation with potassium dichromate.
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2.6. Data Analyses

All data are provided as the means ± standard error. One-way analysis of variance
was used to evaluate the effects of N fertiliser, BC, MHPP, and NBPT on soil CO2, CH4, and
N2O emissions and their related GWP, yield-scaled GWP, crop yield, EFN2O, N uptake, and
NUE. At the 0.05 significance level, the LSD test was used to evaluate the significance of
the observed differences. The relationship between GHG fluxes and environmental factors
was explored using correlation analysis. Multiple linear regression analysis was used to
determine the significance of the fit of soil CO2 emissions concerning soil temperature and
water content at different depths. All statistical analyses were performed using SPSS 16.0
(SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Effects of BC, MHPP, and NBPT on Soil Physicochemical Properties

Results showed that the combined use of BC and MHPP or NBPT significantly in-
creased TN by 13.11% and 23.50% (p < 0.05), respectively, whilst AK levels significantly
increased by 1.23-fold to 1.95-fold compared to T2 (Table 1). Regarding TC, the mean
values of T3 and T4 were 11.99% and 5.16% higher than T2 but insignificant, respectively.
In addition, fertilisation treatments (T2, T3, and T4) all increased the mean values of AP
concentrations in the soil. T2, T3, and T4 significantly increased the soil EC values by 1.56,
4.81, and 4.90 times compared to T1. The combined effect of BC and inhibitors significantly
increased the mean soil pH by 7.26% to 8.81% due to the alkalinity of BC and the neutrality
of the inhibitor. By contrast, no significant changes were observed in AN, TP, and TK levels
in unamended and amended soils after BC and inhibitor addition. SOM levels were mainly
associated with the combination of BC and inhibitors. No significant change was observed
in T2 compared to the control, whilst SOM levels increased significantly by 44.97% and
32.95% in T3 and T4 treatments, respectively. The meta-analysis found that the applica-
tion of BC and inhibitors had different effects on soil physicochemical properties, which
were related to factors, such as feedstock, pyrolysis temperature, application rate, and soil
texture [45]. Overall, the combination of BC and inhibitor significantly increased soil pH,
EC, and SOM and improved soil fertility, which is consistent with the results of Singh et al.
(2022) [46]. This combination also significantly increased TN, markedly reduced NO3

−

leaching, and improved the effectiveness of N fertiliser [47].
SVWC increased significantly with rising soil depth during the roasted tobacco growth

cycle (p < 0.05, Table 2). Compared to the control, T2, T3, and T4 treatments increased the
SVWC at a depth of 5 cm by an average of 4.39%, 2.12%, and 4.09%, respectively, during
the root extending period. T2, T3, and T4 treatments increased the SVWC at 10 cm depth
by an average of 11.54%, 6.90%, and 5.16%, respectively. Moreover, soil water content at 5,
10, and 20 cm was significantly different in either treatment. At the vigorous period, the
combined effect of the BC and inhibitors on SVWC was consistent with the root extending
period but varied relatively minimally (from 0.38% to 9.06%) compared to the control. T3
and T4 treatments increased the SVWC at 5 cm depth by an average of 6.47% and 2.64%
compared to the control. Meanwhile, T3 and T4 treatments increased the SVWC at 20 cm
depth by an average of 1.83% and 0.38%, respectively. Notably, the combination of BC and
inhibitors had a larger effect on soil water content at 5 and 10 cm than at 20 cm. At the
mature period, T3 and T4 treatments reduced SVWC at 5, 10, and 20 cm depths compared
to the control (with T3 at −3.22%, −1.70%, and −3.24% and T4 at −5.24%, −0.16%, and
−5.94%, respectively).

Throughout the roasted tobacco growth cycle, SVWC showed remarkably similar
trends with transplanting time for the different treatments (Figure 1). The mean SVWC at
5 cm was 16.37%± 0.93%, 16.92%± 0.87%, 16.61%± 0.94%, and 16.35%± 0.74% for T1, T2,
T3 and T4, respectively. Moreover, although not dramatically, soil temperature declined with
soil depth and was negatively linked with SVWC (R:−0.39 to−0.50, p < 0.05). The mean 5 cm
soil temperature for T1, T2, T3, and T4 was 25.50 ± 0.68 ◦C, 24.42 ± 0.78 ◦C, 24.15 ± 0.75 ◦C,
and 24.24± 0.55 ◦C, respectively, whilst the mean 20 cm soil temperature was 23.42 ± 0.52 ◦C,
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22.60 ± 0.57 ◦C, 22.37 ± 0.51 ◦C, and 22.64 ± 0.44 ◦C, respectively. At the mature period, soil
temperatures for T3 and T4 treatments at different depths were significantly lower than for T1,
which may have been due to the combination of BC and inhibitors [48,49]. However, as the
application rate of BC was low, the difference in soil temperature between treatments during
the root extension and vigorous periods was insignificant.

Table 2. Effect of BC, MHPP, and NBPT on soil moisture and temperature at various depths during
the roasted tobacco growth cycle.

Growth
Periods Treatment SVWC5 SVWC10 SVWC20 ST5 ST10 ST20

REP

T1 13.20 ± 0.99 aC 17.24 ± 1.03 aB 23.79 ± 1.42 aA 25.54 ± 0.89 aA 24.06 ± 0.72 aAB 22.52 ± 0.64 aB

T2 13.78 ± 0.91 aC 19.23 ± 0.90 aB 25.75 ± 1.16 aA 24.85 ± 1.14 aA 22.69 ± 0.88 aAB 21.53 ± 0.73 aB

T3 13.48 ± 1.03 aC 18.43 ± 1.15 aB 24.26 ± 1.08 aA 24.12 ± 0.96 aA 22.62 ± 0.76 aA 21.17 ± 0.67 aA

T4 13.74 ± 0.88 aC 18.13 ± 0.84 aB 23.32 ± 0.94 aA 24.91 ± 0.70 aA 23.24 ± 0.64 aA 22.02 ± 0.66 aA

VP

T1 20.85 ± 1.14 aC 25.85 ± 1.17 aB 31.11 ± 2.67 aA 24.81 ± 0.41 aA 23.61 ± 0.37 aA 22.58 ± 0.22 aA

T2 22.74 ± 1.24 aC 26.73 ± 0.99 aB 33.13 ± 2.09 aA 24.28 ± 0.50 aA 22.90 ± 0.35 aA 22.04 ± 0.29 aA

T3 22.20 ± 1.15 aC 27.58 ± 1.33 aB 31.68 ± 2.37 aA 23.94 ± 0.57 aA 22.63 ± 0.43 aAB 21.68 ± 0.32 aB

T4 21.40 ± 1.03 aC 26.91 ± 1.06 aB 31.23 ± 2.29 aA 23.83 ± 0.54 aA 22.90 ± 0.36 aA 22.38 ± 0.28 aA

MP

T1 15.84 ± 0.75 aC 18.85 ± 0.73 aB 22.22 ± 0.78 aA 25.93 ± 0.69 aA 25.24 ± 0.61 aA 24.68 ± 0.64 aA

T2 15.48 ± 0.60 aC 17.97 ± 0.57 aB 20.84 ± 0.81 aA 24.18 ± 0.69 bA 23.93 ± 0.62 bA 23.80 ± 0.63 bA

T3 15.33 ± 0.71 aC 18.53 ± 0.86 aB 21.50 ± 1.01 aA 24.32 ± 0.71 bA 24.14 ± 0.57 bA 23.76 ± 0.51 bA

T4 15.01 ± 0.43 aC 18.82 ± 0.65 aB 20.90 ± 0.98 aA 23.99 ± 0.43 bA 23.61 ± 0.28 bA 23.28 ± 0.37 bA

SVWC5, SVWC10, and SVWC20 represent the soil volumetric water content at 5, 10, and 20 cm depths, respectively;
ST5, ST10 and ST20 represent the soil temperature at 5, 10, and 20 cm depths, respectively. Different lowercase
letters within a column indicate significant differences between treatments at p < 0.05. Different capital letters
within a row indicate significant differences between soil depths at p < 0.05.
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3.2. Effects of BC, MHPP, and NBPT on Soil CO2 Emission

In roasted tobacco cropping systems, soil CO2 fluxes showed similar seasonal dynam-
ics between treatments after the application of BC, MHPP, and NBPT (Figure 2a). Fertiliser
application significantly increased soil CO2 emissions compared to the control. Soil CO2
emissions were significantly increased in T3 and T4 treatments compared to T2, but no
significant difference was observed between the two treatments. At present, studies con-
ducted on the combined use of BC and inhibitors have mainly focused on N2O, with few
studies on CO2. Suggestions indicate that BC, as an exotic carbon source, has a portion of
its active carbon pool [50]. In addition, the soil has a portion of the active carbon pool, and
the combination of BC and inhibitors may lead to the decomposition of the respective active
carbon pools of BC and soil. BC promotes soil CO2 emissions [51], and MHPP or NBPT
may promote or inhibit these emissions. Notably, the combined use of BC and inhibitors
contributed significantly to high soil CO2 fluxes.
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Results showed that soil CO2 fluxes varied significantly with transplanting time for the
treatments from T1 to T4, with average daily CO2 emission fluxes of 397.03, 445.82, 531.83,
and 533.03 mg CO2·m−2·h−1 at 120 days after transplanting. Meanwhile, the average
daily CO2 emission fluxes at 30 days after transplanting were 360.21, 418.76, 499.29, and
503.70 mg CO2·m−2·h−1 for treatments from T1 to T4, respectively (Figure 2b). For the
majority of the roasted tobacco growth cycle, CO2 emissions from soils with the application
of BC and inhibitors were significantly higher than the control whilst those from soils with
BC and inhibitors were occasionally lower than those from the control. No significant
difference was observed in average daily CO2 emissions between T3 and T4 treatments.
Compared to the control, the average daily soil CO2 fluxes were substantially larger in T2,
T3, and T4 treatments, increasing by 12.29%, 33.95%, and 34.25%, respectively (p < 0.05).
Cumulative CO2 emissions from the control (11.54 ± 0.00 t C·ha−1) were significantly
lower than those from T2 (12.51 ± 0.00 t C·ha−1), T3 (14.89 ± 0.00 t C·ha−1), and T4
(14.68 ± 0.00 t C·ha−1) treatments. However, no significant difference in cumulative CO2
emissions was observed between T3 and T4 treatments, suggesting that the combined effect
of BC and MHPP was not significantly different from that of BC and NBPT.

Correlation analysis results revealed a strong and positive correlation between soil
CO2 emission fluxes and soil pH but not soil EC. Soil pH is considered to be the important
factor influencing CO2 emissions, and the combined application of BC and inhibitors
significantly enhanced soil pH and increased soil CO2 emission fluxes [52]. This finding
is also consistent with that of Li et al. (2021), wherein the combined use of BC and
inhibitors raised soil pH, and soil CO2 emission fluxes were associated with changes in
soil properties [53]. Sheng et al. (2016) also found that the carbon sequestration potential
of BC in soils decreased with soil pH, especially in the short term [54]. Notably, soil CO2
emission fluxes are also related to soil temperature and moisture. Significantly negative
correlations existed between soil CO2 emission fluxes and SVWC (Figure 3a). The linear
function described a variation in CO2 fluxes from 25.0% to 36.0%, with larger correlation
coefficients at 20 cm depth than at 5 and 10 cm depth. In addition, soil CO2 fluxes were
significantly positively correlated with soil temperature at different soil depths, with the
linear function explaining 39.7% to 51.8% of the variation in CO2 fluxes. Moreover, the
correlation coefficients for 20 cm depth were larger than those for 5 and 10 cm depths. The
exponential–exponential function accounted for 50.6% to 70.1%, 61.1% to 78.8%, and 78.6%
to 83.3% of the variance in soil respiration at the 5, 10, and 20 cm soil depths, respectively,
when soil CO2 emission fluxes were evaluated by soil temperature and moisture (Table 3).
R2 values were larger in the 5 and 10 cm soil layers for T3 and T4 treatments than for T1 and
T2. This condition indicates that an exponential model effectively explained soil respiration
by soil temperature and moisture after the application of BC and inhibitors. Furthermore,
the association of soil respiration with soil temperature and moisture in the 20 cm soil layer
did not differ significantly between the treatments. Overall, soil moisture and temperature
conditions may be the main variables influencing soil CO2 emissions from agroecosystems
in karst areas [38,55].

Table 3. Exponential–exponential functions of soil respiration with soil moisture and temperature for
different treatments at various soil depths after the application of BC, MHPP, and NBPT.

Treatments
Soil Depths

5 cm 10 cm 20 cm

T1 F = 199.14e−0.023We0.040T

(R2 = 0.506)
F = 196.96e−0.022We0.045T

(R2 = 0.611)
F = 197.55e−0.024We0.054T

(R2 = 0.826)

T2 F = 180.91e−0.020We0.049T

(R2 = 0.517)
F = 108.09e−0.019We0.076T

(R2 = 0.727)
F = 83.60e−0.013We0.087T

(R2 = 0.836)

T3 F = 136.46e−0.012We0.063T

(R2 = 0.701)
F = 106.27e−0.010We0.077T

(R2 = 0.788)
F = 88.77e−0.005We0.084T

(R2 = 0.786)

T4 F = 147.53e−0.012We0.059T

(R2 = 0.689)
F = 105.32e−0.010We0.076T

(R2 = 0.763)
F = 90.74e−0.011We0.088T

(R2 = 0.835)
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3.3. Effects of BC, MHPP, and NBPT on Soil CH4 Emission

Throughout the roasted tobacco growth cycle, CH4 fluxes in all field treatments
showed similar seasonal variations, demonstrating the occurrence of positive fluxes (show-
ing release) and negative fluxes (showing uptake) (Figure 4a). Linear regression analysis
revealed that soil CH4 fluxes were positively correlated with SVWC, particularly at 5 cm
(Figure 5). Soil was converted from a CH4 sink to a CH4 source by increasing soil moisture,
whilst the combination of BC and inhibitors only enhanced or diminished the CH4 source
sink effect under different soil moisture conditions. Under high soil moisture conditions,
additional anaerobic zones are formed in the soil, and methanogenic bacteria are active.
Simultaneously, the organic carbon added by BC provides a rich and effective substrate
for methanogenic bacteria; thus, CH4 emissions are high [56]. On the contrary, under
low soil moisture conditions, the anaerobic zone is small, and the oxidative zone is large.
Methane-oxidising bacteria are remarkably active, and most of the CH4 produced is ox-
idised by methane-oxidising bacteria, even absorbing CH4, creating a negative flux [57].
In this study, the mean daily CH4 emission fluxes at 120 days after transplanting for the
treatments from T1, T2, T3, and T4 were −0.88, 0.04, −2.02 and 2.48 µg CH4·m−2·h−1,
respectively. Regarding cumulative soil CH4 emissions, compared to the control with
66.16 ± 20.05 g CH4·ha−1, T4 and T2 treatments were the highest at 120.38 ± 21.20 and
105.34 ± 17.40 g CH4·ha−1, respectively, followed by T3 at 20.79 ± 19.27 g CH4·ha−1, in-
dicating that fertiliser application significantly increased cumulative soil CH4 emissions
(p < 0.05, Figure 4b). In addition, a significant difference in cumulative soil CH4 emissions
was observed between the T3 and T4 treatments. The plots with BC and NBPT had a 14.28%
increase in mean cumulative soil CH4 emissions; however, the plots with BC and MHPP
had a significant 80.26% reduction. Thus, the combined effect of BC and inhibitors had
differences in influencing CH4 emissions.

On the one hand, BC application was found to increase soil CH4 uptake signifi-
cantly [58]. However, Yu et al. (2013) discovered that the effect of BC application on CH4
emissions depended on soil moisture, reducing CH4 emissions at low and medium soil
moisture levels but stimulating CH4 production at the highest soil moisture levels [56].
On the other hand, inhibitors had contradictory effects on CH4 emissions, including inhi-
bition [59], promotion [60], and no impact [61]. In addition, for T2, the high ammonium
content during fertiliser hydrolysis may have increased the abundance of methanogenic
bacteria, which may have indirectly promoted soil CH4 production when C was taken up
by microorganisms as a substrate [28]. Similar to the findings of Li et al. (2009), the com-
bined application of BC and MHPP reduced CH4 emissions by 80.26% compared to T2 [59].
An increase in root biomass was observed for T3 treatment, which is consistent with the
results of Xu et al. (2002) [62]. An increase in crop root biomass can markedly raise oxygen
availability at the inter-root level [63], which, in turn, inhibits methanogenic activity [64,65]
and increases methanotroph activity [66,67]. Therefore, the combined application of BC
and MHPP in this research likely inhibited CH4 generation and increased CH4 oxidation
by raising crop biomass and oxygen availability, resulting in a decrease in CH4 emissions.
By contrast, the effects of BC and NBPT may have been different. NBPT had a considerable
inhibitory effect on CH4 oxidation in T4 due to the high ammonium retention after fertiliser
application, resulting in an increase in nitrification relative to methane-oxidising bacteria
and an overall decrease in CH4 oxidation. At this time, nitrification is less efficient than
CH4 oxidation by methane-oxidising bacteria [68]. Consequently, the combined use of
BC and NBPT may enhance CH4 emissions, mostly due to their positive effects on crop
production, increasing C input to the soil through BC and root secretions [69]. The net
impact of BC in combination with MHPP or NBPT on CH4 emissions depends mainly on
the final outcome of their synthesis, oxidation, and transport processes.
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Figure 5. Linear regression of soil CH4 emission fluxes against SVWC for each field treatment during
the roasted tobacco growing cycle. The coloured areas indicate the 95% confidence interval of the
regression line.

3.4. Effects of BC, MHPP, and NBPT on Soil N2O Emission

Notably, a trade-off connection was discovered between soil N2O emissions and
the existence of BC, MHPP, and NBPT. The combination of BC and MHPP revealed that
NBPT reduced soil N2O emissions compared to T2, which is consistent with past field
observations in non-karst areas [70,71]. Seasonal fluctuations in soil N2O fluxes throughout
the roasted tobacco growth cycle depended mainly on N fertiliser application and were also
influenced by SVWC (Figure 6a). The mean daily N2O emission fluxes for treatments from
T1, T2, T3, and T4 were 54.98, 350.26, 274.77, and 232.45 µg N2O·m−2·h−1, respectively, at
120 days after transplanting. Cumulative soil N2O emissions for T2, T3, and T4 treatments
were 7.72 ± 0.00, 5.67 ± 0.00, and 4.58 ± 0.00 kg N2O·ha−1, which were 6.49, 4.50, and
3.45 times higher than the control, respectively (Figure 6b). Moreover, cumulative soil N2O
emission fluxes were significantly reduced by 26.55% and 40.67% for the combination of
BC and MHPP or NBPT, respectively, compared to the plots with fertiliser application.
The combined effect of BC and NBPT was more effective than the combination of BC and
MHPP in suppressing soil N2O emissions. In addition, correlation analysis revealed a
positive connection between soil N2O fluxes and 20 cm SVWC but not significantly with
soil temperature. Notably, soil N2O fluxes had significant positive correlations with EC,
NH4

+, NO3
−, and SIN (Figure 3b). In all field treatments, soil N2O fluxes increased with

rising SIN content, and the linear function depicted the change in soil N2O fluxes from
53.0% to 76.0% (Figure 7). Combining the effects of BC and inhibitor combination on soil
physicochemical properties, BC had high N content and NBPT contained amino groups,
but MHPP did not contain amino groups. Moreover, for the sample experimental site,
the amount of BC applied was substantially higher than the amount of both inhibitors.
Therefore, the combination of BC and inhibitors significantly increased TN. The BC and
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NBPT combination increased soil TN to a larger extent than BC and MHPP. However,
NH4

+, NO3
−, and SIN were more effective than TN in indicating N2O emissions. SIN

contains two main components, namely, NH4
+ and NO3

−, which are important substrates
for nitrification and denitrification, respectively. A significant correlation was also observed
between the dynamics of N2O emission fluxes and those of NH4

+ and NO3
− concentrations.

In particular, NO3
− and SIN had a considerable impact on controlling soil N2O emissions

in karst areas [72,73].
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Urease inhibitors reduce the effectiveness of substrates for nitrification, which is domi-
nant in agricultural dry-crop soils, by inhibiting the active site of the urease molecule and,
thus, delaying urea hydrolysis [26,74]. Nitrification inhibitors directly inhibit the nitrifi-
cation process in soils by limiting the oxidation of NH4

+ to NO2
− by ammonia-oxidising

bacteria, thereby slowing the formation of NO3
− in soils [75]. This phenomenon lowers the

availability of NO3
− to denitrifying bacteria [76]. The inhibition of soil N2O emissions by

the combined use of BC and MHPP or NBPT is evident in the unique geological background
conditions of karst (Table 4). Recent studies revealed numerous reasons for the reduction in
N2O emissions due to the application of BC, MHPP, and NBPT. Shen et al. (2014) observed
that BC addition increased N2O emissions by 13–82% [77]. According to Troy et al. (2013),
the stimulatory impact of BC on N2O emissions was related to an increase in denitrification
caused by BC-derived unstable organic carbon in significant concentrations [78]. Liu et al.
(2019) discovered that the application of BC improved the abundance of NH3-oxidising
bacteria and accelerated nitrification, providing denitrifying bacteria with the capability
to produce N2O and NO3

− [79]. Thus, BC addition promoted N2O emissions, which may
be due to increased nitrification and denitrification processes. Furthermore, according to
the meta-analysis, the application of inhibitors reduced N2O emissions by 33–58% [22].
Xia et al. (2017) found that N2O emissions were reduced by 31% after the application of
urease inhibitors [80], which suggested that the reduction in nitrite effectiveness with the
addition of nitrification inhibitors inhibited the soil nitrification process and reduced N2O
emissions. In addition, the combined effect of BC and inhibitors may markedly reduce the
supply of NO3

−, thereby decreasing the activity of denitrifying bacteria and inhibiting N2O
formation [81]. Chen et al. (2019) discovered that the decrease in N2O emissions under the
combination of BC and inhibitors is caused by the increased abundance of nosZI, which
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accelerates the conversion of N2O to N2 [82]. Results revealed that the combined use of
BC and inhibitors was highly effective in reducing N2O emissions and boosting crop yield
and NUE [31]. Li et al. (2022) found that the combined application of BC and inhibitors
could further reduce soil N2O emissions, but the addition of BC had the potential to reduce
the effectiveness of inhibitors. Thus, the mitigating effect of the combination of BC and
inhibitors needs further study [29].

Table 4. Cumulative N2O flux (kg/ha) and N2O emission factor (EFN2O) (%) for the different
treatments during the roasted tobacco growth cycle.

Growth Periods T1 T2 T3 T4

Cumulative N2O flux (kg/ha)
REP 0.58 ± 0.00 c 2.60 ± 0.00 b 3.13 ± 0.00 a 2.44 ± 0.00 b

VP 0.42 ± 0.00 d 4.79 ± 0.00 a 2.15 ± 0.00 b 1.88 ± 0.00 c

MP 0.03 ± 0.00 b 0.32 ± 0.00 a 0.39 ± 0.00 a 0.26 ± 0.00 a

Total 1.03 ± 0.00 d 7.72 ± 0.00 a 5.67 ± 0.00 b 4.58 ± 0.00 c

EFN2O (%)
REP / 1.35 ± 0.00 b 1.70 ± 0.00 a 1.24 ± 0.00 b

VP / 2.08 ± 0.00 a 0.82 ± 0.00 b 0.69 ± 0.00 b

MP / 0.14 ± 0.00 a 0.17 ± 0.00 a 0.11 ± 0.00 a

Total / 3.17 ± 0.00 a 2.20 ± 0.00 b 1.69 ± 0.00 c

Different letters within a row indicate significant differences between treatments at p < 0.05.

EFN2O varied considerably between treatments throughout the growth cycle of roasted
tobacco (Table 4). EFN2O varied from 0.11% to 2.08% at different growth stages, with T2
treatment having the largest EFN2O in the vigorous period and T3 and T4 treatments with
the largest EFN2O in the root extension period. Except for T1, all three treatments applied
basal fertiliser before the root extension period, and the cumulative N2O emissions of
treatments from T2 to T4 did not change significantly during the root extension period.
This finding may be attributed to the partially developed root system and the insufficient
root exudates, resulting in the absence of significant differences under the combined effect
with microorganisms. Thus, the combined effect of BC and inhibitors was insignificant [83].
EFN2O generally decreased over time. However, similar to EFN2O, cumulative N2O emis-
sions from T2 treatment were largest at this time, which was due to secondary fertilisation
during the vigorous period. Compared to T2, cumulative N2O emissions were substantially
low in T3 and T4 treatments, suggesting that the combination of BC, MHPP, and NBPT
played a significant suppressive role. No significant difference in EFN2O was observed
between treatments during the mature period. Throughout the roasted tobacco growth
cycle, treatments with the addition of BC and MHPP or NBPT had substantially lower mean
EFN2O with significant reductions in EFN2O of 30.60% and 46.69%, respectively, compared
to treatments with only N fertiliser applied. This difference was mainly observed during
the vigorous period, wherein no significant difference was found during the root extension
and mature periods. Furthermore, EFN2O was larger in T3 treatment than in T4, suggesting
that the combined effect of BC and NBPT was superior to the BC and MHPP combination
considering N2O emission inhibition [84,85].

3.5. GWP and Crop Yield Response to BC, MHPP, and NBPT

The combined effects of BC, MHPP, and NBPT on crop yields in roasted tobacco
cropping systems are of concern as the demand for crop production in karst areas increases,
and the accompanying changes in GWP could provide an important indication of climate
change mitigation. Significant differences (p < 0.05) in GWP were found between treatments
throughout the roasted tobacco growing cycle. The mean GWP values were 11.85, 14.81,
16.58, and 16.05 t CO2-eq/ha for T1, T2, T3, and T4, respectively. T4 treatments had
substantially larger mean GWP than T1 and T2 treatments. However, no significant
difference was observed between T3 and T4 (p < 0.05), which was related to the contribution
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of CO2, N2O, and CH4 to the mean GWP of the roasted tobacco growing cycle. The four
treatments were dominated by the contribution of CO2, which ranged from 84.46% to
97.39%. The contribution of N2O was considerably reduced in T3 and T4 treatments
using inhibitors compared to T2, with 10.19% and 8.51%, respectively. By contrast, the
contribution of CH4 to the mean GWP was negligible compared to CO2.

Similar to earlier studies [86–88], the combined use of BC and inhibitors played an
important role in increasing crop yield. The mean crop yield was 1.96, 3.62, 4.83, and 5.03 t
for T1, T2, T3, and T4, respectively. Compared to T1, the addition of BC and inhibitors
significantly increased tobacco biomass by 146.43% and 156.63% in T3 and T4 treatments,
respectively. This result is comparable to the average increase (≤10% to ≥200%) observed
by meta-analysis [89,90]. No significant difference in crop yield was found between T3 and
T4 treatments. By contrast, T2 treatment with fertiliser application only increased tobacco
biomass by 84.69%. These results may be attributed to the high nutrient content of BC and
its rapid dissolution in the soil solution, thus increasing soil fertility, especially AN, AP, AK,
and SOM contents. Consequently, the inhibitor increased the effectiveness of SIN, plant
N uptake, and N fertiliser. Therefore, the combination of BC and inhibitors can promote
tobacco growth and increase biomass.

Notably, the yield-scaled GWP value is a key indicator [40]. Over the roasted tobacco
growth cycle, mean yield-scaled GWP values were 6.04, 4.10, 3.43, and 3.19 t CO2-eq/t
for T1, T2, T3, and T4, respectively (Table 5). Compared to the fertilised treatment, the
mean yield-scaled GWP values were significantly reduced by 16.34% and 22.20% for the
T3 and T4 treatments, respectively, but were not significantly different. The combined
use of BC and inhibitors increased mean GWP throughout the roasted tobacco growth
cycle but reduced the mean yield-scaled GWP. By contrast, the latter is more important
than the former [91]. The NBPT outperformed the MHPP considering mean yield-scaled
GWP in roasted tobacco cropping systems. Therefore, the combined application of BC
and inhibitors should be actively promoted to increase crop yield whilst reducing the
yield-scaled GWP and mitigating global warming [26].

Table 5. The contribution of the GHGs, crop yield, and yield-scaled GWP for different treatments
during the roasted tobacco growth cycle.

T1 T2 T3 T4

CO2 (kg/ha) 11,536.58 ± 0.23 c 12,507.42 ± 0.33 b 14,886.81 ± 0.64 a 14,683.24 ± 0.50 a

CH4 (g/ha) 66.16 ± 20.05 b 105.34 ± 17.40 a 20.79 ± 19.27 c 120.38 ± 21.20 a

N2O (g/ha) 1030.54 ± 0.02 d 7716.30 ± 0.07 a 5666.31 ± 0.04 b 4583.23 ± 0.03 c

GWP (tCO2-eq/ha) 11.85 ± 0.00 c 14.81 ± 0.00 b 16.58 ± 0.00 a 16.05 ± 0.00 a

CO2 contribution (%) 97.39 ± 0.00 a 84.46 ± 0.00 c 89.81 ± 0.00 b 91.47 ± 0.00 b

CH4 contribution (%) 0.01 ± 0.00 a 0.02 ± 0.00 a 0.00 ± 0.00 a 0.02 ± 0.00 a

N2O contribution (%) 2.59 ± 0.00 d 15.53 ± 0.00 a 10.19 ± 0.00 b 8.51 ± 0.00 c

Crop yield (t/ha) 1.96 ± 0.15 c 3.62 ± 0.14 b 4.83 ± 0.35 a 5.03 ± 0.24 a

Yield-Scaled GWP (tCO2-eq/t) 6.04 ± 0.00 a 4.10 ± 0.01 b 3.43 ± 0.00 c 3.19 ± 0.00 c

The contribution of CO2 refers to the contribution of GWPCO2 to GWPGHG; that of CH4 and N2O is the same as
above. Different letters within a row indicate significant differences between treatments at p < 0.05.

3.6. Effects of BC, MHPP, and NBPT on N Uptake and NUE

The net utilisation of N fertiliser currently used in the field is remarkably low and is
accompanied by serious environmental problems, such as GHG emissions and N leaching.
The ideal way to improve net utilisation is to use N boosters in conjunction with controlled
N fertiliser use [92]. The main N boosters are MHPP and NBPT. MHPP prolongs the
retention of ammonium N in the soil whilst NBPT allows urea to remain in the soil as
NH4

+ [93], thereby increasing the NUE of fertiliser and reducing the environmental impacts
of N fertiliser runoff [94].

Throughout the roasted tobacco growth cycle, compared to T2 (Table 6), the combina-
tion of BC and inhibitors significantly increased N uptake by 33.52% and 39.11% in T3 and
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T4 treatments, respectively. Meanwhile, the combination of BC and inhibitors significantly
increased NUE by 19.85% and 23.16% in T3 and T4 treatments, respectively. By contrast, no
significant difference in N uptake and NUE was observed between T3 and T4 treatments.
No significant changes in NUE and N uptake were found between treatments during the
root extension period. On the contrary, NUE and N uptake were substantially larger in
T3 and T4 treatments compared to T2 during the vigorous and mature periods. This phe-
nomenon may be attributed to the partially grown root system during the root extension
period. Upon its entrance into the vigorous and mature period, the root system is fully
developed and can produce sufficient root secretions, which can have an inhibitory effect on
nitrification and benefit N uptake by the crop, thereby increasing NUE [95]. Therefore, the
combined effect of BC and inhibitors can significantly increase plant N uptake and NUE.

Table 6. N uptake and NUE in different treatments during the roasted tobacco growth cycle.

Growth Periods Treatment Dry Weight
Accumulation (kg/ha)

Amount of N
Uptake (kg/ha) NUE (%)

REP

T1 198.38 ± 29.15 b 6.84 ± 1.01 b /
T2 503.91 ± 27.74 a 17.38 ± 0.96 a 7.03 ± 0.03 a

T3 527.21 ± 84.35 a 18.19 ± 2.91 a 7.56 ± 0.58 a

T4 428.48 ± 54.22 a 14.78 ± 1.87 a 5.29 ± 0.29 b

VP

T1 353.03 ± 8.23 c 12.18 ± 0.32 b /
T2 453.03 ± 13.02 b 15.63 ± 0.42 b 1.64 ± 0.00 b

T3 842.47 ± 15.12 a 29.07 ± 0.48 a 8.02 ± 0.02 a

T4 847.47 ± 11.12 a 29.24 ± 0.40 a 8.10 ± 0.00 a

MP

T1 1408.18 ± 107.87 c 48.58 ± 3.72 c /
T2 2659.23 ± 100.99 b 91.74 ± 3.48 b 20.49 ± 0.03 b

T3 3458.60 ± 255.84 a 119.32 ± 8.83 a 33.59 ± 0.54 a

T4 3754.34 ± 176.94 a 129.52 ± 6.10 a 38.43 ± 0.25 a

Total

T1 1959.60 ± 149.14 a 67.61 ± 5.15 c /
T2 3616.16 ± 140.84 a 124.76 ± 4.86 b 27.14 ± 0.03 b

T3 4828.28 ± 354.16 a 166.58 ± 12.22 a 46.99 ± 0.75 a

T4 5030.30 ± 243.29 a 173.55 ± 8.39 a 50.30 ± 0.34 a

Different letters within a column indicate significant differences between treatments at p < 0.05.

A study showed that concentrations of the NH4
+ form of mineral N were higher than

NO3
− a few days after the application of BC, resulting in increased nutrient effectiveness,

N uptake, and crop yield. The retention of ammonium N in the soil due to BC addition
not only provides environmental benefits through reduced N2O emissions and NO3

−

leaching [96] but also agronomic benefits through increased NUE, especially in soils with
low N [97]. N retention by BC is associated with its pore structure and microporous
electrostatic interaction [98]. Furthermore, a high pyrolysis temperature leads to the large
NO3

− adsorption capacity of BC [99]; functional groups on BC may improve its NO3
−

adsorption capacity by extending its soil contact time [49,100]. N taken by BC may be
gradually released for crop absorption over time [101]. Several studies have shown that BC
amendments may indirectly influence plant N absorption by modifying the N conversion
efficiency of the soil and positively impacting crop yields [102,103]. Concerning inhibitors,
Drulis et al. (2022) found that the use of urease inhibitors reduced nutrient leaching,
improved NUE, and significantly increased crop yields [104]. Moreover, MHPP may limit
the activity of ammonia-oxidising archaea (AOA) and ammonia-oxidising bacteria (AOB),
as well as their associated enzymes, thereby delaying the oxidation of NH4

+ to NO3
−

and lowering NO3
− accumulation and leaching losses whilst maintaining high soil NH4

+

concentrations [105,106]. Thus, nitrification inhibitors can similarly significantly increase
NUE and crop yield [107]. In addition, studies have shown that the combined use of
BC and inhibitors performed well considering yield enhancement, efficient N use, and
reduction in N losses [31,108]. He et al. (2022) discovered that the combined application of
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BC and inhibitors significantly improved plant N absorption and crop yield by decreasing
residual inorganic N concentrations and N2O losses [32], which is consistent with the
obtained results. He et al. (2018) found that the combined application of BC and inhibitors
had no effect on NUE in the first year but increased significantly in the second year [109].
Therefore, the combined application of BC and MHPP or NBPT may be an effective practice
to increase crop NUE, and this combination may lead to high fertiliser utilisation and
reduce the amount of applied N fertiliser [110].

4. Conclusions

A comprehensive analysis of GHG emissions, GWP, and NUE of roasted tobacco
cropping systems in the southwest karst area was conducted in this study to verify the
combined effects of BC, MHPP, and NBPT. Considering soil physicochemical properties,
the results showed that the combined use of BC and MHPP or NBPT significantly increased
TN by 23.50% and 13.11%, respectively, whilst AK levels significantly increased by 1.95-fold
and 1.23-fold compared to T2, respectively. Moreover, soil EC increased significantly by
1.56, 4.81, and 4.90 times in T2, T3, and T4 compared to T1. The combination of BC and
inhibitors significantly increased the mean soil pH by 7.26% to 8.81%, whilst SOM levels
were significantly increased by 44.97% and 32.95%, respectively. Considering soil GHG,
the average daily soil CO2 fluxes were substantially larger in T2, T3, and T4 treatments
compared to the control, increasing by 12.29%, 33.95%, and 34.25%, respectively. The
cumulative CO2 emissions of the treatments with the addition of BC and inhibitors were
significantly higher than the control by 27.21% to 29.03%. The exponential–exponential
function of soil CO2 emission fluxes with soil moisture and temperature was well fitted, and
R2 reached 0.506 to 0.836. The combination of BC and NBPT increased the cumulative soil
CH4 emissions by 14.28% compared to the fertiliser treatment. However, the combination
of BC and MHPP significantly reduced the cumulative soil CH4 emissions by 80.26%. Thus,
the combined effect of BC and inhibitors on CH4 emissions depends mainly on the results
of their synthesis, oxidation, and transport processes. Furthermore, the combination of BC
and MHPP or NBPT resulted in a significant reduction in cumulative soil N2O emissions by
26.55% and 40.67%, respectively. Notably, NO3

− and SIN are of considerable importance
for limiting soil N2O emissions in karst areas. Throughout the roasted tobacco growth
cycle, the combination of BC and MHPP or NBPT significantly reduced EFN2O by 30.60%
and 46.69%, respectively, compared to the fertiliser treatment. With the combination of BC
and inhibitors, the GWP increased significantly by 8.37% to 11.95%, with the contribution
of CO2 dominating the GWP ranging from 84.46% to 97.39%. Meanwhile, the crop yield
increased significantly by 146.43% and 156.63% compared to the control. However, the
mean yield-scaled GWP values were significantly reduced by 16.34% and 22.20% for T3
and T4 treatments, respectively, compared to the fertiliser treatment. In addition, N uptake
was markedly enhanced by BC and inhibitor application, resulting in a significant increase
in NUE of 19.85% to 23.16%, and reducing the residual inorganic N concentration and
N2O loss in the soil. Therefore, the combined use of BC and inhibitors in tobacco fields in
the southwest karst region is an effective option for improving crop yield and mitigating
climate change.
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Citation: Yeğin, T.; Ikram, M.

Developing a Sustainable

Omnichannel Strategic Framework

toward Circular Revolution: An

Integrated Approach. Sustainability

2022, 14, 11578. https://doi.org/

10.3390/su141811578

Academic Editors: Nallapaneni

Manoj Kumar, Subrata Hait,

Anshu Priya and Varsha Bohra

Received: 31 August 2022

Accepted: 14 September 2022

Published: 15 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, 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/).

sustainability

Article

Developing a Sustainable Omnichannel Strategic Framework
toward Circular Revolution: An Integrated Approach
Tuğba Yeğin 1 and Muhammad Ikram 2,*

1 Faculty of Economics and Administrative Sciences, Demir Celik Campus, Karabuk University,
78050 Karabuk, Turkey

2 School of Business Administration, Al Akhawayn University in Ifrane, Avenue Hassan II, P.O. Box 104,
Ifrane 53000, Morocco

* Correspondence: i.muhammad@aui.ma

Abstract: One of the contributions of digitalization to cyclical change is the adoption of Omnichannel
Marketing (OM) as a new marketing strategy for brands. In this research, we examined whether the
quality of integration (INQ) in omnichannel environments has an effect on brand equity (BE) and
its dimensions (brand loyalty (BL), brand association and brand awareness (BAS), and perceived
quality (PQ)) within the framework of a structural model. We aim to expand the limited number
of INQ research areas. In this context, in the first stage of our research, we conducted an online
survey consisting of three parts with the consumers of the Nike luxury sportswear brand, which is
in 11th place in the global brand value ranking, residing in Turkey from the developing countries.
In the second stage of the analysis, we performed CFA for scale reliability and validity. Crobach’s
alpha, AVE and CR values for all factors of the scale exceeded the threshold values in the literature.
In addition, the goodness-of-fit values of the scale, which were checked for compliance with the
research, exceeded the threshold values. In the third stage of the analysis, we performed SEM analysis
to test the model of the study and the assumptions of the study. The SEM results of our research
confirmed the assumptions established between INQ and BE and its components in the context
of OM. SEM results revealed that INQ had the highest effect (0.93) on BAS and PQ and the least
effect (0.86) on BL, and INQ affected BE with 0.90. The results of this research, which examines the
predictors of brand equity and its components, offer implications for OM, INQ, BE subject areas
that have not been empirically analyzed despite increasing knowledge and still having limitations
in theoretical information. Our research is unique, as it is the first study to empirically examine
the relationship between INQ and BE and its components in the context of OM. The research on
omnichannel applications is quite limited. This study brings a conceptual extension to the literature
on omnichannel strategies, INQ and OM, whereas they presented the necessary reasons for managers
to provide INQ in an omnichannel environment in order to increase brand equity, with an empirical
application. In addition, the most important benefit of this research is that it shows brand owners and
managers and brand marketers a way to set up the omnichannel system toward circular revolution.

Keywords: sustainable omnichannel; strategic framework; circular economy; consumer behavior;
sustainable development; integrated channel

1. Introduction

Brand equity, competitive advantage, global recognition, and high net worth are
important because they bring global recognition as a competitive advantage and increase
financial value. The number of studies investigating the antecedents of brand equity
as an abstract indicator is a marketing concept that needs to be reexamined according
to each new marketing strategy (Oh et al., 2020; Aaker, 1991). According to [1], while
Apple is the highest technology brand in 2020, Amazon (USD 200.667 billion) is in second
place, followed by Microsoft (USD 166.001 billion) with Nike (USD 42.538 billion) in 11th
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place. Existing research on multichannel marketing suggests that brand equity can be
strengthened by providing cross-channel service quality [2–4]. Although there are many
multichannel studies investigating the effects of channel integration quality on brand equity
(e.g., [5–15]), since the omnichannel field is very new, there are limitations, literature gaps
on this subject and within the provision of INQ in omnichannel marketing. It is extremely
important to investigate the changes that may occur in the brand value. Brand equity,
as an intangible asset created by marketing activities, is the sum of values that increase
or decrease the value of products and services offered by the company to consumers,
depending on the brand’s distinguishing characteristics such as name or symbol [16–18].
Brand loyalty (BL) is the repeated purchase of products from the same brand continuously
and consistently in the future [19]. Perceived quality (PQ) is the perception formed in
the minds of consumers regarding the quality of the brand’s products [20]. The Brand
Association (BA) states that it is the unique characteristics (in the minds of consumers) that
distinguish a brand from other brands [21]. Brand awareness (BAW) is the consumer’s
capability to realize, separate, identify and call to mind the product category to which the
brand belongs [16,22].

The pressure of the sustainable development plan applied to prevent global warming
at a global level, protect the environment, purify the air from CO2 emissions to zero
waste on brands, businesses and marketers force them to change their marketing and
management strategies in harmony with technology [23–32]. This change is expected to
enable the production and marketing of products that are produced, distributed, priced,
and promoted with less cost, less waste, and more recyclable raw materials and green
energy [23–30,33]. In this context, it is important for cyclical change that brands provide
maximum service quality with minimum environmental pollution, energy loss, and time-
saving in the channels where they deliver their products to their customers [23,25,29,30,33].
In this context, the solution is now omnichannel strategies and the quality of inter-channel
integration that is expected to be provided in omnichannel channels.

Omnichannel marketing (OM), which provides brands with sustainable growth oppor-
tunities across many channels, is increasingly preferred by more brands, including channel
harmony beyond multichannel marketing [34–37]. During 2021, 0.14% of all multi-channel
marketing sales were single-channel marketing, and 83% of them were omnichannel mar-
keting orders [38]. These comparative figures show that it is significant for marketers,
brand owners, managers, retailers and to understand and apply OM well [2].

Omnichannel marketing, which offers the advantage of offering brands products
to their customers through many channels, differs from multichannel marketing in that
all channels are evaluated as a whole, allows customers to like a product through the
brand’s online channels and receive it from the physical store, or to discover the product
in the physical store and buy it online [39]. However, due to the reasons arising from
the lack of coordination between these channels, customers can give up and return the
products they purchased. At the same time, these returns cause an increase in carbon
emissions from waste products at the local and global level [39,40]. As a way to avoid the
potential harms of OM, which is increasingly being adopted by consumers, the researchers
recommend that brands implement marketing strategies to maximize the level of inter-
channel coordination [41–43]. There is a lack of research in the literature on whether
brands’ INQ dimensions (Channel–Service Configuration (CSC), Content Consistency (CC),
Process Consistency (PC), Assurance Quality (AQ)) provision affects the brands’ intangible
assets (BE, BL, BAW, BA, PQ) in omnichannel environments [39,43]. However, further
investigation of these intangible assets, which the brand is trying to acquire, protect and
increase with tangible and moral sacrifices in the long term, for omnichannel environments
will provide both theoretical and practical contributions. In this context, despite the
increasing use of OM, we aim to narrow this gap in the literature with the empirical results
of this study in the context of developing countries.

As a result, the studies investigating the impact of INQ on BE and its dimensions for
omnichannel are insufficient in the literature, and most of them are conceptual [43–45].
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Brand equity, as an intangible asset created by marketing activities, is the sum of values
that increase or decrease the value of products and services offered by the company to
consumers, depending on the brand’s distinguishing characteristics such as name or sym-
bol [16,17]. BL is the repeated purchase of products from the same brand continuously
and consistently in the future [19]; PQ is the perception formed in the minds of consumers
regarding the quality of the brand’s products [20]; BA states that it is the unique char-
acteristics (in the minds of consumers) that distinguish a brand from other brands [17].
BAW is the consumer’s capability to realize, separate, identify and call to mind the product
category to which the brand belongs [16,22].

There are some cases where companies already have the infrastructure in place. Cus-
tomers are encouraged to register products online by many fast-moving goods brands.
Providing consumers with the ability to return products instead of scrapping them, as
Apple already does, could increase the culture of recycling. Meanwhile, consumer power—
driven by social media—could influence manufacturers to take circular actions [25,29].
Omnichannel service has emerged since consumers turn to brands that offer this service
and desire to store across many channels simultaneously. OM studies are therefore based
on consumers (consumer behavior, customer loyalty, purchasing behavior, etc.). For the
last 12 years, researchers have been carried out in this examining the relations [43,46–49].

Channel synchronization enables products to be delivered across multiple channels
of the same quality to consumers [36,50,51]. That is, it is essential to integrate all channels
for OM to achieve its purpose [43,49,52]. INQ and factors have been discussed in previous
studies as a predictor of Omnichannel strategies, customer, purchase, brand, service quality,
perceived value and fluency, brand equity, customer loyalty (Table 1).

Table 1. Summary of omnichannel strategies related to past studies.
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Table 1. Cont.
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[57] � � � � � Customer
engagement PLS-SEM
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[59] � � � �
consumers’
satisfaction
and loyalty

SEM
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Literature
Review
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Development
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Shopping
Experience

SEM

[61] � � �

Customers’
Attitudinal
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Positive Affect
Experience

PLS SEM

�indicates the indicator has been used in prior studies.

However, there are aspects of this research that differ from the articles given in Table 1.
First, this research is quantitative and tests assumptions with Structural Equation Model
(SEM) analysis. Second, this study claims that INQ is a predictor of BE and its components.
This claim was previously implicitly claimed in the 2017 qualitative study by Hossain et al.,
but this is the first time it has been examined with direct and quantitative analysis. As a
result, the studies investigating the impact of integration quality (INQ) on brand equity
(BE) and its dimensions for omnichannel are insufficient in the literature, and most of them
are conceptual [43–45].

Although studies on the definition, dimensions, impacts, and strategies of OM affect
the retail and service sectors in many ways, there is limited evidence in the literature on
the impact of the quality of channel integration, which should be carefully considered in
an omnichannel system, on brands and consumers [43,57,62]. Studies on the effects of the
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high level of inter-channel integration quality of the brands that perform OM that will
bring value to the brand are quite insufficient. Although the compatibility of multiple
channels of a brand with each other forms the basis of OM, most of the studies on OM do
not focus on INQ and do not observe how the components of brand equity are affected by
INQ. Statistical reports are revealing that there are some brands that have lost share value
and lost sales turnover as a result of failure to integrate [12,13,43]. These financial impacts
on INQ’s brand are immediate, but it may take longer to see the change in consumer-based
brand equity. Brand equity is more intangible than financial values, in other words, the
loyalty of the customers to the brand, the degree of recognition of the brand, the perceived
quality of the brand, etc. With the realization of the total change in the components and
the sub-components associated with these components, a change in brand value can be
seen. However, with a relational model to be established between INQ and brand equity
and its components, and testing this model with empirical analysis, the effects that may
occur on the value of the brand in the absence of INQ can be presented to marketers
and brand managers to take precautions. Moreover, the research of [45] suggested that
future studies investigating the relationship between INQ and brand equity, brand image,
knowledge, and loyalty by creating a scale and a data-oriented model are recommended,
which is the reason for the emergence of this research. Moreover, this research relies on
the research of [43], which conceptualizes the dimensions and sub-dimensions of INQ and
empirically tests the data using dynamic capability theory to incorporate brand equity
dimensions [43,50,51]. In this context, in this research, we establish a model between INQ
and brand equity and its components, and within the framework of this model, we make
four assumptions and reduce this gap in the literature by performing an empirical analysis.

In this research, we develop a model that provides experimental proof for the concep-
tional dimensions, presents the relationship between INQ and BE and its sub-dimensions
(BL, PQ, BA /BAW) for omnichannel, and seeks answers to the following questions:

a. What is the relationship between INQ and BE for OM?
b. What is the relationship between INQ and the dimensions BL, PQ, and BA /BAW

for OM?

In this context, in this study, we aim to discuss the effects of INQ on BE, BL, BAS,
PQ and the results from this effect. For this, we develop a scale consisting of three parts,
which is suitable for the purpose of our study, from the literature. The first part of this
scale consists of the items that we aim to obtain for the demographic information of the
participants. The second part consists of the scale items of INQ, and the third part consists
of the scale items of BE and its components. Sources of [43] for the INQ scale (21 items)
and [22] for brand equity (10 items) were used. We did not develop scales but simply
adapted the scales from these two widely cited studies to our research. However, we tested
the accuracy and reliability of these scales in the methodological part of the research. We
used a 5-point Likert scale to measure the items. We had help from the statistics company,
which has the second largest consumer portfolio in the country, to apply this survey to
Nike sportswear consumers residing in Turkey. The company applied our online survey to
1549 customers, which we selected randomly from 198,000 Nike brand customers within
its body. To our survey, 847 consumers responded. Of these, survey data were excluded
from participants under 18 years of age, those who had no experience with all Nike brand
channels, and those who provided inconsistent responses to the three attention control
questions (ACQs). As a result, survey data from 626 participants were valid for the final
analysis. We did not detect any response bias in the data of 626 participants. Thus, the
number of participants in our study exceeded the lower limit of the literature that it is
appropriate to carry out with five times as many samples as the number of scale items
for SEM. Thus, we first tested the reliability and validity of the scale of our research with
the data obtained. We applied Cronbach’s alpha analysis, which is widely used as a basis
for the measurement of scale reliability. Cronbach’s alpha values of all factors were above
the desired value of (0.70) in the literature. Second, we performed (confirmatory factor
analysis) CFA to see the validity of our scale and its compatibility with our research. All
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factor loadings of INQ ranged from 0.66 to 0.97, and for multiple correlation squares (R2),
values ranged from 0.44 to 0.94, and t > 2.58 was significant at the p < 0.001 significance
level. All factor loadings of BE were significant between 0.79–0.88, and multiple correlation
squares (R2) values were between 0.62–0.77, and t > 2.58, p < 0.001 significance level. These
values showed a strong relationship with the corresponding structures, in compliance with
the literature [63–65]. In addition, AVE and CR values were important for us in terms of
the reliability of the constructs. AVE values of 0.80 and CR values of 0.50 were obtained for
all structures for the above-predicted values (Appendix A, Table A1) [64,66]. Thus, the CFA
results and Cronbach’s Alpha results show that the scales are consistent with research and
are accurate and reliable. Then, the Pearson correlation analysis results showed that we
examined the significance of the relationships between the first-order sub-dimensions of
INQ (independent variable) and the first-order sub-dimensions of BE (dependent variable).
Thus, the results showed that the correlation coefficients between the relation of INQ and
its sub-dimensions and BE and its dimensions were statistically significant (p < 0.01) [67].
In addition, we obtained the discriminant validity of the scale structures with the results of
discriminant analysis. The discriminant validity of our scale, which provided the necessary
literature values for [68], was verified. The SEM results of our research confirmed the
assumptions established between INQ and BE and their components in the context of OM.
SEM results revealed that INQ had the highest effect (0.93) on BAS and PQ and the least
effect (0.86) on BL, and INQ affected BE with 0.90.

The results of this research, which examine the predictors of brand equity and its com-
ponents, offer implications for OM, INQ, BE subject areas that have not been empirically
analyzed despite increasing knowledge and still having limitations in theoretical informa-
tion. Our research is unique, as it is the first study to empirically examine the relationship
between INQ and BE and its components in the context of OM. In addition, it is unique
because it is the first study to examine the relationship between omnichannel strategies
and brand equity in detail in the context of Turkey, a developing country with very limited
studies on the Circular Revolution. Moreover, our research expands the limitations of the
studies of [43,45].

In addition, with the results of this study, we present numerical data that provide cross-
channel integration in omnichannel marketing that can be effective for marketers and brand
managers who are looking for ways to increase the main brand value from the past. In
other words, cross-channel integration can be used as a predictor of brand equity and its
components. Brand managers who want to increase their brand equity can see the necessity
of including INQ increasing strategies in their omnichannel strategies with the SEM results of
this research. Thus, with this study, we not only shed light on future research in the field of
OM, INQ, and BE, but also provide important advice to brand managers who carry out OM.

In this context, our research continues as follows: Section 2: Literature Review,
Section 3: Exploratory conceptual framework and hypothesis, Section 4: Research method-
ology, Section 5: Results, Section 6: Discussion and implications, Section 7: Conclusions.

2. Literature Review
2.1. Omnichannel Marketing (OM)

In the literature, it is called “omnichannel marketing” when a consumer makes simul-
taneous purchases through many alternative channels such as physical stores, computers,
smart devices (tablets, phones, wearable technology, kiosks, etc.), virtual stores with three-
dimensional glasses, social media sites, and e-commerce platforms (Amazon, Alibaba.com,
etc.), which includes searching for the product before purchase, researching product fea-
tures, comparing multiple brands that make the same product, viewing the product in
various physical and virtual retail locations, touching the product, purchasing and receiving
the product, and returning it. All these channels and this great multichannel service are
offered to consumers by marketers [69–73].

International research shows that OM, which is still evolving and reflects consumers’
desires to store on multiple channels simultaneously, has been particularly adopted by
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retailers [37,74–76]. OR provides retailers with an integrated retail experience by combining
all the services [76,77].

OR not only enables the simultaneous use of channels but also integrates all existing
channels through various digital technologies for a retailer or brand to provide great cus-
tomer knowledge [43,77–79]. Customer touchpoints, i.e., all channels that are common
areas for OM and OR, should be viewed and organized like the harmony of all musicians in
an orchestra [80]. The need to expand the concept of INQ for omnichannel, multiply its ex-
amples, and adapt it to retailers in all industries is supported by many studies [43,60,81,82].

2.2. Integration Quality (INQ)

Previous research has found that INQ is a brand evaluation tool for consumers that
influences them and has valuable and positive outcomes for marketers [60,83–85]. The
concept of channel integration refers to the coordination between all customer touchpoints
(websites, physical stores, kiosks, smartphones, etc.) of a brand or retailer to provide
consumers with a sustainable and flawless experience [51,57,60,86]. INQ is considered in
the literature as the performance of channel integration [43,45,57,58,60,87–91].

INQ is the ability to provide seamless service to customers across all channels, and
its importance for omnichannel marketing has been repeatedly highlighted in the litera-
ture [51]. Brands can profit from a superior competitive advantage in the marketplace by
integrating all the channels they use [92].

2.3. Dimensions of INQ

Research on INQ and its dimensions claim that a retailer’s channels can have not only
physical but also virtual quality, and cross-channel inconsistency can reduce overall quality
perceptions [43,50,51,57]. The research in [51], among the phenomenon researchers who
make this claim, argues that INQ is an important factor in omnichannel services so that
consumers do not have problems buying services through more than one channel. Relevant
research has confirmed the importance of INQ [43]. In this study, we used the research
of [43] for the INQ dimensions (CSC, CC, PC, AQ). The detail description of previous
studies that used different approaches and methods reflects the Omnichannel is presented
in Table 2. The definitions of the dimensions are given in Table 3 in the next sections.

2.4. The Outcome of Integration Quality, Brand Equity, and Dimensions

INQ has been involved in some customer-focused studies in recent research in the
Omnichannel and multichannel context.

Table 2. Related research methods, approach, analysis, implications and differences of this research
belonging to the related research.

Research Factor Approach Analysis Aim and Results of Research

[90,93] - qualitative -

This study, which examines past research to
examine the continuity strategies of OM

qualitatively, examines mostly integration
quality dimensions, horizontal and

vertical strategies.

[94]

Promotion, Product and
Price, Information

Access, Order Fulfillment
Customer Service,

Transparency, Freedom,
and Synchronization

quantitative SEM Analysis

The study explores the customer experience
in the OM environment. This study, which

investigates the effect of Transparency,
Freedom, and Synchronization dimensions
on customer loyalty, shows that customer

experience mismatch has a negative impact
on customer retention, but channel

transparency, ease and smoothness can
effectively mitigate this negative impact.
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Table 2. Cont.

Research Factor Approach Analysis Aim and Results of Research

[95]
Content Consistency,

Marketing Consistency,
Synchronization

quantitative SEM Analysis

Expanding the knowledge in the field of
customer experience and channel

integration, this research revealed that the
4Ps are more effective than emotional in

improving the cognitive
customer experience.

[43]
Breadth, Transparency,
Content Consistency,
Process Consistency

quantitative SEM Analysis
Focusing on the integration quality area in

the context of OM, the study presents
cross-buying intent as a result of INQ.

[96] - quantitative MANOVA

This research, which revealed that the
brand image can be increased due to the

digital customer data obtained in the
omnichannel environment, was built on

shopping scenarios.

[97] - qualitative -

The case study was conducted with 15 retail
store managers. The results of the analysis

revealed that the use of technology in
physical stores strengthens brand loyalty

and brand image.

[48]

Content Consistency,
Process Consistency,

Marketing Consistency,
Freedom,

Synchronization,
Working Together

quantitative SEM Analysis

The study carried out in the retail industry
conceptualized the customer experience in

the omnichannel environment as a
multidimensional construct and found that

perceived compliance and risk play a
mediating role in the plot of omnichannel

shopping intention with the
omnichannel experience.

[45] - qualitative -

In this study, which conceptualizes the
integration quality dimensions for

Omnichannel marketing and presents its
impact on customer equality through a
literature review, and INQ is seen as a

predictor of customer equality.

This Research

Channel-Service
Configuration (CSC),
Content Consistency

(CC), Process
Consistency (PC),

Assurance Quality (AQ)

quantitative SEM Analysis

For OM, we explore the impact of INQ on
brand equity and its dimensions with an
empirical analysis for the Nike brand. We

conceptualize INQ as a predictor of BE and
its components BL, BAW, BA, PQ.

Previous research has shown a relationship between service integration and customer
equity [45,98]. However, there is no quantitative research in the omnichannel integration
quality literature that uses data to examine the relationship between INQ and the drivers
of customer equity. Customer equity is examined in the qualitative research of [45]. Here,
the concept of equality is the feeling of getting what one deserves, which ensures mutual
equity in relationships [45]. It is the feeling on which long-term relationships, especially
between the brand and the customer, are based [99–101]. Customer equity, however, is the
sum of the lifetime value of all customers of a company [86,102,103] and has three driving
forces: value equity, relationship equity, and brand equity [104]. Value equity encompasses
the customer’s actual valuation of the brand and is their perception based on what they
gave up when they purchased the product during their buying behavior [104]. Relationship
equity deals with what the customer gets from the relationship based on the perceived total
inputs in the relationship between a customer and a brand [105]. Brand equity is the sum
of the customer’s tangible and intangible perceptions of the brand. The brand’s marketing
strategies influence it. It has been used as part of customer equity since the 2000s. While
brand equity can make the brand attractive to new customers, it contains the miraculous
power to create repurchase behavior among existing customers and build an emotional
attachment to the brand.
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The formation of brand equity is related to the following four dimensions [16]: BL, PQ,
BA, and BAW. Although brand equity has been studied since the 1980s, it has been a driving
force in customer equity studies since 2000 [102,106]. Several multichannel studies have
examined the relationship between multichannel service quality and brand equity [107–110].
However, in an omnichannel marketing environment, a brand may be more influenced by
brand equity as part of customer equity than in a multichannel environment [45,52,71]. Since
omnichannel allows customers to store on all channels simultaneously, there will be differences
compared to brands that do not use omnichannel that will affect not only the customer’s
emotions but also the buying experience, relationship quality, perceived value, and brand
equity [111]. In this context, [45] recommended further research on omnichannel marketing
efforts and data-based analysis of customer equity drivers (value equity, relationship equity,
brand equity). At the same time, [43] suggested that it would be beneficial to research the
dimensions and impacts of INQ in different domains, consumer groups, and industries.
Due to the lack of research focusing on these recommendations and their relationship with
integration quality (INQ) and brand equity, there is an opportunity to measure the dimensions
of brand equity (BL, PQ, BA, and BAW) as INQ outcomes.

3. Exploratory Phase: Conceptual Framework and Hypotheses Development

In the first phase, before quantitative data analysis with Confirmatory Factor Anal-
ysis (CFA) and Structural Equation Modeling (SEM), the INQ is composed of four main
dimensions: Channel Service Configuration, Content Consistency, Process Consistency,
and Assurance Quality. We determined them through qualitative data analysis based on
articles [43,45,50,51,57,58,93]. In the second phase, before CFA and SEM, brand equity
consisted of four main dimensions: BL, PQ, BA, and BAW. The dimensions of BA and BAW
were combined under a single factor from these dimensions. Finally, brand equity was
influenced by the qualitative data analysis of three main dimensions.

In the third phase, we discussed the accuracy of this qualitative data analysis results
in online meetings with two professors, three associate professors, and researchers in
omnichannel and brand equity in the institutes of three different countries with high q
rankings.

In the last phase, we have established hypotheses that we will analyze with SEM
using the extensive research we have conducted to determine the impact of INQ on brand
equity and its dimensions, as well as the content of articles with a high number of citations
scanned in Scopus and the Web of Science. Being aware that qualitative data analysis is
the research’s dynamics, we paid special attention to this phase. In this way, the research
contributed to expanding information about INQ and omnichannel research areas and
reproducing limited knowledge through qualitative data analysis.

This section aims to discuss the findings of the qualitative phase and the model’s
hypotheses presented in Figure 1, which were developed for the research of quantitative
data analysis, with the supporting literature sources in the following sections.Sustainability 2022, 14, 11578 10 of 27 
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3.1. Integration Quality (INQ) and Brand Loyalty (BL)

Consumer-created perceptions of service quality offered by the brand are believed
to have a significant impact on actions such as brand satisfaction, repurchase, the rec-
ommendation to the surrounding community, and brand dependence [112–115]. Several
multichannel studies have examined the relationship between multichannel service quality
and BL [62,107,110,116,117]. Although there are many studies on INQ for OM, few stud-
ies have examined its effects on building BL [62]. BL exists when a customer repeatedly
and consistently buys products from the same brand in the future [19]. With OM, which
involves an integrated service approach across all channels, it may be more feasible than
multichannel marketing to strengthen existing customers’ relationships with the brand,
thereby creating dependency among customers and thus ensuring that loyal customers
repeatedly purchase the brand’s products, i.e., creating BL [62,118–120]. In this context, we
make the following assumption:

H1: Integration quality (INQ) positively influences brand loyalty (BL).

3.2. Integration Quality (INQ) and Perceived Quality (PQ)

PQ is a dynamic of brand equity. Zeithaml (1988) defines PQ as the consumer’s
sense of a product’s superiority. PQ can be influenced by factors such as the general
sense of the consumer, their experiences with the product, their prejudices, their needs,
their environment, the brand’s offerings, their relationship with the brand, etc., and it is a
competitive advantage for brands as well as more sales [121–127]

Despite a large body of literature on PQ [20,128,129], there are few studies on inte-
gration quality or the relationship between service quality and PQ [126]. The quality of
services offered through brands’ online and offline channels and customer satisfaction when
shopping across all channels influence PQ [22,130–132]. The consumer realizes the brand’s
superiority when he feels high quality through prolonged product use [133]. Therefore, the
consumer will prefer the brand’s product that he perceives as having higher quality than
other brands [20]. In this context, we make the following assumption:

H2: Integration quality (INQ) positively influences perceived quality (PQ).

3.3. Integration Quality (INQ) and Brand Association/Awareness (BAS)

BA, defined as everything that appears in consumers’ minds about a brand and whose
importance for brand equity has been noted by brand authors [134] and [116], is combined
with BAW [22]. BAW is the definition, meaning, and information about the brand in the
consumer’s mind [21]. BAW is the antecedent component of brand equity, and increas-
ing consumer BAW leads to brand preference and differentiation from competitors [17].
Consumers’ positive experiences with the brand result in positive BAW/BA. Furthermore,
being able to shop from all brand channels can impact BAW/BA as a positive reflection of
the same quality service and integration quality [135,136]. Several studies on multichannel
marketing have proven that service quality impacts the BA and BAW [110]. Online and
offline service quality perceptions combine with consumers’ overall service perceptions
to create a positive judgment for BAW/BA [137]. Consumers’ positive experiences with
shopping options and services offered by traditional and e-commerce sites lead to increased
BAW/BA [133]. In this context, we make the following assumption:

H3: Integration Quality (INQ) positively influences Brand Association/Awareness (BAS).

3.4. Integration Quality (INQ) and Brand Equity (BE)

Brand equity is the assets and identities associated with a brand, brand name, or
symbols added to or subtracted from the value of products or services of a company or its
customers [138]. While the research of [139] and [17] evaluate the concept of brand equity
as the added value that the brand name adds to products, Ref. [140] defines it as consumer
confidence in brand identity and image. Central to the brand equity literature definitions
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is that brand equity combines BL, PQ, BAW, and associations [22,138]. In a sense, brand
equity is an important structure for the brand that represents customers’ evaluation of the
brand, attracts customers to the brand, enables them to recognize and associate with the
brand, and is influenced by its marketing strategies and 4Ps [17]. Customers’ recognition
of a brand can have a different effect on BAW by creating a brand’s positive image in
their memory. Positive, reciprocal, and long-term relationships between customers and
the brand can be built due to high-quality and integrated service quality across all online
and offline channels. If this relationship can be built, it can lead the customer to respond to
the brand’s marketing mix’s 4P elements (product, price, place, promotion). The brand’s
feeling and positive perception of the product desired from all customer touchpoints, such
as price, ease of payment, speed of delivery, campaign, special discount, customer service,
and the purchasing process at the same level can enable BAW, superiority and direct and
positive effects on brand equity [20,22,136,137]. This is because studies on omnichannel
marketing, consumer attitudes, multichannel marketing, and service quality point in this
direction [9,110,135,141–143]. In this context, we make the following assumption:

H4: Integration Quality (INQ) positively influences brand equity (BE).

4. Research Methodology
4.1. Measures

As a result of the literature review, the research assumed that INQ had four first-order
sub-dimensions: CSC, CC, PC, and AQ [43]. Furthermore, as a result of INQ, it was
assumed that Brand Equity (BE) consisted of three first-order sub-dimensions: BL, PQ, and
BAS (BAS abbreviation used instead of BAW/BA abbreviation) [22].

Sources of [43] for the INQ scale (21 items) and [22] for Brand Equity (10 items) were
used. We did not develop scales but simply adapted the scales from these two widely cited
studies to our research. However, we tested the accuracy and reliability of these scales in
the methodological part of the research. We used a 5-point Likert scale to measure the items.
Table 3 provides brief conceptual definitions of the structures that make up the scales, their
scales, and the resources used in detail.

Table 3. Functionalization of structures.

Structures Definitions Sub-Dimension Definitions

IN
Q

-[
43

]

It is the performance of a brand or
retailer in coordinating all customer

touchpoints (websites, physical stores,
kiosks, smartphones, etc.) owned by

the retailer to provide consumers
with a sustainable and flawless

experience [43,51,57].

(C
SC

)

Channel performance in terms of the same quality and
consistency across all channels [43,50,57,58].

(C
C

) It refers to the consistency of information going and
coming through the brand’s different channels

[51,57,60].

(P
C

) Consistency of consumer elements (sense of service,
wait time, image, level of employee appreciation) across

channels [43,50].

(A
Q

)

It refers to the security provided to consumers across all
channels. ASQ encompasses the totality of privacy,

security, and e-service quality and is conceptualized as a
dimension of INQ [43,60].
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Table 3. Cont.

Structures Definitions Sub-Dimension Definitions

BE
-[

22
]

Brand equity is the assets and
identities associated with a brand,

brand name, or symbols added to or
subtracted from the value of products

or services of a company or its
customers [138].

(B
L) It is the repeated purchase of products of the same

brand by a consumer in the future [16,21].

(P
Q

)

It is a consumer’s sense of a product’s superiority [20].

(B
A

)

Everything about a brand appears in the consumer’s
memory [21].

(B
A

W
)

It is the set of definitions, meanings, and information
about the brand in consumers’ memory [21].

4.2. Data Collection

Survey data were collected from March–January 2022 with the support of research
companies with a database of approximately 198.000 consumers in Turkey. We had help
from the statistics company, which has the second largest consumer portfolio of the country,
to apply this survey to Nike sportswear consumers residing in Turkey. The company
applied our online survey to 1549 customers, which we selected randomly from 4.800
Nike brand customers within its body. To our survey, 847 consumers responded. Of these,
survey data were excluded from participants under 18 years of age, those who had no
experience with all Nike brand channels, and those who provided inconsistent responses to
the three attention control questions (ACQs). As a result, survey data from 626 participants
were valid for the final analysis. We did not detect any response bias in the data of 626
participants. Thus, the number of participants in our study exceeded the lower limit of the
literature that it is appropriate to carry out with five times as many samples as the number
of scale items for SEM [63,144].

5. Results
5.1. Demographic Results

The demographic profile of the participants is presented as a percentage in Table 4.

Table 4. Demographic profile of the participants.

Gender Marital Status

Female %50.2 Single %47.4
Male %49.8 Married %52.6

Education Age

High School and Below %39.1 18–24 %26.2
University %33.5 25–35 %21.7
Graduate %27.3 36–44 %26.4

Over 45 years old %25.7

Job Distribution Channels Used

Student %12.6 I buy the products of this brand online (from the website), they are delivered to
my address. %31.6

Private Sector Employee %37.2 I buy products of this brand online (website), delivered from store. %33.1
Officer %54.2 I buy the products of this brand from the store; they are delivered to my address. %35.3

Academical Personal %4.6
Teacher %7.2

Small Business %8.1
Engineer %3.2

Military Officer %2.2
Nurse %5.9

Financial Advisor %4.6
Doctor %5.0
Lawyer %5.1

According to Table 4, the ratio of male and female participants was almost equal.
Likewise, the rates of single and married participants were very close to each other. The
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majority of the participants were university and master’s graduates. It was found that 26.2%
of participants were 18–24 years old, 21.7% were 25–35 years old, 26.4% were 36–44, and
25.7% were 45 or older, while the majority of participants were classified as private-sector
employees at 37.2% (n = 233). The channel usage alternative rates of the participants were
very close to each other.

5.2. Result for Measurement

In this research, the reliability analysis and confirmatory factor analysis methods
were first used to test the consistency and accuracy of the multilevel scales (INQ scale and
brand equity scale) created using the literature. CFA specifies multifactorial structures
and tests the fit of the model to the data [145]. We iteratively tested both scales to deter-
mine the goodness-of-fit values and to obtain a final model. In assessing goodness of fit,
we followed the recommendations of [65] (X2 < 3; GFI > 0.90; AGFI ≥ 0.900; NFI > 0.90;
RMSEA < 0.01, 0.05 and values below 0.08 indicate excellent, good, and moderate fit, re-
spectively; 0 < CFI < 1) which are widely accepted in the literature [65]. We also performed
the Cronbach’s alpha test for scale reliability.

We analyzed the validity and reliability of INQ constructs (CSC, CC, PC, AQ) and
BE (BL, PQ, BAS) in two separate path diagrams and reported the significant values of
the constructs in the same table (Table 5). All factor loadings of INQ ranged from 0.66 to
0.97, and for multiple correlation squares (R2), values ranged from 0.44 to 0.94, and t > 2.58
was significant at the p< 0.001 significance level. All factor loadings of BE were significant
between 0.79–0.88, and for multiple correlation squares (R2), values were from 0.62–0.77,
and t > 2.58, p < 0.001 significance level. These values showed a strong relationship with
the corresponding structures, in compliance with the literature [63–65].

Table 5. Inter-order relations values.

X2/df p RMSEA CFI GFI AGFI NNFI NFI RMR SRMR

INQ 1.932 0.000 0.039 0.99 0.97 0.97 0.99 0.99 0.017 0.013

BE 1.374 0.000 0.020 0.99 0.99 0.99 0.99 0.99 0.009 0.008

AVE and CR values were important for us in terms of the reliability of the constructs.
AVE values of 0.80 and CR values of 0.50 were obtained for all structures for the above-
predicted values (Table 6) [64,66].

Table 6. AVE and CR Values.

Variables CR AVE Cronbach’s Alpha

CSC 0.90 0.54 0.937
CC 0.78 0.47 0.858
PC 0.77 0.45 0.850
AQ 0.79 0.49 0.891
BL 0.88 0.72 0.881

BAS 0.90 0.65 0.902
PQ 0.79 0.65 0.787

For reliability analysis, Cronbach’s Alpha results show that the reliability values of
both the INQ and BE scales are above 0.70. Thus, the CFA results and Cronbach’s Alpha
results show that the scales are consistent with research, accurate, and reliable.

Then, the Pearson correlation analysis showed that we examined the significance of the
relationships between the first-order sub-dimensions of INQ (independent variable) and
the first-order sub-dimensions of BE (dependent variable). Thus, the results showed that
the correlation coefficients between INQ and its sub-dimensions and BE and its dimensions
were statistically significant (p < 0.01) (Table 7) [67].
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Table 7. Pearson correlation analysis results.

Variables CSC CC PC AQ BL BAS PQ

CSC 1 0.901 ** 0.910 ** 0.916 ** 0.786 ** 0.851 ** 0.783 **
CC 1 0.873 ** 0.880 ** 0.747 ** 0.817 ** 0.744 **
PC 1 0.887 ** 0.755 ** 0.820 ** 0.766 **
AQ 1 0.746 ** 0.817 ** 0.760 **
BL 1 0.893 ** 0.820 **

BAS 1 0.843 **
PQ 1

** p < 0.01, CSC: Channel-Service Configuration, CC: Content Consistency, PC: Process Consistency, AQ: Assurance
Quality, BL: Brand Loyalty, BAS: Brand Awareness and Brand Association, PQ: Perceived Quality.

We used the Fornell–Larcker Criterion (FLC) to calculate the discriminant validity
of the scale with discriminant validity analysis [68]. The discriminant validity of our
constructs was ensured because the square roots of the extracted mean variance (AVE)
values of the scale variables of our study were higher than the correlations between the
constructs [68]. Thus, the discriminant validity of the scale of the study was ensured
(Table 8).

Table 8. Discriminant validity results.

Variables CSC CC PC AQ BL BAS PQ

CSC 0.93
CC 0.91 0.92
PC 0.92 0.90 0.93
AQ 0.88 0.90 0.91 0.92
BL 0.91 0.89 0.85 0.91 0.93

BAS 0.89 0.91 0.91 0.83 0.89 0.89
PQ 0.89 0.90 0.90 0.90 0.89 0.88 0.87

Notes: The square root of AVE is indicated in bold; CSC: Channel-Service Configuration, CC: Content Consistency,
PC: Process Consistency, AQ: Assurance Quality, BL: Brand Loyalty, BAS: Brand Awareness and Brand Association,
PQ: Perceived Quality.

5.3. Result for Structural Models

For the analysis of our hypotheses, we used the method SEM (structural equation mod-
eling), which is hypothesized due to its compatibility with the research, is recommended
for analysis with small or medium sample sizes, and does not require a normal distribution
of the data. For SEM, we used the program LISREL 8.7 [44,64,146,147].

SEM analysis values of hypothesis testing were found in two different models. The
first path diagram includes each degree of relationship between INQ and the dimensions
BL, PQ, and BAS separately (Figure 2). The statistical results showed a standardized beta
of 0.86 (INQ-BL), 0.93 (INQ-PQ), and 0.93 (INQ-BAS), respectively (Figure 3). These values
were significant at p < 0.001(Table 9). According to [148], the R2 value was accepted as a
significant effect size. Furthermore, the goodness-of-fit values were found to be excellent
according to the literature: X2/df = 4.492, RMSEA = 0.077, CFI = 0.99, IFI= 0.99, RMR= 0.041,
SRMR = 0.040, GFI = 0.93, AGFI = 0.91, NFI = 0.99, NNFI = 0.99. Thus, hypotheses H1, H2,
and H3 were confirmed, which stated that overall integration quality had a significant and
positive influence in the sub-dimensions of BL, perception quality, and BAW/BA (BAS),
which are combined into one dimension.
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Table 9. Findings for the first structural model.

Paths β/Path
Coefficients T Statistics p Value Result

INQ-BL 0.86 22.39 ** 0.000 Accepted
INQ-PQ 0.93 22.11 ** 0.000 Accepted

INQ-BAS 0.93 21.66 ** 0.000 Accepted
** p < 0.01.

The other path diagram shows the relationship between INQ and brand equity within
the structural model. (Figure 3). The standardized beta value for INQ-BE was 0.90, and
p < 0.001 was significant (Table 10). The model explained the total variance by R2. Accord-
ing to [148], the R2 value was accepted as a significant effect size. Thus, hypothesis H4 was
confirmed, which states that the overall quality of integration has a significant and positive
effect on brand equity.
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Table 10. Findings for the second structural model.

β/Path
Coefficients T Statistics p Value Result

INQ-BE 0.90 25.56 ** 0.000 Accepted
Source: From the authors. ** p < 0.01.

6. Discussion and Implications

Based on the dimensions of integration quality proposed by Hossain et al., in 2020,
we presented a model of the brand effect of INQ and tested it empirically using SEM.
While INQ consists of four sub-dimensions, namely channel-service configuration, content
consistency, process consistency, and assurance quality, brand equity consists of four sub-
dimensions: BL, PQ, BAW, and Brand Association. We confirmed with CFA that the size of
the scales decreased to one, which is consistent with the literature.

The results of the structural models have confirmed that INQ is an important predictor
and promoter of brand equity and its sub-dimensions (BL, PQ, BAW, and BA combined in
one dimension). In other words, our research proves that brand equity and its dimensions
(BL, PQ, BAW and BA-(BAS)) for Nike, a luxury sportswear brand that uses omnichannel,
are a result of integration quality, which is a performance indicator of the harmony of all
services provided at all customer touchpoints of the brand. For this reason, this research
has revealed that brands that use omnichannel marketing care about integration quality
and have higher brand equity than other brands competing in the same market that do not
care about omnichannel marketing integration quality.

Considering the results of the first hypothesis test from the research model results
in Table 10, it was found that integration quality had a positive and significant effect on
BL (t = 22.39, p < 0.01). When the level of integration quality increases by one unit in
the channels of Nike, a luxury sportswear brand that engages in omnichannel marketing,
the loyalty level of the brand is positively affected by 0.86. This relationship between
INQ and BL has not been previously examined in the omnichannel study. However, in
a multichannel environment, the relationship between the factor of service quality used
instead of INQ and BL has been established in a few studies [10,42,51,52]. For example, [149]
research conducted in Malaysia found that service quality is effective in creating brand
loyalty. However, unlike multichannel, this hypothesis finding makes a unique contribution
to the literature, as omnichannel means delivering the same service to customers in all
channels at the same time [10]. With the provision of cross-channel INQ in an omnichannel
environment, customer satisfaction, which is an important antecedent of brand loyalty in
the literature, can be gained. The common entity that is the factor in the emergence of
OM is consumer desire. In this context, the service that will be provided with the same
transparency, harmony and strategies in all channels, which will lead to an increase in
customer satisfaction and thus brand loyalty [18,150].

When examining the result of the second hypothesis test, it was found that the inte-
gration quality of Nike brand’s sales channels had a positive and significant effect on BA
and BAW, which are combined into a single factor (t = 2.11, p < 0.01). Thereby, there will
be a positive effect of 0.93 on BA and BAW when the integration quality increases by one
unit, summarized in a single factor. Brand awareness and brand association components
are actually influenced by brand image [16,17,106,108,151]. The image of a brand in society
can change what consumers think about the brand. Therefore, if a brand has a good image,
the consumer’s awareness of the brand is positively affected. In this context, the positive
effect of INQ, which means the performance measurement of the harmony to be achieved
between channels, on brand association and awareness in this study offers an important op-
portunity for brands to improve their brand image, brand awareness and brand association
for omnichannel environments [43,45,149]. In addition, it has been revealed in previous
studies that communication has a great contribution on brand awareness. Based on this
finding, inter-channel communication and one-to-one communication at contact points
with customers will be beneficial both in increasing the level of INQ and in improving
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brand awareness and attitude toward the brand [33,152,153]. In this context, this SEM
result, which reveals the effect of INQ on brand awareness and brand association in the OM
environment, opens the way for a fairly new research area and reduces the literature gap.

As a result of the third hypothesis test, it was found that the integration quality of the
Nike brand distribution channels had a positive and significant effect on the quality of the
brand perceived by the consumer (t = 21.66, p < 0.01). A one-unit increase in the level of
integration quality attributable to the compliance performance of all brand channels has a
positive effect of 0.93 on the quality that the brand evokes in the minds of consumers. The
impact of service quality on the perceived quality of the brand was previously discussed for
multi-channel environments [53,91,125,127,132,154]. However, to the best of the author’s
knowledge, we are not the first research to directly reveal this relationship, as there are
already very limited studies for omnichannel. Some antecedents have been provided
in the literature for a brand trying to increase its perceived quality in the minds of its
customers, which is related to the excellence of a brand in the most general sense. This
study obtained INQ as a predictor of the perceived quality of the brand. The finding of
our research, which allows us to redefine an influencer of the concept of perceived quality,
which is an abstractly felt quality, for the OM environments brought by digitalization,
is a first in its field. For OM, there is no system that concretely measures the services
offered through the channels. In other words, the approximation of the inter-channel
compatibility performance to the maximum will lead to improvements in the perceived
quality of the brand. Past research has presented evidence that perceived quality increases
brand loyalty [22,130–132]. In addition to the satisfaction of customers with product quality,
product, price, and promotions, purchasing the brand’s products from all online and offline
channels of the brand with the same quality, price, customer relations, after-sales service,
discounts and payment facilities will increase the perceived quality of the brand.

Finally, we were curious to know whether brand equity, which is important as a
component of customer equity, is affected by the integration quality of the brand’s channels
and the integration quality of a brand in the case of omnichannel marketing application.
Considering the results of the first hypothesis test from the research model results in
Table A1, in the fourth hypothesis, we examined the impact of integration quality on brand
equity and found that integration quality had a positive and significant impact on brand
equity (t = 25.57, p < 0.01). If the brand achieves an improvement of one unit in integration
quality, which is an indicator of the harmonization performance of the operation in the
brand’s channels, the equality of this brand will increase by 0.90 units in the positive
direction. In other words, we reduce the literature gap with this hypothesis, which was
asked to be discussed by [45]. With this study, which explores the relationship between
INQ and brand equity for the first time, we provide theoretical contributions and expand
the explored research area in customer equity subject areas with INQ. Brand managers
and marketers have historically resorted to many innovations to increase brand equity.
Time intervals and innovations brought by digitalization have changed the strategies of 4P
(Product, Price, Place, Promotion) while also offering new markets for brands to present
their products. What did not change with all this was the effort to increase the value of
the brand’s tangible and intangible assets. We pave the way for future BE research with
our research, where we present a very usable result for omnichannel environments to
investigate the factors that may be effective in increasing BE.

6.1. Theoretical Implications

The findings of this study have some unique theoretical implications.
First, research on omnichannel applications is quite limited. This study brings a

conceptual extension to the literature on omnichannel strategies, INQ, OM.
Second, this research has demonstrated that INQ is a provider of brand equity in an

omnichannel environment that has thus far been tested with customer-oriented relation-
ships and purchase intention, and as far as the authors know, its relationship with brand
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assets has not been quantitatively studied. Therefore, it is the first research to examine
these structures and relationships in the field of OM.

Third, the H1, H2, H3 assumptions of this study, in which we set up an impact analysis
with each of the INQ and BE dimensions (BL, BAS, PQ) were accepted. In this context, the
work to discover the predecessors of BE has been extended with the INQ adopted for OM.

Fourth, we narrowed the literature gap in the context of BE by providing a validation
for the antecedents of INQ (CSC, CC, PC, AQ), whose validation is not yet fully clarified in
the literature.

6.2. Managerial Implications

This study has valuable contributions to marketers and brand managers. First of all,
there are brands that are rapidly transitioning to omnichannel environments that have
not yet been fully adopted, reaching customers through all channels, but experiencing
losses compared to single-channel marketing in this direction. In this sense, we provided
marketers with ways to increase INQ with this study. We also presented the necessary
reasons for managers to provide INQ in an omnichannel environment in order to increase
brand equity, with an empirical application. In addition, the most important benefit of this
research is that it shows brand owners and managers and brand marketers a way to set up
the omnichannel system.

7. Conclusions

In this research, we empirically investigated the relationships between INQ and BL,
PQ, BAW, brand association and BE. The reliability, divergence and convergent validity
results of the scale of our research exceeded the literature values. In other words, the scale
we used for the empirical application of this research and the model of the research matched.
Path coefficients and goodness-of-fit values obtained by SEM analysis recommended in the
literature in impact studies were in agreement with the literature. Based on the problems of
our research, four different hypotheses, which we constructed theoretically, were accepted.
That is, the SEM results confirmed the assumptions we made between INQ and BE and
their components in the context of OM. SEM results revealed that INQ had the highest
effect (0.93) on BAS and PQ and the least effect (0.86) on BL, and INQ affected BE with 0.90.

The results of this research, which examine the predictors of brand equity and its
components, have not been empirically analyzed despite increasing knowledge, and they
offer implications for the subject areas OM, INQ, BE, which still have limitations in theoret-
ical knowledge. Our research is unique, as it is the first study to empirically examine the
relationship between INQ and BE and its components in the context of OM. It is also unique
in that it is the first study to examine in detail the relationship between omni-channel strate-
gies and brand equity in the context of Turkey, a developing country with very limited
work on the Circular Revolution. Furthermore, our research results expand the limitations
of some studies in the literature.

The results of INQ, which is one of the dynamics of service quality, and brand equity,
which is a dimension of customer equity, will help managers, customers, companies,
marketers and brand consultants to establish an effective omnichannel system. It will
contribute to all available information. It has been revealed that the efforts of the brand
to realize the integration of all services offered in the omnichannel environment have an
effect on all information, awareness and associations in the mind of the consumer, the
provision of INQ in this framework, the provision of the consumer’s loyalty to the brand,
the perceived quality of the brand in the mind of the customer, and the positive if it is
negative, or already positive. If it is positive, it will have beneficial returns for the brand,
such as reinforcement.

One of the broadest contributions of this article is that it offers a solution for omnichan-
nel environments to reduce the cost of textile products returned due to inter-channel in-
compatibility, as well as the amount of waste generated by brands throwing away returned
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products. Thus, we expand the field of research for the protection of the environment and
reduce carbon emissions, as well as shed light on the research to be conducted in this field.

Our research has several limitations. First, the research data were collected only in
Turkey. This limits the research, as the results cannot be generalized to other countries.
In the research, the participants’ data were collected in a single time frame in 2022, and
the time limit is another limitation of the research. Furthermore, the research was only
applied to Nike, a famous sportswear brand that operates in the apparel industry. Although
generalization for the apparel sector is easy, the inability to extend the research to other
sectors that require more services is the final limitation of the research. Expanding this
research to overcome these three limitations is recommended for future studies. The impact
of cross-channel integration quality on brand equity and dimensions can be studied for
omnichannel in different income countries, periods, and industries. Moreover, the brand
value was a dynamic of customer equity. Therefore, whether customer equity is an outcome
of INQ could be a new research topic for the future.
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Appendix A

Table A1. Results of constructs.

Constructs Items CR AVE Cronbach’s Alpha

Channel-service
choice [57,58]

This brand offers its products through multiple channels.

0.90 0.54 0.93

When buying products of this brand, I can choose from more than one channel.

If I cannot buy products of this brand from a particular channel, I can use
other channels.

I am aware of the products offered by this brand’s multiple channels (website,
physical store and mobile application).

I know how to use the features of this brand’s multiple channels (website, physical
store and mobile app).

This brand kept me well informed about the various features of its multiple channels
(website, physical branch and mobile app).

This brand does not force me to use a particular channel for a particular purpose.

Services provided through different channels of this brand are suitable for
these channels.

Content Consistency
[53,57,58]

The product prices of this brand are consistent across all channels.

0.78 0.47 0.85
This brand provides consistent promotional information across different channels.

This brand provides consistent product information across different channels.

In general, the information on multiple channels of this brand is consistent.

Process Consistency
[57,58]

All channels of this brand (website, physical store and mobile application) are easy
to use.

0.77 0.45 0.85

All channels of this brand (website, physical store and mobile application) have a
flexible system to meet my needs.

The service experience is consistent across all channels of this brand (website,
physical store and mobile app).

This brand maintains a consistent brand image across all its channels (website,
mobile app and physical store).

Assurance quality [43]

My personal information is protected in all channels of this brand.

0.79 0.49 0.89

My personal information in all channels of this brand isn’t shared with others.

My financial information on all channels of this brand isn’t shared with others.

All channels of this brand have sufficient security features.

All channels of this brand provide the means by which I can express my complaints.

Brand Loyalty [22]
I plan to stay loyal to this brand.

0.88 0.72 0.88When purchasing a product, the products of this brand are always my first choice.

If there is a channel where I can reach this brand, I won’t turn to other brands.

Brand Association &
Brand Awareness [22]

Some features of this brand come to my mind quickly.

0.90 0.65 0.90

I can quickly remember the symbol or logo of this brand.

I have a hard time imagining this brand in my mind.

I easily recognize this brand among other competing brands.

I am aware of this brand.

Perceived Quality [22]
The quality of the products of this brand is extremely high.

0.79 0.65 0.78The products of this brand are very likely to be functional.
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153. Yeğin, T.; Durmaz, Y. The Effect of Trust, Commitment, and Relational Satisfaction among the Relationship Quality Dimensions

on Consumer-Based Brand Equity Dimensions: A Model Proposal. Turk. Stud.-Soc. Sci. 2020, 15, 3207–3234. [CrossRef]
154. Cheung, R.; Lam, A.Y.C.; Lau, M.M. Drivers of Green Product Adoption: The Role of Green Perceived Value, Green Trust and

Perceived Quality. J. Glob. Sch. Mark. Sci. 2015, 25, 232–245. [CrossRef]

58



sustainability

Review

A Critical Assessment on Functional Attributes and
Degradation Mechanism of Membrane Electrode Assembly
Components in Direct Methanol Fuel Cells

Arunkumar Jayakumar 1,* , Dinesh Kumar Madheswaran 1 and Nallapaneni Manoj Kumar 2,*

����������
�������

Citation: Jayakumar, A.;

Madheswaran, D.K.; Kumar, N.M.

A Critical Assessment on Functional

Attributes and Degradation

Mechanism of Membrane Electrode

Assembly Components in Direct

Methanol Fuel Cells. Sustainability

2021, 13, 13938. https://doi.org/

10.3390/su132413938

Academic Editor: Nicu Bizon

Received: 15 November 2021

Accepted: 15 December 2021

Published: 16 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, 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/).

1 Green Vehicle Technology Research Centre, Department of Automobile Engineering, SRM Institute of Science
and Technology, Chennai 603203, India; mdineshautomobile@gmail.com

2 School of Energy and Environment, City University of Hong Kong, Kowloon, Hong Kong
* Correspondence: arunkumj1@srmist.edu.in (A.J.); mnallapan2@cityu.edu.hk (N.M.K.)

Abstract: Direct methanol fuel cells (DMFC) are typically a subset of polymer electrolyte membrane
fuel cells (PEMFC) that possess benefits such as fuel flexibility, reduction in plant balance, and benign
operation. Due to their benefits, DMFCs could play a substantial role in the future, specifically in
replacing Li-ion batteries for portable and military applications. However, the critical concern with
DMFCs is the degradation and inadequate reliability that affect the overall value chain and can
potentially impede the commercialization of DMFCs. As a consequence, a reliability assessment can
provide more insight into a DMFC component’s attributes. The membrane electrode assembly (MEA)
is the integral component of the DMFC stack. A comprehensive understanding of its functional
attributes and degradation mechanism plays a significant role in its commercialization. The methanol
crossover through the membrane, carbon monoxide poisoning, high anode polarization by methanol
oxidation, and operating parameters such as temperature, humidity, and others are significant
contributions to MEA degradation. In addition, inadequate reliability of the MEA impacts the failure
mechanism of DMFC, resulting in poor efficiency. Consequently, this paper provides a comprehensive
assessment of several factors leading to the MEA degradation mechanism in order to develop
a holistic understanding.

Keywords: direct methanol fuel cells (DMFCs); polymer electrolyte membrane fuel cells (PEM-
FCs); membrane electrode assembly (MEA); methanol crossover; polarization; methanol oxidation;
flooding; Nafion®; platinum (Pt); ruthenium (Ru)

1. Introduction

Accelerated climate change and environmental degradation are being suffered glob-
ally due to the widespread use of fossil fuels [1]. Fuel cells fall under the category of
potential reliable energy systems [2], as most of the renewable energy systems suffer due
to their intermittent operational nature [3]. Amongst different types of fuel cells, poly-
mer electrolyte membrane fuel cells (PEMFCs) are arguably the fastest-growing and most
likely to be used in the near future because of their unique attributes such as high power
density, low operating temperature (60–80 ◦C), quick start-up, and dynamic response [4].
In particular, when compared to redox flow batteries [5] and Li-ion batteries [6], PEMFC
is deemed to be a superior candidate considering numerous factors such as capital cost,
electrical efficiency, dynamic response, and power density. Incidentally, the widely used
fuel for PEM fuel cells is hydrogen, which poses challenges and concerns in terms of stor-
age and safety that subsequently impede its widespread commercialization [7]. Therefore,
significant endeavors have been committed to incorporate direct alcohol fuel cells (DAFC),
considering its distinctive benefits such as simple operation, capability, high energy density,
safe fuel handling and reasonably low environmental impact. Additionally, DAFC was
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established to tackle the storage crisis of hydrogen as well as to avoid the necessity of
a reformer for the conversion of alcohol to hydrogen [8].

DAFC that uses methanol as a fuel is normally referred to as direct methanol fuel
cells (DMFC). Methanol is the extensively utilized fuel for DAFC applications and on a
volumetric basis, it has 50% higher specific energy density (6.09 kWh kg−1) than liquid
hydrogen (3.08 kWh kg−1), and it is simple alcohol, with only one carbon atom, which
oxidizes more effectively than other liquid hydrocarbon fuels. In addition, the methanol
infrastructure is well established and safer, unlike hydrogen. [9]. Low boiling point (65 ◦C),
high flammability, and ability to flow through the membrane from the anode to the cathode
side (i.e., high crossover) are the limitations of using methanol as a fuel for DAFCs, because
the chemical oxidation of methanol and the fuel crossover throughout DMFC operation
culminates in a reduced power output, which substantially limits the widespread usage
of DMFCs. Additionally, the methanol feed is diluted with CO2 and probably nitrogen,
which may comprise CO traces that act as a catalyst poison [10]. CO could be removed
from fuel feed using water gas shift and oxidation reactors; however, the removal adversely
affects the system efficiency and leads to an increase in volume, weight, start-up period,
and response to variations in energy demand of the system [9,11]. Ethanol, on the other
hand, can be used as an alternative fuel because of its advantages such as higher energy
density than methanol, and its relatively low toxicity. Ethanol possesses additional benefits
such as lower cross-over rates that have less detrimental impacts on DAFCs performance;
however, ethanol has two carbon atoms (C-C) bonded, and this bond is quite complex to
break at the lower operating temperatures of DAFCs [12]. Ethylene glycol is an alternative
alcohol fuel for DAFCs, which is less toxic, safer in terms of handling, and has high energy
density and lower volatility because of its high boiling point (about 198 ◦C) compared to
methanol. Moreover, ethylene glycol has a theoretical energy density of 4.8 Ah mL−1, which
is 17% greater than that of methanol, i.e., 4 Ah mL−1, which is particularly noteworthy
for portable electronic applications [13]. Although various types of alcohol are employed
as fuel for DAFC, the Direct Methanol Fuel Cells (DMFC) exhibit higher performance
and lower crossover compared to DEFCs. This is because, when using ethanol as a fuel,
there is a rapid decline in cell voltage at higher current densities, due to the rapid anode
poisoning [14]. Owing to the aforementioned unique advantages, it is evident why DMFCs
are the most widely employed alcohol-based fuel cells.

From the structural configuration, the DMFC comprises an anode/cathode gas dif-
fusion layer (GDL), anode/cathode catalyst layers (CL), and an electrolyte (i.e., a proton
conducting membrane), and bipolar plates (BPPs) on either side. Frequently, these compo-
nents are engineered separately and pressed all together as a single unit at high pressure
and temperature. The CL and GDL integrated with the membrane, as a single unit is
referred to as membrane electrode assembly (MEA). This DMFCs’ configuration is similar
to that of a PEMFC stack. Methanol with water is fed through the flow channels of BPPs
on the anode side of the cell through the flow channel of the bipolar plates and oxygen is
fed on the cathode side.

The methanol and water react electrochemically and generate protons, electrons, and
CO2 at the anode, due to the methanol oxidation at the CL, as given in Equation (1). The
membrane (Nafion®) conducts protons to the cathode and impede the electrons since
the membrane is ionically conductive. The membrane also aids in CO2 rejection, because
insoluble carbonates are produced in alkaline electrolytes. The electrons thus travel through
an external circuit, producing electrical energy and recombining with protons on the
cathode side with oxygen atoms and producing water, as given in Equation (2). The
overall reactant flow and the ion transfer mechanism is depicted in Figure 1 and given in
Equation (3) [15–18].

Anode reaction : CH3OH + H2O→ CO2 + 6H+ + 6e− →E
◦
anode0.046 V (1)

Cathode reaction :
3
2

O2 + 6H+ + 6e− → 3H2O → E
◦
cathode = 1.23 V (2)
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Overall reaction : CH3OH +
3
2

O2 + H2O→ CO2 + 3H2O → Ecell = 1.18 V (3)
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The most broadly employed membrane for DMFCs is Nafion®, as it demonstrates 
exceptional proton conductivity, as well as outstanding mechanical and chemical stability. 
However, Nafion® possess high fuel crossovers throughout the membrane and they are 
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tion. Hence, the potential constraint of the DMFC system is that it deteriorates from des-
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The most broadly employed membrane for DMFCs is Nafion®, as it demonstrates
exceptional proton conductivity, as well as outstanding mechanical and chemical stability.
However, Nafion® possess high fuel crossovers throughout the membrane and they are
costly, have inadequate device lifespans, owing to the chemical and mechanical degradation.
Hence, the potential constraint of the DMFC system is that it deteriorates from destitute
anode kinetics, high catalyst loadings, low power density, and high cost [19–21]. Thus,
DMFC and DEFC belong to the same family with marginally different characteristics.

In general, methanol should oxidize readily when the anode potential exceeds 0.046 V
in proportion to the reversible hydrogen electrode (RHE). Correspondingly, when the
cathode potential falls under 1.23 V, oxygen should be decreased gradually. In practice,
the sluggish electrode kinetics (kinetic losses) drive electrode reactions to vary from their
ideal thermodynamic values, resulting in a substantial reduction of the theoretical cell
efficiency [22]. For any fuel cells, the performance, a good grade of stability is a vital
requirement and subsequently, the degradation mechanisms for DMFC components have
a direct influence on the performance of DMFCs [23]. In addition, the operating circum-
stances and the degradation processes are directly co-related, given that the degradation of
active-type DMFC performance during cyclic voltage loading is significantly greater than
under continuous voltage or current operation [24]. However, minimal consideration has
been committed to studying the degradation mechanism of the membrane electrode assem-
bly of DMFCs. The present paper provides prominence to the general MEA degradation
mechanism of the DMFC system. Considering all these aspects, the paper is categorized
into the following sections: Section 2 elaborates on the functional attributes of the various
DAFC stack components including the membrane, CL, and the GDL. Section 3 expounds
on the degradation involved in the MEA. Section 4 exemplifies the degradation mechanism
in the DMFC component arranged systematically. Section 5 summarizes the significance of
the work along with the critical assessment and limitations.

2. DMFC Functional Components

The critical components of the DMFC are the membrane electrode assembly which
encompasses the membrane, CL and GDL. To be empathetic on the root causes in the MEA
degradation involves the understanding of its functional attributes which are elaborated in
the subsequent section.

2.1. Membrane

The membrane acts as a separating layer between the anode and cathode layer, which
conducts protons and impedes the flow of electron. The membrane ought to have high
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proton conductivity, high chemical stability, and must be minimally permeable to methanol
and water while possessing high durability at a reasonable cost [25,26]. The membranes
for DMFC are normally based on fluorinated polymer and sulfonic acid groups similar to
the PEMFC systems [27]. Nafion® is the widely used membrane, which is a perfluorinated
polymer, primarily composed of a polytetrafluoroethylene (PTFE) support and lengthy
perfluoro vinyl ether pendant side chains that are wrapped up by sulfonic functional groups.
The polytetrafluoroethylene (PTFE) support offers chemical and thermal conductivity,
while the sulfonated group ensures proton conductivity. The membrane is normally
175 microns in thickness, and the electrodes are typically 2 mm in thickness [28]. Many
commercially available membranes are below 175 microns in thickness, but they are not
reported to be efficient in proton conduction in the DMFC [29]. The chemical structure of
a Nafion® perfluorinated ionomer is given in Figure 2 [30].
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Figure 2. Typical structure of Nafion® perfluorinated ionomer [30].

The X in the structure of Nafion® predominantly refers to the sulfonic ionic func-
tional groups and the M refers to the metal cation in neutral form of a proton (H+) in
the acidic form. Typically, a perfluoro sulfonyl fluoride copolymer-based Nafion® from
DuPont, Delaware, USA is observed as the best-fit membrane for DMFCs, due to its high
proton conductivity, exceptional mechanical properties, excellent chemical stability, and
easy availability. However, it has shortcomings such as high manufacture expense, and
at low humidity or high temperatures, these membranes are less proton conductive, have
low mechanical property, high alcohol permeability, and are limited to operating tempera-
tures [31]. As a result, such Nafion® membranes are susceptible to rapid dehydration at
high temperatures, resulting in loss of proton conductivity, and in certain circumstances,
causes irreversible changes in the microstructure of the membrane [32]. As a consequence,
the key difficulties in contemporary DMFC research are to produce an alternate mem-
brane capable of operating at higher temperatures or with low humidification of reactants.
Choices of Nafion®, on the other hand, are frequently cheaper, i.e., sulfonated polyether
ether ketone (sPEEK) membranes [33] and sulfonated poly aryl ethers (SPAEs) [34]. Few
commercially available membranes for DMFCs are Aciplex (Asahi Kasei Chemicals, Tokyo,
Japan) [35], Flemion (Asahi Glass, Chiba, Japan) [36], Gore-select (W. L. Gore & associates,
Newark, DE, USA) [37] and the perfluoro sulfonic acid (PFSA) based Fumapen F-1850 and
E-730, (Fumatech Bietigheim-Bissingen, Germany), [38] though Nafion from Dupont is the
most prevalent.

2.2. Gas Diffusion Electrode (GDE)

The GDL and the electrode (catalyst) as a single unit is referred to as gas diffu-
sion electrode (GDE) [39]. The GDE for DMFC is typically made of a porous mixture of
carbon-backed platinum (Pt) or Ruthenium (Ru) [40]. Pt is predominantly used as the elec-
trocatalyst for DMFC. However, with methanol as a fuel, there could be “CO poisoning.”
Therefore, Ru is added to promote the electrocatalyst activity by adsorption of OH and strip-
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ping off adsorbed CO from nearby Pt sites. Thus, at the anode, the catalyst, namely, Pt/Ru,
in appropriate proportion initiates the methanol electro-oxidation to generate protons
and electrons [41]. For an effective electrochemical reaction, the catalyst particles should
be in close proximity with the protonic and electronic conductors. Additionally, there
should be sections for reactants (i.e., porosity) to reach the catalyst zone and for reaction
products to leave the cell [42]. The contact point of reactants, catalyst, and the electrolyte
is usually indicated as the three-phase interface [43]. To accomplish an adequate rate of
reaction, the area of catalyst zones must be several times greater than the geometrical area
of the catalyst. Consequently, the catalysts are made porous to form a three-dimensional
network, where the three-phase interfaces are established [44]. The catalysts are typically
0.45 mm thick (before hot-pressing), with a catalyst loading that lies within the range of
0.2 to 0.5 mg/cm2. The catalyst loading is one of the cost-hindering aspects of the DMFC,
compared to other MEA components, given that Pt-Ru/C anode catalyst constitutes 36%
and Pt/C cathode catalyst constitute 21% of the overall cost of a single DMFC stack in
mass production (10,000 units per year), while the membrane and GDL const 12% and 8%,
respectively [45]. The DMFC stack cost could not be downsized unless the amount of Pt is
reduced by any cost-effective element combined with it, or by entirely replacing Pt with any
non-noble elements. Alternative catalysts can be investigated in addition to lessening the
CO contamination, thereby reducing the overall cost of the DMFC [46]. Though in certain
circumstances, the catalysts are coated onto the membrane, as in the present context, it is
taken into the account the CL and GDL as the gas diffusion electrode. The precious catalyst
is typically Pt, which has the highest activity towards oxygen reduction reaction (ORR)
compared to all catalysts grounded on the Sabatier principle. This systematic configuration
is termed as volcano plot and is illustrated in Figure 3 [47].
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The GDL in general comprises a macroporous backing layer, usually made of porous,
conductive carbon cloth or carbon cloth, and a microporous layer (MPL) [48]. Good diffu-
sion characteristics (facilitating reactants to come in contact with the catalyst site); good
electrical conductivity; stability in the DMFC environment; high permeability/pore size
distribution for liquids and gases; good elasticity under compression; contact angle of the
pores are the favorable features of GDE [49]. The most widely available carbon cloth-based
GDL are ELAT [50], Avcarb [51] and CeTech [52], where carbon paper-based GDL are Av-
carb [53], Toray [54], Freudenberg [55], Sigracet [56] and Spectracarb [57]. Carbon cloth has
an ordered arrangement of fibers, larger pores, high porosity, and permeability, resulting
in reduced mass transportation resistance and accelerating effective CO2 removal [58].
Carbon paper, on the other hand, has a packed high denser structure and could be utilized
to improve back diffusion of water by retaining a hydraulic pressure at the cathode [59].
A study on structural multiplicity and acclimatization dependence of DMFC reported that,
using carbon cloth as the anode GDL and carbon paper as cathode GDL for a DMFC outper-
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formed all other configurations [60]. Metal foams, metal meshes, and sintered metals are
used as alternative GDLs in DMFCs [61,62]. Studies reported that the metal foam-enhanced
passive DMFC performed better in terms of oxygen transportation and consequently cell
performance [63].

3. MEA Degradation and Mitigation Strategies in DMFC

The MEA has often been termed the heart of DMFC. An insight into the degradation
mechanism of the MEA can apparently increase the reliability of the DMFC stack. As
a consequence, an assessment of the degradation in the membrane and gas diffusion
electrode of a DMFC stack is mandatory. A comprehensive and systematic review is
a promising way of representing such degradation, as those events can be classified as the
primary, secondary, and tertiary consequences which cause the degradation of the stack
components. This article logically assesses the combinations of the undesired events that
can potentially lead to the undesired state based on numerous research articles reported.
The primary consequences are those unsought or most intricate causes, the secondary
consequence is the intermediate cause, and the tertiary consequences are at the bottom.
In the present work, an assessment is performed on those degradation mechanisms that
can lead to the failure of MEA components of DMFC. Nevertheless, similar assessments
have been already performed by several researchers that largely focus on hydrogen-based
PEMFCs [64–67]. Though the degradation of DMFC is similar to hydrogen-based PEMFCs,
there are significant alterations that have to be assessed. The following sections elaborate
on the degradation mechanism in the MEA components of DMFC.

3.1. Electrolyte Membrane

The primary constituent of the membrane degradation is the methanol crossover, fol-
lowed by various other constituents such as CO poisoning, membrane thickness, methanol
concentration, and its impurities, membrane assembly defects, reaction parameters, thermal
and mechanical stability, and radical (OH*/HOO*/ROO*).

3.1.1. Methanol Crossover

In a liquid-fed DMFC, methanol in excess is provided to the anode of the MEA. It
is desired to have all or for most of the methanol diffuse into the anode for the reaction.
A phenomenon follows called “methanol crossover (MCO)” where a certain amount of the
methanol diffuses over the membrane from the anode to the cathode [68]. The MCO in
general is defined using Fick’s law for diffusion across a polymer membrane as given in
Equation (4) [69] and its schematic representation is given in Figure 4 [70].

J = −D
dC
dZ

(4)

where J is the methanol flux, D is the coefficient of diffusion, C is the methanol concentration
and Z is the location within the membrane.

The Inherent water diffusion characteristic of the membrane and methanol solubility
in water triggers MCO [71]. Consequently, merely a few elements of methanol oxidize at the
anode layer, where the rest of the elements are diffused through the membrane resulting in
MCO [72]. This transportation is primarily by the diffusion and electro-osmotic drag (EOD)
mechanism [73]. The mass transportation diffusion mechanism is fundamental during
MCO, and it is proportional to methanol feed concentration. EOD is generated when proton
transfer drags several methanol molecules. The EOD contribution is proportional in MCO,
i.e., it increases with increase in amount of methanol fraction at the membrane-electrode
(anode) interface and the current generated by the cell [71].
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The MCO occurs mostly owing to the nature of the Nafion membrane, as Nafion is
made up of hydrophilic side chains that comprise ionic sulfonic acid (−SO3H) groups,
which clustered in conjunction to produce ionic channels. While the water flow through
ionic channels aids in the transport of protons, allowing for superior proton conductivity,
it allows for the passage of methanol across the membrane. This aliphatic polymer struc-
ture of Nafion facilitates the development of larger ionic channels, resulting in enhanced
methanol permeability [72].

Studies reported that the MCO mostly relies on the operating temperature [74–76] and
the method of delivering the fuel [77]. It is given that the rate of fuel/oxidant delivered,
and their concentration will substantially impact MCO [78]. The linear dependency of
current density on temperature and methanol concentration was reported in numerous
studies [79–83]. Figure 5 [84] represents cell current density versus methanol crossover
current density as a function of temperature and methanol concentration, respectively.
While the precise co-relation between permeability and MCO is complicated, certain
variables such as the thickness of membrane [85] and methanol feed concentration [86]
impact crossover in definite directions, i.e., for greater methanol concentration or thinner
membrane, the crossover rates are higher [87]. In addition to permeability, the co-efficient
of diffusion and solubility properties are often reported [88]. It is essential to measure these
concepts and connect them to the MCO fluxes of operational DMFCs at this phase. This
MCO leads to lower theoretical open-circuit voltage (OCV) of ~0.7 to 0.8 V vs. ~1.2 V and
low power density of DMFC [89]. MCO produces a mixed potential at the cathode, and
consequently decreases the methanol consumption in the anode, thereby decreasing the
voltage of the DMFC around 400 mV [90].

The most amount of the MCO to the cathode will be electrochemically oxidized. This
leads to the decrease in the performance of the cell and is subjected to the consumption
of the cathode reactants [91]. In prevailing liquid feed DMFC, dilute methanol (6.41% to
9.61 vol% CH3OH or 2 to 3 mol) is provided to the anode side of MEA. In such instances,
the methanol diffuses to the anode and reacts incompletely.

The residual methanol leaves the CL and thus diffuses through the membrane to
the cathode. The deficit of fuel decreases efficiency, which consequently reduces the
cathode performance. The methanol loss at the anode side initiates the concentration at the
surface of the catalyst to deterioration in the vicinity of the membrane accelerates the mass
transportation resistance [92,93].

The hydrophilic properties of Nafion are enhanced by the concentration of hydrophilic
domains and as a result, DMFCs elements are easily transported over perfluoro sulfonic
acid membranes (mostly water and methanol). This consequently influences MCO from
the anode to the cathode, which is primarily accomplished by the diffusion via the water-
filled channels inside the Nafion structure and active transportation with protons and
associated water solvent molecules during EOD [94]. A rigid polymer matrix [95] and
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a small free-volume membrane [96] could potentially bring down the electro-osmosis
methanol diffusion. At the cathode, the MCO is oxidized to CO2 and H2O, lowering fuel
efficiency and leading to cathode depolarization [97]. It is postulated that MCO reduces
the efficiency of DMFC by 35%. Although the loss of oxygen from the cathode to the anode
has an adverse effect on the efficiency of DMFC, it may be overlooked in contrast to the
impact of the MCO. On contrary, mass transfer of N and CO through the membrane has no
substantial effect on DMFC performance [95].
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It is evident from studies that the MCO is a significant factor that leads to the degra-
dation of the membrane component. From the findings of various experiments reported,
higher methanol concentration and substantial membrane thinning was detected, because
the Nafion is soluble in methanol. This results in increased MCO and intense mixed poten-
tial formation on the cathode. Thus, the incompetence of the membrane to function as an
efficient alcohol barrier decreases the performance of the cell as a result of mixed potential
at the cathode [98–101]. Figure 6 [102] illustrates a graph comparing methanol crossover
rates at OCV condition and in the presence of 1 and 5 M methanol concentration for some
of the tested membranes including the commercial Nafion® 115. This measurement was
performed by employing an online gas chromatograph to analyze the CO2 at the cathode.
In the sequences E-730, F-1850, and Nafion®-115, the crossover increased.
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Numerous studies have examined DMFC performance utilizing anion exchange mem-
branes (AEMs) rather than the more typical proton-based Nafion membrane, with the vast
majority reporting higher Ohmic resistance and lower MCO [103–105]. While AEM-DMFCs
have a greater OCV and marginally improved initial performance compared to Nafion-
based DMFCs, the resilience of such membranes often degrades in contrast to Nafion-based
membranes, culminating in quick performance degradation [106–108]. The quaternized
polyaromatics-based AEM polymers such as quaternized polyether ketone and quaternized
polysulfone have recently received considerable attention, because of their outstanding con-
ductivity properties, good mechanical and chemical stability [109,110]. However, synthesis
of quaternized polyaromatics embraces hazardous compounds such as chloromethylation
of benzene rings, which are highly carcinogenic and cytotoxic. Furthermore, the cost for
tailoring polymers of quaternized polyaromatics is relatively expensive, which stands as
the primary impediment to widespread commercialization [111,112]. Table 1 [113] provides
the snapshot of electrochemical characteristics of different membranes used for DMFC.

Table 1. Electrochemical characteristics of different membranes used for DMFC [113].

Membrane Acronym E-730 F-1850 Nafion® 115

Type of polymer SPEEK PFSA PFSA
Equivalent weight (g mol−1) 700 1800 1100

Membrane thickness (µm) 30 120 125
Crossover current (mA cm−2) 48 100 195

Maximum power density @ 90 ◦C (mW cm−2) 77 38 64

Various studies have been conducted to control MCO [114,115]. The methanol concen-
tration gradient through the Nafion membrane has high impacts over MCO; however, this
approach is said to increase flooding and result in lower energy density [116]. Given that,
the methanol tolerant catalysts cannot directly control the MCO rate, though it is capable
of reducing the detrimental consequences of it [117–119].

3.1.2. Stack Assembly Effects

At high operating temperatures, the membrane degradation rate accelerates owing to
the development of pinholes in the membrane in conjunction with cathode degradation
and delamination [120]. If any flaw or pinhole appears on the membrane, the reactants
blend under the catalytic effect that forms reaction intermediates such as CO, resulting in
the hot-spot formation and, in turn, the pinhole dimensions or structural deformation [121].
In extreme circumstances, this could contribute to the explosion of cells, or structural
flaws are caused by the following reasons: (i) When the membrane is stabbed by fibers or
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particles in the MEA during manufacturing and processor during stack assembly [122];
(ii) When the membrane is stabbed or lacerated by MEA or bipolar plate edges under stress
produced by the stack bolts [123]; (iii) During long-term operation of the stack, peroxide
corrosion makes the membrane thinner, and which leads to pinhole formation, that are
more likely to be appeared in membrane drying cases [124]. Despite the above-mentioned
reasons, membrane pinhole development can occur under extremely transient circum-
stances with a high number of humidity cycles. Because of the substantial volumetric
expansion of ionomeric membranes under high humidity and in the presence of liquid
water, variations in RH cause high mechanical stresses in the membrane, which contribute
to membrane pinholes through in the lack of chemical degradation [122]. However, the
pinhole formation triggered by short-term mechanical damage or steady long-term corro-
sion is not known as their effects on performance are not apparent; hence, it is imperative
to develop approaches for perceiving membrane pinholes formation to circumvent the
potential hazard of explosion or constant performance reduction, and subsequently the
reduction in lifespan.

Studies have shown that stresses developed within the system could damage the
membrane. These developed stresses are said to have various origins. The first is the initial
stresses that arises within the MEA during stack assembly [125]. Numerous studies on
optimizing the assembly procedure (such as bolt assembly), especially for the homogeniza-
tion of the arising mechanical stresses have been reported [126]. A study on the mechanical
response of membrane subjected to various clamping conditions observed the formation of
pinhole at the center of the membrane which is due to the extreme form of non-uniformity
in this constraint configuration [127]. One study observed that clamping stress is conducive
to the durability and integrity of the membrane that, however, depends on the design speci-
fications [128]. Evaluating various stack compression methods by considering the vibration
effects in the clamping systems of the stack can offer better perceptions of optimal stack
assembly procedure. Supplementary efforts are yet to be established to deliver models that
combine the physical and electrochemical process concerning assembling and structural
issues viz. stress, displacement (deformation), damage (cracks, delamination).

3.1.3. Thermal/Mechanical Stability

In general, Nafion membrane is volatile on operating the stack at temperatures range of
above 100 ◦C. Better cell performance of the cell for Nafion-based membranes is achievable
with the operating temperature range of 25 ◦C to 90 ◦C. Over 90 ◦C, the current density is
limited as temperature increased, because of the membrane degradation [129]. In recent
times, significant attention has been paid to Polybenzimidazole (PBI)-based membranes
because of their high thermal stability, which is attributed to their tolerance when operating
at higher temperatures (i.e., >100 ◦C) than Nafion membranes. To achieve maximum power
output, it is desirable to increase the operating temperature; PBI membranes are able to
endure while operating at temperatures in excess of 100 ◦C with a vaporized feed [130].

3.1.4. Methanol Concentration and Impurities

The other factors leading to the damage of the membranes are the impurities present
in the methanol. DMFCs utilizing various types of commercial methanol con numerous
compositions of impurities. The water content in the humidified methane encompasses
cationic impurities namely Na+, Cl− and Mg2+, that possibly contaminates the membrane
surface [131]. The proton loss is more acute with low-valent cations, which is due to the
decreased affinity of the sulfonic acid groups present in the Nafion membrane [132]. It was
reported that that the MEA substantially degraded with an increase in the corrosion of
austenitic stainless steel by the supply of various metal solution concentrations into the
fuel stream of DMFC [133]. In addition to impurities with the methanol, the concentration
of the fuel adversely affects the MEA performances. Optimum methanol concentration
fall in the range of 1–2 M, which entails water dilution and subsequently far lower energy
density. The higher alcohol concentration worsens the influence of permeated fuel on
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the performance of the membrane due to the MCO effect [134]. A study stated that the
membrane becomes highly porous and the degree of membrane swelling is increased when
there is an increase in alcohol concentration [135]. In general, the pure polar solvent has
a greater membrane absorption than the pure non-polar solvent. When water is blended
with a solvent, fortunately, the degree of swelling is negatively proportionate to the polarity
of the solvent [136].

3.1.5. Membrane Thickness

Membrane thickness in a DMFC influences water crossover as well as water man-
agement, which thereby causes membrane degradation. A study reported that when the
passive DMFC is worked with low methanol concentration and with a thicker membrane
shows better performance at low current densities than at high current densities [137]. The
thinnest sPEEK membrane was proven to have good DMFC performance, though also
showing low Faradays efficiency (i.e., high methanol permeation with low Ohmic losses).
On the other hand, the thickest membrane showed superior qualities concerning methanol
permeation [138].

3.1.6. Reactive Oxygen Species

The formation of reactive oxygen species, such as the hydroxyl radical (OH), and hy-
droperoxyl/peroxyl radicals (HOO/ROO) can also cause the degradation of the membrane.
Given that, the Nafion membranes are prone to the high absorption of reactive oxygen
species, which leads to a high swelling ratio rate of membranes and fail to properly hold
the contact between membrane and catalyst [139]. In the case of the PFSA membrane, the
formation of reactive oxygen species also opens up the path for methanol permeability,
which leads to high MCO [140].

3.1.7. Mitigation Strategies for Membrane Degradation

The contemporary reliance on Nafion membrane use for DMFC is significant due to
its high conductivity and mechanical and chemical stability. The degradation of Nafion
membranes, on the other hand, represents a considerable drawback. Hence, exploring
an alternate membrane or increasing the performance of the Nafion is critical. Numerous
literature has been reported to address the membrane degradation issue. Concerning the
methanol crossover reduction, it can be accomplished by utilizing cross-linking procedures
or adding up nanosized inorganic fillers within the membrane to improve the tortuosity
path, as well as by fine-tuning the ion exchange capacity (IEC) [141]. The alternative
approach contemplates the change of the chemical characteristics of the polymer network
adjoining the ionic groups to modify the degree of dissociation and the degree of interpen-
etrated networks [142,143]. These approaches can reduce the level of methanol permeation
permeability while keeping the proton conductivity at suitable levels; however, apparently,
the cathode is less polarized in the presence of lower methanol permeation [144]. This
corresponds to lower overpotentials for the oxygen reduction reaction. This strategy is
further assisted by using methanol-tolerant cathode electro-catalysts with high activity for
oxygen reduction [145]. FuMA-Tech created a new class of fluorinated membranes for use
in DMFCs [146], which exhibited ion exchange capacities of 0.4 and 0.5 meq g−1, that is
nominally equated to equivalent weights of 1800 and 2300 g mol−1, respectively. These
results differed greatly from those of conventional PFSA membranes, such as Nafion® 115,
with an equivalent weight of 1100 g mol−1 and an IEC of 0.91 meq g−1. These blend
membranes were designed to restrict methanol crossing, while the cast membrane thick-
ness of 30–50 m enabled minimizing the membrane area resistance and cost of material as
contrasted to Nafion® 115, which has a thickness of 125 m.

A relationship (reciprocal of the product of the area-specific resistance and the crossover)
between DMFC power density and membrane selectivity is reported in a study [102]. This
equation could be used to estimate DMFC performance based on fundamental mem-
brane parameters in the presence of identical catalyst-loading, mechanical, and interfacial
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features. As explained above, selectivity is connected to intrinsic membrane features.
Consequently, determining membrane selectivity does not always necessitate testing in
DMFCs. Conductivity, thickness, and methanol permeation properties may all be used
to calculate selectivity. If the electrode parameters are known, membrane selectivity can
provide an indicator of DMFC performance at low temperatures, according to our research.

Using reinforced composite membrane is another strategy to improve membrane dura-
bility in DMFCs. The membrane with silane grafted on graphene oxide-treated mordenite
with graphene oxide shows improved durability than conventional Nafion [147]. A thin
Nafion membrane comprised of highly surface-functionalized sulfonated silica-coated
polyvinylidene fluoride (S-SiO2@PVDF) nanofiber mat and methanol-resistant chitosan.
The proposed membrane showed three times greater wet tensile strength (25.2 MPa) and
1.6 times greater elongation (83.5%) than those of the pure Nafion membrane. More vitally,
the improved ionic conductivity, reduced methanol permeability, and extremely limited
swelling were attained for the composite membrane. These results show that the production
of such a mechanically robust membrane with improved proton conductivity, and methanol
resistance is a great structural design system. Likewise, in theory, decreasing the molecular
weight or increasing the content of silane coupling agent coating could help enhance the
conductivity of nanofibers. Similar studies were reported using quaternized chitosan
reinforced with surface-functionalized PVDF electrospun nanofibers [148], Polyvinyl al-
cohol (PVA) reinforced composite membranes [149], poly(styrene sulfonic acid)-grafted
poly(vinylidene fluoride) reinforced composites [150], Graphene quantum dot reinforced
hyperbranched polyamide membrane [151], to improve the DMFC membrane durability.

3.2. Electrocatalyst Degradation

The DMFC widespread hindrance is highly influenced by the degradation of the
catalyst layer which is accelerated by the following reasons: Catalyst poisoning; Pt/Ru
agglomeration; Pt/Ru delamination; Pt/Ru dissolution; Ru leaching from Pt/Ru surface;
Surface oxide formation and the membrane dissolution.

3.2.1. Catalytic Poisoning

CO poisoning, the most severe catalyst deactivation proc, is a critical concern, particu-
larly in direct methanol fuel cells (DMFCs). Figure 7 [152] schematically illustrates the CO
formation on the surface of the Pt catalyst.
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The intermediates of methanol electro-oxidation impede alcohol oxidation and absorb
CO molecules on the electrocatalyst surface which then leads to poisoning the electro-
catalyst and hinders the electro-oxidation kinetics [153]. This consequence lead to the
use of alloys. Ruthenium as a potentially promising circumvent the CO poisoning [154].
In addition, transition metal carbides have benefits in terms of poison resistance; for
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instance, tungsten carbide (WC) has unique character traits such as high electrical conduc-
tivity, acid resistance, relatively low cost, and resistance to CO poisoning during methanol
electro-oxidation [155].

3.2.2. Pt/Ru Agglomeration

The overall growth in particle size during methanol oxidation is described by agglom-
eration. The mechanism varies on the particles’ distance and support characteristics. Given
that the specific particles are in the nearby vicinity or linked to each other, thus producing
the larger sized group, the catalyst material diffused and increase together throughout
potential cycling. This further formed as a layer with the membrane and MPL on either
side and degrades on constant operation [156]. The mechanism of Pt agglomeration at the
cathode side of DMFC is given in Figure 8 [157]. Constant advancements in catalyst ink
development have been attained such as decreasing the Pt/Ru loading and substituting
Pt-black with Pt-supported carbon black [144]. The carbon support typically comprises
several carbon black particles, namely, Vulcan (20 µm) or Ketjen black (50 µm). When the
particles turn out to be coupled together by fusion bonding in the ink solution, then the
aggregates produce agglomerates by attractive van der Waals forces [158].
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Figure 8. Pt agglomeration at cathode catalyst of DMFC [157].

In a study, aggregates of various forms were modelled as particle clusters and dis-
tributed randomly in space to develop an agglomerate composition of the catalyst layer.
It was observed that when aggregates overlapped, a new spot of agglomeration was
randomly formed [159].

3.2.3. Pt/Ru Dissolution

Conventional Pt-Ru-based electrocatalysts are reported to comprehend a substantial
quantity of unalloyed Ru in the form of intermetallic phases or segregated oxides, which
are responsible for the dissolution of Ru under collapsed pseudocapacitive currents [160].
Pt or Ru dissolution from the Pt–Ru anode catalyst by potentials greater than 0.5 V vs. DHE,
observed by migration and accumulation to the cathode can decrease the activity of both
anode and cathode catalysts and a deterioration of cell performance [161]. Figure 9 [162]
illustrates the Pt dissolution mechanism in a typical DMFC. In a study, it is reported that if
the Pt/Ru atomic ratio is unchanged or decreased, it also can lead to Ru losses, relying on
the comparative amount of Pt and Ru lost. The standard Pt/Ru atomic ratio of the Pt-Ru
catalyst is 1:1, hence, a drop in Ru concentration in the catalyst leads to a decline in MOR.
Nevertheless, based on the degree of alloying, the Pt–Ru catalyst’s MOR activity would
increase after Ru loss [163].
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3.2.4. Pt/Ru Delamination

Due to the low binding energy between the catalyst-coated membrane and the CLs,
delamination of CLs often occurs throughout repetitive operations. The bonding force
supplied by the direct pressing approach of CCM cannot withstand the swelling of the
membrane during the operation of the DMFC, resulting in delamination [164]. A study re-
ported that the isotropic membrane swelling (i.e., expansion coefficient difference between
the CL and membrane) enhances the variance in swelling ratio with catalyst encompasses
a Nafion binder, which would most likely increase electrode layer delamination [165].

3.2.5. Ru Leaching from Pt/Ru Catalyst

In the absence of Ru near the Pt catalyst, the firmly bonded CO molecule generated
following reactant transfer will degrade the Pt surface. As a result, it is critical to avoid
certain operating circumstances that lead to Ru leaching [166]. Additionally, the Ru leached
from the anode will be deposited on the Nafion membrane, causing membrane fouling.
Finally, the anode’s leached Ru can be deposited at the cathode, lowering the cathode
catalyst’s total oxygen reduction activity. Though the existence of Ru is crucial for MOR,
when the anode potential achieves 0.5 V vs. RHE, the Ru (in oxidized form) particles would
be receptive to leaching [167]. By quantifying the amount of Ru oxide from various sections
of the DMFC, we can ascertain that the potential distribution in the cell is not uniform
even in a single cell arrangement under typical operating circumstances. Because of the
comparatively large anodic potentials, this condition may also result in preferential Ru
leaching from the methanol inflow area [168].

3.2.6. Surface Oxidation Formation and Practical Growth

The high binding energies of both CO and oxygen-containing species such as surface
oxides or adsorbed OH groups induce the quite often substantiated poisoning of pure
platinum utilized as an anodic catalyst [169]. Intermediate species may also poison the
catalyst and deteriorate the fuel cell performance. For instance, methanol will partially
oxidize to form intermediate species such as formic acid, methyl formate, and formalde-
hyde [170]. Pt surface oxidation at the cathode is investigated in numerous studies using
the oxide reduction peak of cyclic-voltammetry measurements, and it is determined that the
electrocatalytic activity for oxygen reduction decreases, which contributes to degradation
in the catalyst layer [171]. The substantial, oxidized Ru percentage in the anode catalyst
was demonstrated to exert a major influence in the development of particles at the anode
side and was found to be disseminated throughout the cathode in its oxidized form and,
therefore, can have a considerable impact on the oxygen reduction activity (ORR) [172].
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3.2.7. Carbon Corrosion

Carbon black (specifically Vulcan XC-72) is the most frequently used backing layer for
DMFCs. These are typically made using pyrolyzing hydrocarbons. The high surface area
(∼250 m2 g−1 for Vulcan XC-72), low cost, and effortless accessibility of carbon black help
decrease the total cost of the cell [173]. While widely used as a catalyst–support, CBs still
endure complications such as (i) the presence of organo-sulfur impurities [174] and (ii) deep
micropores or recesses which deceits the catalyst nanoparticles making them inaccessible to
reactants consequently leading to reduced catalytic activity. Under the acidic environment
of a conventional DMFC, thermochemical stability is essential, and its deficiency results in
corrosion of the carbon support and dissolution of the catalyst layer [175]. Carbon black, on
the other hand, is mostly made up of planar graphite carbon and amorphous carbon, both
of which have a lot of dangling bonds and flaws. The dangling bonds quickly generate
surface oxides, leading to a faster corrosion rate during electrochemical oxidation [176].
A study reported that agglomeration of catalysts which is triggered by reactant starvation
is correlated to carbon support corrosion [177].

3.2.8. Mitigation Strategies for Catalyst Degradation

Among various degradation mechanisms, the Pt/Ru agglomeration and dissolution
were found to be the most significant contributors to catalyst degradation in DMFCs. There-
fore, considerable attention has been paid to reducing the catalysts agglomeration and
dissolution. Pt/Ru supported on TiO2 embedded carbon nanofibers (Pt-Ru/TECNF), was
reported as a highly active catalyst for methanol oxidation, which demonstrated reduced
agglomeration compared to the conventional Pt catalysts supported on carbon [178,179].
A study reported that using ethanol solvent as catalyst ink for anode catalyst increased the
interaction between Pt particles and ionomer, resulting in reduced agglomeration [180].
A similar study reported that using N-methyl pyrrolidone and dimethyl sulfoxide as
catalyst ink enables the reduction of catalysts agglomeration [181]. Polyaniline-Silica
(PANI-SiO2) nanocomposite was created as a support for improving the performance of
Pt/Ni electrocatalysts, to improve catalyst stability. The Pt/Ni/SiO2-PANI electrocatalyst
demonstrated exceptional catalytic activity. PANI-SiO2, as an organic–inorganic hybrid
catalyst support, significantly increased the stability and CO poisoning tolerance of the
resultant electrocatalyst, according to experimental and theoretical data [182]. A thin,
permeable silicon oxide (SiOx) nanomembrane encapsulates a well-defined Pt thin film
(SiOx/Pt), is used as a catalyst-coated membrane to improve durability. The proposed
catalyst demonstrated exceptional CO tolerance and highly active methanol oxidation,
which also shows an improved lifespan compared to conventional catalyst [183]. TiO2-
Fe2O3@SiO2-incorporated graphene oxide nanohybrid prepared by the hydrothermal
method was used as a catalyst for DMFC. The nanohybrid showed greater stability with
91.58% retaining the initial current density later on 5000 s in the life span current–time
curve [184]. Nickel–palladium supported onto mesostructured silica nanoparticles (NiPd–
MSN) was used as an electrocatalyst for DMFC. The results of the study showed greater
stability toward oxidation with 61% current retention and superior tolerance to the car-
bonaceous species accumulation compared with other electrocatalysts [185]. Poly(3,4-ethyl)
(PEDOT) backed with carbon-supported Pt is used as anode catalysts for DMFC methanol
oxidation which exhibits high mass activity and superior stability after 500 durability cy-
cles, which is greater than those of commercial Pt/C catalyst [186]. A study demonstrated
a dual-template approach to produce well-defined cage-bell nanostructures containing
Pt core and a mesoporous PtM (M 1

4 Co, Ni) bimetallic shell (Pt@mPtM (M 1
4 Co, Ni) CB).

The unique nanostructure and bimetallic properties of Pt@mPtM (M 1
4 Co, Ni) CBs showed

higher catalytic activity, superior durability, and greater CO tolerance for the methanol
oxidation reaction than commercial Pt/C [187].
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3.3. Gas Diffusion Layer

GDL is the most often overlooked cell component subjected to degradation in the
DMFC system. This is attributed to the fact that the GDL degradation is much limited by
the factors such as cell potential, porosity, and the effect due to the temperature.

3.3.1. Cell Potential

The diffusion layers are usually made of a carbon cloth or carbon paper that contributes
a substantial role to the species transportation and structural integrity of MEA for PEM
and any alcohol fuel cells [188]. The carbon base provides DMFCs with fairly good
electrical conductivity between the catalyst and current collecting plates [189]. In general,
GDL is around 100–400 µm thick and porous, which permits gas diffusion to the catalyst.
Thinner layers are normally better as they possess nominal electrical resistance and let
fuel and oxidants effortlessly pass through [190]. Nevertheless, carbon corrosion occurs at
different voltage rates under several fuel cell operating conditions; however, the severity
is low compared to a H2-based PEM fuel cell as the nominal operating voltage is low for
DMFC [191].

3.3.2. Porosity

GDL porosity can also be one of the parameters that can impact its durability and
performance. The GDL is frequently wet-proofed with a hydrophobic material such as
Teflon® (PTFE). The hydrophobic material permits excess water rejection, thereby inhibiting
flooding [192,193]. The primary physical parameters influencing GDL degradation are
the gas permeability and the pore size diameter [194]. A study reported that the optimal
pore size diameter to be around 25–40 µm, and greater than that would result in excess
flooding, which degrades the GDL; however, increased porosity increases the current
density [195]. The Teflon® content and GDL thickness thus proven to have a larger impact
on GDL degradation just than the porosity [196].

3.3.3. Operating Temperature

Limited water diffusion through the cathode GDL leads to flooding, and too much
water diffusion can lead to cathode active layer and the polymer membrane dry triggering
excessive cell resistance, which is called Ohmic polarization [197]. An increase in cell
temperature than the standard defined level (60–100 ◦C) tends to dry the GDL, which
consequently results in degradation [198]. On the other hand, low operating temperature
is affected due to the progressive damage in carbon fiber and due to the change in the
structure of the microporous layer [199]. Nevertheless, at higher operating temperatures,
inherent mechanical characteristics of the GDL were drastically affected by the temperature-
dependent parameters of the PTFE and epoxy resin resulting in a considerable reduction in
resistance to GDL compression than found at lower operating temperatures [200].

3.3.4. Mitigation Strategies of GDL Degradation

The critical aspect impeding the output performance of conventional DMFCs is the
minimum efficiency of the mass transport of oxygen, which is often a result of water
flooding. Currently, researchers are largely determined on the water back diffusion from
the cathode to the anode, as this can potentially solve the flooding at the cathode and
decrease methanol crossover. A new hybrid catalyst layer (CL) was described in a study
where relatively hydrophobic and hydrophilic CLs were integrated to form a hybrid
CL [201]. The results of the study showed that the hydrophilic and hydrophobic control
can efficiently generate a better distribution of methanol and water concentration. A three-
dimensional graphene framework was applied to manufacture cathode MPL for improving
water management [202]. The results indicated that the performance and stability were
improved remarkably. From the literature review, water back diffusion improvement is an
efficient approach for water management, inhibiting cathode flooding and reducing the
MCO from the anode to the cathode. Though substantial improvements have been attained
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using the aforesaid techniques, the oxygen mass transport within the catalyst layer is
however a challenge. A trilaminar-catalytic layered GDL design could accelerate the water
back diffusion and encourage oxygen mass transportation. In a study, a trilaminar-catalytic
layer comprises an inner, middle, and outer layer that is used for DMFC [203]. The middle
layer has lower porosity compared to the inner and outer layers. This produces a water
pressure gradient between the inner and middle layers and an oxygen concentration
gradient between the outer and middle layers. Thus, the trilaminar-catalytic layered MEA
can enhance water back diffusion from the cathode to the anode, as well as oxygen mass
transportation, by creating beneficial gradients. An optimized MPL design is crucial to
mitigate methanol crossover and improve DMFC performance. A study on the effects of
MPL design in a DMFC indicated that anode MPL decreases the methanol concentration
and liquid saturation in the anode CL. Cathode MPL improves the water back-flow from
the cathode to the anode and Hydrophobic anode CL improves the water back-flow from
the cathode to anode [204]. A study on the effect of porosity of the copper-fibre sintered
felt (CFSF) demonstrated that GDL with a super-hydrophobic pattern that has a porosity
of 60% attains the best performance compared to those of 50% and 70% porous, since it
facilitates water removal when the water balance coefficient (WBC) is high [205].

4. Influence of Water Flooding in MEA Degradation

Cathode flooding of DMFC is a key contributor to the recoverable operational losses
in DMFCs. Cathode flooding is categorized as catalyst flooding and backing flooding.
Catalyst flooding is associated with several ORR active sites, the catalyst thickness, pore
size, and its distribution [206]. The backing flooding is associated with the hydrophobicity
and porosity of the backing layer [207]. Figure 10 [208] depicts the schematic representation
of the water flooding mechanism in DMFC. The effect of cathode flooding in DMFC is
considerably hazardous than a PEMFC, because of the aqueous methanol feed in the
anode [209]. Almost 80% of the overall water content of DMFC cathode originates from
the anode side, primarily through diffusion and electro-osmotic drag processes. This
mostly degrades the initial fuel cell efficiency and also leads to excessive voltage drop rates
throughout prolonged operation [210].
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In general, DMFCs provide stable performance during the initial phase of a durability
test. However, when the operating period is expanded, voltage loss is accelerated owing to
water accumulation [211]. Water flooding intensifies with time and is known to effectively
halt the operation of DMFC after only a few hundred hours of operation, particularly
while catalyst-coated membrane (CCM)-type MEAs are employed. The following per-
formance recovery of a DMFC can be achieved by cathode drying over longer durations,
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that could be as extensive as a few days [212]. Water flooding in a DMFC is commonly
ascribed to a lack of hydrophobicity in the cathode GDL/MPL due to the dispersion of the
poly-tetrafluoroethylene (PTFE) additive [213]. However, emphasizing the loss of GDL
hydrophobic character as the sole reason over such an early phase of cathode flooding
acceleration led to a misinterpretation of the precise accelerated rate of structural changes
of GDL and potentially trigger an overlook of the significant contribution by morphological
changes in the CCL [214]. In a study, using the Sessile-drop method, it is observed that
decreasing hydrophobicity leads to a small contact angle of water droplets in the GDL
fibers [215]. Despite the irreversible performance reduction, there is a chance that the
physical degradation of electrodes, especially the cathode, will have implications for water
drainage characteristics during a prolonged test, potentially increasing the water flooding
conflict [216]. However, the number of lite is limited with linked water flooding behavior
to morphological alterations in the CCL during protracted DMFC operation.

5. Conclusions

The DMFCs have the potential to play an important role in the future, specifically
in replacing the Li-ion-based batteries for able and military applications. Inadequate
reliability can potentially impede the commercialization of DMFCs. As a consequence,
a reliability assessment can provide more insight into the component’s attributes. There-
fore, the present assessment emphasized the general degradation mechanism of MEA
components of DMFCs. Incidentally, the durability of the MEA components needs to
be circumvented for these systems to penetrate the market; specifically, the long-term
durability of these systems should range from 3000 to 5000 operating hours. Aside from
the durability of MEA components, operational methods and design can have a substan-
tial influence on the durability characteristics of MEA, which might be a prerequisite for
MEA robustness. This critical assessment can improve the reliability and, subsequently,
complement the market penetration at a faster rate through a structured procedure which
can be potentially useful for DMFC research. In this work, the reliability analysis is also
carried out with the basic structured procedure, while excluding the system modelling and
quantitative/qualitative analysis.

The authors believe that a systematic root cause analysis or a fault tree analysis (FTA)
method of the present literature can help DMFC researchers and manufacturers to gain
a holistic insight into the durability mechanism in a simple yet effective manner.
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140. Zatoń, M.; Rozière, J.; Jones, D.J. Current Understanding of Chemical Degradation Mechanisms of Perfluorosulfonic Acid
Membranes and Their Mitigation Strategies: A Review. Sustain. Energy Fuels 2017, 1, 409–438. [CrossRef]

81



Sustainability 2021, 13, 13938

141. Bunlengsuwan, P.; Paradee, N.; Sirivat, A. Influence of Sulfonated Graphene Oxide on Sulfonated Polysulfone Membrane for
Direct Methanol Fuel Cell. Polym.-Plast. Technol. Eng. 2017, 56, 1695–1703. [CrossRef]

142. Dutta, K.; Kumar, P.; Das, S.; Kundu, P.P. Utilization of Conducting Polymers in Fabricating Polymer Electrolyte Membranes for
Application in Direct Methanol Fuel Cells. Polym. Rev. 2014, 54, 1–32. [CrossRef]

143. Rosli, N.A.H.; Loh, K.S.; Wong, W.Y.; Yunus, R.M.; Lee, T.K.; Ahmad, A.; Chong, S.T. Review of Chitosan-Based Polymers as
Proton Exchange Membranes and Roles of Chitosan-Supported Ionic Liquids. Int. J. Mol. Sci. 2020, 21, 632. [CrossRef]

144. Aricò, A.S.; Stassi, A.; D’Urso, C.; Sebastián, D.; Baglio, V. Synthesis of Pd3Co1@Pt/C Core-Shell Catalysts for Methanol-Tolerant
Cathodes of Direct Methanol Fuel Cells. Chem.-A Eur. J. 2014, 20, 10679–10684. [CrossRef]

145. Choi, B.; Nam, W.-H.; Chung, D.Y.; Park, I.-S.; Yoo, S.J.; Song, J.C.; Sung, Y.-E. Enhanced Methanol Tolerance of Highly Pd Rich
Pd-Pt Cathode Electrocatalysts in Direct Methanol Fuel Cells. Electrochim. Acta 2015, 164, 235–242. [CrossRef]

146. Baglio, V.; Stassi, A.; Barbera, O.; Giacoppo, G.; Sebastian, D.; D’Urso, C.; Schuster, M.; Bauer, B.; Bonde, J.L.; Aricò, A.S. Direct
Methanol Fuel Cell Stack for Auxiliary Power Units Applications Based on Fumapem® F-1850 Membrane. Int. J. Hydrogen Energy
2017, 42, 26889–26896. [CrossRef]

147. Prapainainar, P.; Pattanapisutkun, N.; Prapainainar, C.; Kongkachuichay, P. Incorporating Graphene Oxide to Improve the
Performance of Nafion-Mordenite Composite Membranes for a Direct Methanol Fuel Cell. Int. J. Hydrogen Energy 2019, 44,
362–378. [CrossRef]

148. Liu, G.; Tsen, W.-C.; Jang, S.-C.; Hu, F.; Zhong, F.; Zhang, B.; Wang, J.; Liu, H.; Wang, G.; Wen, S.; et al. Composite Membranes
from Quaternized Chitosan Reinforced with Surface-Functionalized PVDF Electrospun Nanofibers for Alkaline Direct Methanol
Fuel Cells. J. Membr. Sci. 2020, 611, 118242. [CrossRef]

149. Mollá, S.; Compañ, V. Polyvinyl Alcohol Nanofiber Reinforced Nafion Membranes for Fuel Cell Applications. J. Membr. Sci. 2011,
372, 191–200. [CrossRef]

150. Li, H.-Y.; Lee, Y.-Y.; Lai, J.-Y.; Liu, Y.-L. Composite Membranes of Nafion and Poly(Styrene Sulfonic Acid)-Grafted Poly(Vinylidene
Fluoride) Electrospun Nanofiber Mats for Fuel Cells. J. Membr. Sci. 2014, 466, 238–245. [CrossRef]

151. Xu, G.; Wu, Z.; Xie, Z.; Wei, Z.; Li, J.; Qu, K.; Li, Y.; Cai, W. Graphene Quantum Dot Reinforced Hyperbranched Polyamide Proton
Exchange Membrane for Direct Methanol Fuel Cell. Int. J. Hydrogen Energy 2021, 46, 9782–9789. [CrossRef]

152. Zhang, X.; Zhang, M.; Deng, Y.; Xu, M.; Artiglia, L.; Wen, W.; Gao, R.; Chen, B.; Yao, S.; Zhang, X.; et al. A Stable Low-Temperature
H2-Production Catalyst by Crowding Pt on α-MoC. Nature 2021, 589, 396–401. [CrossRef]

153. Ramli, Z.A.C.; Kamarudin, S.K. Platinum-Based Catalysts on Various Carbon Supports and Conducting Polymers for Direct
Methanol Fuel Cell Applications: A Review. Nanoscale Res. Lett. 2018, 13, 1–25. [CrossRef]

154. Sahin, O.; Kivrak, H. A Comparative Study of Electrochemical Methods on Pt–Ru DMFC Anode Catalysts: The Effect of Ru
Addition. Int. J. Hydrogen Energy 2013, 38, 901–909. [CrossRef]

155. Nie, M.; Du, S.; Li, Q.; Hummel, M.; Gu, Z.; Lu, S. Tungsten Carbide as Supports for Trimetallic AuPdPt Electrocatalysts for
Methanol Oxidation. J. Electrochem. Soc. 2020, 167, 044510. [CrossRef]

156. Bresciani, F.; Rabissi, C.; Casalegno, A.; Zago, M.; Marchesi, R. Experimental Investigation on DMFC Temporary Degradation. Int.
J. Hydrogen Energy 2014, 39, 21647–21656. [CrossRef]

157. Yaldagard, M.; Jahanshahi, M.; Seghatoleslami, N. Carbonaceous Nanostructured Support Materials for Low Temperature Fuel
Cell Electrocatalysts—A Review. World J. Nano Sci. Eng. 2013, 3, 33. [CrossRef]

158. Yang, Z.; Kim, C.; Hirata, S.; Fujigaya, T.; Nakashima, N. Facile Enhancement in CO-Tolerance of a Polymer-Coated Pt Electrocat-
alyst Supported on Carbon Black: Comparison between Vulcan and Ketjenblack. ACS Appl. Mater. Interfaces 2015, 7, 15885–15891.
[CrossRef]

159. Motsoeneng, R.G.; Modibedi, R.M.; Mathe, M.K.; Khotseng, L.E.; Ozoemena, K.I. The Synthesis of PdPt/Carbon Paper via Surface
Limited Redox Replacement Reactions for Oxygen Reduction Reaction. Int. J. Hydrogen Energy 2015, 40, 16734–16744. [CrossRef]

160. Xie, J.; Zhang, Q.; Gu, L.; Xu, S.; Wang, P.; Liu, J.; Ding, Y.; Yao, Y.F.; Nan, C.; Zhao, M.; et al. Ruthenium–Platinum Core–Shell
Nanocatalysts with Substantially Enhanced Activity and Durability towards Methanol Oxidation. Nano Energy 2016, 21, 247–257.
[CrossRef]
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Abstract: As education is an essential enabler in achieving Sustainable Development Goals (SDGs), it
should “ensure inclusive, equitable quality education, and promote lifelong learning opportunities
for all”. One of the frameworks for SDG 4 is to propose the concepts of “equitable quality education”.
To attain and work in the context of SDG 4, artificial intelligence (AI) is a booming technology,
which is gaining interest in understanding student behavior and assessing student performance.
AI holds great potential for improving education as it has started to develop innovative teaching
and learning approaches in education to create better learning. To provide better education, data
analytics is critical. AI and machine learning approaches provide rapid solutions with high accuracy.
This paper presents an AI-based analytics tool created to predict student performance in a first-year
Information Technology literacy course at The University of the South Pacific (USP). A Random
Forest based classification model was developed which predicted the performance of the student
in week 6 with an accuracy value of 97.03%, sensitivity value of 95.26%, specificity value of 98.8%,
precision value of 98.86%, Matthews correlation coefficient value of 94% and Area Under the ROC
Curve value of 99%. Hence, such a method is very useful in predicting student performance early in
their courses of allowing for early intervention. During the COVID-19 outbreak, the experimental
findings demonstrate that the suggested prediction model satisfies the required accuracy, precision,
and recall factors for forecasting the behavioural elements of teaching and e-learning for students in
virtual education systems.

Keywords: SDGs; artificial intelligence; higher education institutions; machine learning; data classification;
early warning system; student performance prediction

1. Introduction

Artificial intelligence (AI), connectivity (the Internet of Things), information digitisa-
tion, additive manufacturing (such as 3D printing), virtual or augmented reality, machine
learning, blockchain, robotics, quantum computing, and synthetic biology are all exam-
ples of areas where the digital revolution can help to facilitate Sustainable Development
Goals (SDGs) [1,2]. Similarly, the digital transformation will fundamentally affect many
aspects of global communities and economies, resulting in a shift in how the sustainability
paradigm is interpreted. Digitalization is a key driver of disruptive, multiscalar change,
not just a “tool” for resolving sustainability concerns. Working with digital revolution is
already reshaping leisure, work, education, behaviour, and governance. Generally, these
contributions can boost labour, energy, resource, and carbon productivity, as well as cut
production costs, improve service access, and dematerialise production [2]. Rapid increase
in digital resources have influenced the education sector to achieve the SDGs.
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The SDGs Agenda of the United Nations endorsed by global leaders in 2015 include
climate change mitigation, poverty eradication, and universal access to education [1].
Today in all functions achieving SDGs is very important, and in achieving these SDGs,
the role of education is crucial. SDGs are indivisible and encompass economic, social,
and environmental dimensions [1]. Equitable quality education (EQE) is one of the major
challenges faced by most academic institutes around the globe. SDG 4 talks about the
concepts of “equitable quality education”. Quality education is thought to lead to a more
sustainable world. The major criterion for Education for Sustainable Development (ESD) is
to provide a culture that assists students in completing their academics while also providing
greater opportunity for addressing problems. Despite these goals, it is questionable what
education for sustainability intends to do. The following are some of the historical policy
statements [2]:

• The United Nations Education, Scientific, and Cultural Organization (UNESCO), in
collaboration with the United Nations Environment Programme (UNEP), hosted the
world’s first intergovernmental conference on environmental education from 14 to
26 October 1977 in Tbilisi, Georgia (USSR).

• The Earth Summit in Rio de Janeiro in 1992 saw the launch of Education for Sustainable
Development (ESD): The United Nations Conference on Environment and Develop-
ment (Rio Summit, Earth Summit) and Agenda 21’s Chapter 36 on Education, Training,
and Public Awareness consolidated international discussions on the critical role of
education, training, and public awareness in achieving sustainable development.

• In 2002, during the World Summit on Sustainable Development, the Decade for ESD
was announced: A proposal for the Decade of Education for Sustainable Development
(ESD) was included in the Johannesburg Plan of Implementation. At its 57th session
in December 2002, the United Nations General Assembly passed a resolution declar-
ing the UN Decade of Education for Sustainable Development (DESD) to begin in
January 2005.

• In 2014, the announcement of the Global Action Programme (GAP) for ESD was
introduced during the UNESCO World Conference on ESD.

• In 2015 the World Education Forum in Incheon, Korea R, emphasised the importance
of education as a primary driver of development and achievement of the SDGs.

Therefore, with the above argument it is also debatable if these efforts have succeeded
in changing curricula and teaching methods to be more sustainable. The concept and
understanding of sustainability is crucial to the development of acceptable educational
pedagogies, their implementation, and their capacity to provide what they are created for.

EQE is one of the key drivers of a country’s economic prosperity and supports sustain-
ability. Exponential growth in enrolment in Higher Education Institutions (HEI) has been
observed in the past twenty years [2], as a result of the perceived importance of further
education in career development and opportunities. In contrast to the students historically
entering tertiary education, a shift in student demographics has been recorded with an
increasingly heterogeneous student population taking multi-modal course deliveries [3].
With the increase in student numbers, the demand for state-of-the-art services and resources
from the learners has also escalated [4].

Competition amongst the HEI is stiff, as they strive to attract students to take their
programmes. With the growing consumerism in higher education, criteria amongst stu-
dents to choose HEI is more complex, considering factors such as the delivery of the service,
reputation and likelihood of getting a better career amongst the traditional socio-economic
factors [5]. While student enrolment is dependent on the reputation and attractions on
offer, student satisfaction and success are the impetus that drive student retention. Thus,
factors that lead to student success are given increasing importance.

Various measures of student success and attainment are used by the HEIs, which
include the use of cross-sectional and longitudinal data measuring student progress, com-
pletion rates for courses and programmes, to the success of their alumni [6]. Universities
strive to maximize successful completion of courses and programmes with student support
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services, tools and technologies that have been shown to enhance student learning. This
warrants the use of new and innovative pedagogies to captivate interest and maximize the
potential of the learners.

Today, education relies heavily on ICT, with new tools in the field of higher educa-
tion [7–9]. For instance, distance learning is not a challenge anymore with off-campus
students accessing learning resources using e-learning and m-learning tools [10–14]. In
addition to this, AI is gaining interest as it can be used to execute tasks normally associ-
ated with human intelligence [15,16], such as social networking applications for learning,
speech recognition, learning management systems (LMS), decision-making, cloud learning
services, visual perception, mobile learning applications and translating languages [8,9].
Currently, most universities are livestreaming lectures and offering full courses online.
Massive Open Online Courses (MOOCs) have made higher education courses from some
of the world’s most prominent universities available to anybody with a reasonable Internet
connection anywhere in the world [17]. Virtual reality will increasingly allow students to
participate in field trips and obtain practical experience without ever leaving the classroom
or their homes. Through Internet platforms like as chegg.com, students have access to
“personal” instructors 24 h a day, from anywhere on the globe [18,19]. Textbooks, school
libraries, and even consolidated campus attendance are all on the decline.

In conjunction with SDG 4, which aims to “provide inclusive and equitable quality
education and encourage life-long learning opportunities for everyone”, the digital revolu-
tion in education will undoubtedly enhance access to high-quality education throughout
the world [1]. However, in order to do this, the essential broadband and energy infras-
tructure must be supplied simultaneously in poor countries and rural places. The rapid
digital revolution of education will have an influence on our cities’ structure and social
connections. The necessity for centralised campuses and accompanying infrastructure will
shrink as education is increasingly given remotely, allowing students to learn from home,
either individually or via “virtual classes”.

Student performance is one of the most essential elements for any learning institu-
tion [20]. Student enrolment and attendance records, as well as their examination results, are
the most conventional form of data mining (DM) in higher education institutions [11,20–22].
In this age of big data, education data mining (EDM) is an interdisciplinary field where
machine learning, statistics, DM, psycho-pedagogy, information retrieval, cognitive psychol-
ogy and recommended systems methods and techniques are used in various educational
data sets to resolve educational issues [23]. This phenomenon surrounding the EDM can be
better explained in Figure 1. To date, little has been done in EDM using AI in education in
the developing world. In the current dynamic status of EDM, numerous studies have been
carried out in relation to different typologies of DM in educational environment [23–25].
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• Providing Feedback for Supporting Instructors,
• Recommendations for Students,
• Predicting Student’s Performance,
• Student Modelling, and
• Social Network Analysis.

The use of AI in the educational environment is imperative because it can contribute
significantly to the improvement of the teaching and learning processes, as well as encour-
age the process of knowledge construction [15–17]. Based on the results of a report on the
sustainability of higher education and TEL [26], when identifying the necessary conditions
for technology to assist and not obstruct teaching and learning, we need to be very careful.

This research is designed to model an AI based predictor for student performance
in a higher education online course and the significant contributions of the paper can be
recounted as follows:

• A framework for an AI based student performance predictor is proposed,
• Digital resources are used in informing decisions related to student performance,
• Al prediction for student performance is designed and analyzed for a first-year IT

literacy course at The University of the South Pacific (USP).

In this work, the main focus was to achieve better accuracy when compared with
previous research [20] and the early prediction of student performance by employing AI in
EDM. A Random Forest (RF) classifier model is applied to the data set and an accuracy of
97.03% was achieved at week 6.

The paper is organized as follows. Section 2 summarizes the literature with the current
direction, the role of digital learning, and the involvement of AI in HEI. Section 3 provides
the design and architecture of the developed model (i.e., intelligent Early Warning System
(iEWS)). The methodology used to predict student performance is presented in Section 4.
Section 5 provides the results and discussion, and the conclusion and research suggestions
are provided in Section 6.

2. Types of Early Warning Systems

A substantial body of research shows that progressive trends for students are signifi-
cant contributors to student performance in online learning. There are several methods
associated with EWS. One of the most common techniques is the use of statistical analysis
to predict performance. Until recently, statistical approaches were largely applied in educa-
tional institutes to understand potential student pass/fail and dropout rates. More recently,
different approaches have been combined to show better performance in EDM. Different
predictive techniques are used in order to have a better prediction rate. Different classifica-
tion methods are applied for given data sets. Figure 2 depicts the graphical representation
for a list of the common methods used for EWS for student performance prediction.

2.1. The Evolution of EWS in Higher Education

The topic of predictive algorithms is often regarded as the most relevant field of study
within the data analytics discipline. EWS is widely used in various fields of study and
has impacted the education sector [20,27,28] more recently. One of the prime reasons for
applying EWS is that universities use it to track student progress and recognize students
at risk of failing a course or dropping out of a course or programme [11,29]. Various
techniques are being proposed, applied and tested, and there are many advanced tools
available in the literature which have better-predicting accuracy in the field of EDM [30,31].
One of the pre-processing algorithms of EDM is known as Clustering 32. Interestingly,
DM is one of the most popular techniques which is widely applied in education to analyse
student performance [25,32]. EWS has been used widely in secondary schools in the United
States for many years. It has been used to track student success in schools and to identify
measures that predict the likelihood of dropping out of school [33,34]. The features and
variables that were collected for EWS were based on demographic/historical data, ongoing
test results and the use of LMS. Once the EWS identifies an at-risk student, the teacher has
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the option of providing corrective measures which includes indicating different alert signals
on a student’s Moodle page and alert message via e-mail messages or text messages [29,30].
Additionally, students were allowed to get a referral to an academic advisor to address the
problem faced in a particular course.
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There has been an increase in different types of prediction models used in learning
analytics. According to [35], analytical researchers are trying to predict with better accuracy
and employing different classification tools to compare accuracies. The common classi-
fication algorithms, such as EM, C4.5, Naive Bayes Classifier, Support Vector Machines,
K-nearest neighbor [29], neural network models [36], and decision tree methods [37] are
also employed.

In most cases, the analysis is performed to predict whether a student will pass or
fail a course based on the binary response variable ‘pass/fail’. Principally, one of the
fundamentals and keen methodologies usually applied in predictive models is that the
analysis is usually performed on a single course rather than used for several courses. As a
systemic approach, model features and response variables are used in classifying at-risk
students but for a prediction model [29], the beginning of the semester is too early to
identify at-risk students. It is often difficult to contrast the studies and identify which study
has obtained the most accurate results.

Azcona and Casey [37], argue that a single course analysis is more efficient in terms
of accuracy. This may be because each course is structured differently and, therefore, the
feature will be not the same for classification in different courses. In a similar study by
Ognjanovic et al. [38], it was evident that predictive models could be applied to multiple
courses. However, they noted that the inherent differences in disciplines caused specific
variables to be strong for some courses and weak for other courses. Hence, the nature of
the course should be considered before selecting variables for an early warning system.

2.2. AI in Early Warning Systems

The involvement of AI in previous years has attracted several controversial remarks [15,16].
The use of AI in computing power, DM and Big Data technologies appears to be a more
advanced tool in predicting with better accuracy [15,32]. As mentioned earlier, AI used
a better classification tool to predict the accuracy of any EDM. Ognjanovic et al. [38] and
Andriessen et al. [39] both examined AI methods used in learning platforms and the
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relationship between education and AI, respectively. To add to this, academic performance
in game-based learning strategies was studied by Stojanovska et al. [40]. They also studied
flip teaching techniques, and video conferencing sessions by mining personality traits,
learning style and satisfaction. Basavaraju et al. [41] proposed a study by supervised
learning to use the android app. Table 1 shows the different research carried out in the field
of AI and DM methods and their accuracies. EMD study was carried out where student’s
behavioural features were used to model the system. The system yielded 22.1% accuracy,
and later, using an ensemble method, they noticed there was an increase in the accuracy of
25.8% [42].

A Deep Neural Network (DNN) was used to analyze student performance in Keras
library. They used online data sets and achieved 83.4% accuracy, and the quality of the
classifier was measured by Cost Function and Accuracy [43]. In 2017, a Recurrent Neural
Network (RNN) was implemented to predict the students’ performance for logged data
from 108 students. The predicting feature used was log data of an LMS and the results
revealed a 90% accuracy [44]. A review was carried out on predicting student performance
using DM methods and showed that the results of Neural Network and Decision Tree
had achieved an accuracy of 98% and 91%, respectively [45]. A prediction model was
developed using an Artificial Neural Network (ANN). The work was designed to predict
the Cumulative Grade Point Average of students. The academic datasets were modelled in
one of the universities in Bangladesh. They performed a compassion test with the predicted
and original grades. The highest accuracy of 99.98% and Root Mean Square Error of the
work was 0.176546 [46].

Table 1. Research carried out in the field of AI and DM methods with its accuracy.

Method Feature Accuracy (%) Ref.

DNN

External assessment, Student Demographic, High school background 74 [47]
Student Demographic, High school background 72 [48]

CGPA, Student Demographic, High school background, Scholarship, Social
network interaction 71 [49]

CGPA 75 [50]
External assessment 97 [51]
Psychometric factors 69 [52]
Internal assessments 81 [53]

SVM
Internal assessment, CGPA 80 [54]

Internal assessment, CGPA, Extra-curricular activities 80 [55]
Psychometric factors 83 [56]

Decision Tree

Psychometric factors, Extra-curricular activities, soft skills 88 [57]
External assessment, CGPA, Student Demographic, Extra-curricular activities 90 [58]

Internal assessment, Student Demographic, Extra-curricular activities 90 [59]
Internal assessment, CGPA, Extra-curricular activities 73 [55]

CGPA, Student Demographic, High school background, Scholarship, Social
network interaction 73 [49]

CGPA 91 [50]
External assessment 85 [60]
Psychometric factors 65 [51]
Internal assessments 76 [24]

3. Design and Architecture of Intelligent Early Warning System (iEWS) Model

This study retrieved complete online interaction data for undergraduate students of
a fully online first year course, Communication Information Literacy, at the USP for one
semester. The USP uses Moodle LMS where all the online, face-to-face and blended courses
are hosted. Moodle requires user authentication to access the registered courses for a par-
ticular student and detailed interactions for each student for the course are recorded in the
Moodle database including system login, logout, material access, assignment submission,
discussion forum activities, score package records, quiz activities and numerous other
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activities and resource data. All these data are stored on individual activity/resource table
and all other interactions in the course are stored in a log table.

An EWS (Student Alert Moodle Plugin) developed by the Faculty of Science, Tech-
nology and Environment at the USP was implemented in week 4 of the semester in the
course [11]. The data from the EWS plugin were used to extract features to develop iEWS
predictor. The architecture is shown in Figure 3 and the process flow is discussed in Table 2.
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Table 2. iEWS process flow.

1 Students and teachers interact with the course activities.
2 All interactions are recorded on Moodle Database.
3 EWS data are calculated using Moodle DB and recorded in EWS DB.

4 EWS data are extracted, and data prepressing is done (Data cleaning and EWS features are
extracted).

5 EWS features are used to develop the iEWS predictor.
6 The iEWS predictor is tested with the test data.
7 If iEWS predicts a student to fail, then teacher sets strategies for these students.

4. Methodology

This study discusses the proposed predictor called iEWS, which uses students’ EWS
data based on online course login, interaction and completion for as early as Week 6 to
predict if the student will pass or fail a course. The following sections discuss the dataset,
data cleaning and extraction of features, statistical measures and validation scheme used to
measure the performance and RF classifier used for prediction.

4.1. Dataset

On implementation of EWS in week 4, the completion rates, interaction rates and
average logins per week increased. Completion rate is based on the number of the course
activities mentioned earlier that were completed by the students in each week. EWS data
collection started in week 4, after the EWS was implemented for weekly/fortnightly inter-
vals. In this research, a total of 1523 student data-sets were used, in which 1271 students
passed (positive samples) and 252 students failed (negative samples).

4.2. Features

The following attributes from EWS plugin were used for this study:

• AvgCompRate—average percentage of online activities completed by students each week,
• AvgLogin—average number of logins by students each week.
• CourseworkScore—the coursework marks for Weeks 6, 8 and 10.
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4.3. Reducing the Imbalance between Classes

After investigating the dataset, it was clear that the number of positive samples
(students passed) was much bigger than the negative samples (students failed). This clearly
resulted in a high-class imbalance of dataset.

The k-nearest neighbour technique was employed to reduce the imbalance of the
dataset (i.e., between samples and classes) to remove redundant positive samples. Eu-
clidean distance between all the samples in the dataset was calculated. Firstly, the cut-off
was set by dividing the number of positive instances and negative instances (1271/252)
which equals to a ratio of 5.04, thus K = 5 was set. This implies that there was a removal of a
positive sample if there existed at least a positive sample within five nearest neighbours. Af-
ter initial filtering, imbalance classes still remained, therefore, the K value was continuously
increased until both the sets were approximately similar in size. This method eventually
reduced the initial positive samples of 1271 to 256 with a threshold value of 29 (k = 29),
which implies a positive sample was removed if at least one negative sample existed within
the 29 nearest neighbours. The negative instances were not changed and remained at 252.
The final dataset after filtering (filtered negative samples and positive samples) was used
to carry out 6-, 8-, 10- fold cross-validation and assess the predictor’s performance.

4.4. Tool

MATLAB® software was used to carry out data pre-processing, feature extraction,
reducing the imbalance between classes, splitting the data set into “N” folds of approxi-
mately equal sample size with similar positive and negative counts, creating a Weka data
format (ARFF) file for Weka Classifiers. Weka was developed by University of Waikato in
New Zealand, for classification and performance assessment [61,62].

The code was written in Java to train and test a set of classifiers provided by Weka for
which performance assessment was carried out for different “N” folds. Net beans IDE was
used for Java code and Weka.jar library downloaded from (http://www.cs.waikato.ac.nz/
ml/weka/snapshots/weka_snapshots.html (accessed on 15 October 2021)) and referenced
in the java project to access and run the Weka classifiers required [62]. Different classifiers
were used to train and test to finalize the best classifier for iEWS predictor, based on the
performance from each of the classifiers stated below.

4.5. Classifier

C4.5 (J48) is an algorithm used to generate a decision tree for classification of different
applications [63]. PART is a partial decision tree algorithm, developed from C4.5 and
RIPPER algorithms [64]. A decision table represents conditional logic with a list of tasks
depicting business rules that can be used with the same number of conditions, which
makes it different from the decision tree [65]. One Rule (OneR) is a simple classification
algorithm that creates one rule for predictor in the data and then selects the rule with
minimum error rate [66]. Decision stump consists of one level of Decision Tree, and uses
only a single attribute for splitting [67]. Logistic regression is a statistical model, which
uses a logistic function to model and predict the probability of an outcome that can have
two values or binary classes [68]. Sequential Minimal Optimization (SMO) algorithm is
based on the Support Vector Machine (SVM) solving quadratic programming (QP) problem,
which arises during the training of SVM [69]. Multilayer perceptrons (MLP) is one type
of neural network, which has a similar structure as a single layer perceptron, with one or
many hidden layers and two phases [70].

4.6. RF

RF and decision trees are well known and used for the supervised learning model
with associated learning algorithms that analyze data used for classification and regression
analysis. It has been used in many other similar studies [24,48–50,55,57–60] and it gives
high accuracy as shown in Figure 3. RF is an ensemble approach that includes a lot of trees
for decision. The growing level of trees in a candidate feature set is calculated by an optimal
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law. The candidate feature set is a random subset of all features, which is distinct at each
tree level. The RF grouping is an ensemble identification, corresponding to a new approach
consisting not just one but several classifiers as well. In reality, hundreds of classifiers are
built into RF grouping, and their selections are commonly combined by plurality vote.
The concept remains that sometimes the combination of ensemble classifiers are more
reliable than any of the ensembles [71,72], evicting conflicts among subsets of features. The
RF classification is, therefore, commonly used for remotely sensed imagery processing.
The common element in all of these procedures is that for the k-th tree, a random vector
∅k is generated independent of the prior random vectors ∅k . . .∅k−1, but with the same
distribution; the tree is grown using the training set and ∅k, resulting in a classifier h(∅k)
where x is an input vector [71]. The genetic expression to predict a class of an observation
is obtained by:

H(x) = argmaxy ∑k
i−1 I(hi(X, θk) = Y) (1)

where, argmaxy represent the Y maximize value of ∑k
i−1 I(hi(X, θk) = Y) which is the

output variable, I(hi(X, θk)) is the indicator function, and hi(X, θk) is a single decision tree.
The classifier comprises various trees which are uniformly assembled by pseudo-

randomly selecting subsets of feature vector components, that is, trees are assembled in
randomly picked subspaces that preserve the maximum precision of training data and
increase the accuracy of generalization as it increases in complexity [73].

4.7. Statistical Measures

To evaluate the performance of the proposed predictor and compare with the existing
predictors, few measures such as sensitivity (Sn), specificity (Sp), accuracy (Acc), precision
(Pre) and Matthews correlation coefficient (MCC) were employed in this work.

On the other hand, specificity assesses the proportion of correctly identified number
of students failed. A specificity of 1 demonstrates an accurate predictor which is able to
predict negative instance of the dataset (number of students failed) whereas a specificity
equal to 0 shows that the predictor is unable to identify the number of students failed. The
metric for specificity is defined as:

Sensitivity =
P+

P+ + P−
(2)

where, P+ is number of students passed predicted correctly and P− represents the number
of students passed incorrectly classified by the predictor

On the other hand, specificity assesses the proportion of correctly identified number
of students failed. A specificity of 1 demonstrates an accurate predictor which is able to
predict a negative instance of the dataset (number of students failed), whereas specificity
equal to 0 shows that the predictor is unable to identify the number of students failed. The
metric for specificity is defined as:

Speci f icity =
F+

F+ + F−
(3)

where, F+ is the number of students failed predicted correctly and F− represents the number
of incorrectly classified students failed by the predictor.

For a predictor to correctly distinguish between positive samples and negative samples,
the accuracy of the predictor is evaluated. A predictor with an accuracy equal to 1 shows
an accurate predictor, whereas a zero accuracy means the predictor is completely incorrect.
Accuracy is calculated as:

Accuracy =
P+ + F+

P + F
(4)

where P and F are the total numbers of passed and failed students, respectively.
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Precision is another assessment measure of the predictor, defined as the ratio of the
number of correctly identify students passed over sum of correctly classified passed and
failed students.

Precision =
P+

P+ + F+
(5)

The final statistical measure used in this paper is the Matthews correlation coefficient
(MCC). It shows the value of the correlation coefficient between predicted and observed
instances. The MCC metric is calculated as:

MCC =
(F+ × P+)− (F− × P−)√

(P+ + P−)(P+ + F−)(F− + P−)(F+ + F−)
(6)

A best predictor is the one that achieves high performance in the five statistical
measures discussed. However, it should perform better at least in some of the measures
compared to the existing predictors. A predictor that is unable to predict passed or failed
students correctly cannot be used for prediction.

4.8. Validation Scheme

The effectiveness of a new predictor needs to be assessed with a validation method.
Two of the most commonly used ones are the jackknife and n-fold validation scheme [23,73].
In the validation phase, an independent test set has to be used to assess the predictor. The
jackknife validation is less arbitrary than the n-fold cross-validation and provides unique
results for a dataset. As per the literature [74,75], the same validation scheme (n-fold
cross-validation) technique was used in this study. The n-fold cross-validation technique
was carried out in the following steps listed in Table 3 and shown in Figure 4.

Table 3. Steps for cross-validation approach.

1 Split pre-processed data set into n folds of approximately equal sample size with similar positive and negative samples in each.
2 Separate one of the folds as an independent test set and use the other n-1 folds as training data.
3 Train the model with training data and adjust the parameters of the predictor
4 Use the independent test set (2) to validate the predictor by computing all the statistical measures

5 Repeat steps 1 to 4 for other folds until n folds for validation and calculate the average of each statistical measure for n-folds
and record the result
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In this study, 6-, 8- and 10-fold cross-validations was conducted to assess iEWS predic-
tor and recorded the result.

94



Sustainability 2022, 14, 2377

5. Results and Discussion

In order to verify the performance of any proposed predictor, it has to be assessed
using different measures. The five statistical metrics: accuracy, sensitivity, specificity,
precision and Matthews correlation coefficient, which are normally used, were used in this
study [29,36,37,48,70]. This section presents the results of the proposed predictor.

5.1. Comparison with Statistical Analysis

In the previous study [20], a statistical model was developed with an accuracy of
60.8%. It is worth noting that the same dataset was used to develop an iEWS predictor
and the accuracy was compared [20]. In comparison to the old EWS model, this new iEWS
predicted the accuracy of 97%, which is an improvement of at least 36.2%. Accuracy of
prediction was 97% in week 6, 98% in week 8 and 98.4% in week 10.

Furthermore, the main advantage of the proposed iEWS is that it can predict whether
a student can pass or fail so the corrective measures can be taken as early as possible. The
model was able to identify and predict the student’s performance just by analysing the
three attributes (i.e., avgcomprate, avglogin, and courseworkscore). It is worth noting that
out of nine different classification tools, RF predicted the best performance (accuracy) with
the given attributes. Therefore, weeks 6, 8, and 10 datasets are employed to develop the
model. It was seen that week 6 showed very promising results for which the sensitivity,
specificity, precision, accuracy, MCC for iEWS for 6-, 8- and 10-fold cross-validation trials
were calculated.

5.2. iEWS Prediction with RF

The aim of Moodle-based EWS is to monitor the learning progress of students in
a course and to identify at-risk students as early as possible so teachers can implement
strategies to assist those students. The early prediction in week 6 (which very high accuracy)
of the semester by the proposed iEWS shows a promising tool that can be used by HEIs to
intervene and assist the more vulnerable students. This prediction uses significant features
of average completion rate, average login frequency and coursework from EWS plugin in
this first year IT course.

The effective use of RF classifier in EWS also contributes to the outcome. In short,
the combination of EWS data + RF classifier play a significant role in predicting whether
students pass or fail the course. The results for Week 6 are given in Figure 5 with three
different folds. A huge improvement in accuracy for proposed iEWS by at least 36.2% is
seen over the statistical model in [20]. It is also observed that iEWS predictor recorded high
sensitivity, specificity, precision and MCC, implying its great performance. The promising
results show the ability of the proposed iEWS predictor to correctly identify students
passing and failing the course as early as week 6 of the semester. Consequently, using an
RF-based model has the potential to accelerate educational development, and the efficiency
of education may be shown to increase dramatically. By effectively and efficiently using RF
methods in the context of teaching and learning, education will be transformed, radically
altering teaching, learning, and research. Educators that use digital tools will acquire a
better knowledge of how their students are developing with their studies, allowing them
to intervene early and increase student performance and retention.

It is worth noting that the features and classifier used for this study may not work
for other courses as the online presence and activities differ in courses. The more online
activities a course would have, the better the ability for prediction, as the activities will
contribute to the completion rate and coursework of EWS. A similar study was carried out
to predict at-risk students in a course using standards-based grading where they created a
specific course predictive model to identify at-risk student in week 5 [31]. The common
tool used in this study was SVM, K-NN and Naive Bayes classifier. The Naïve Bayes
classifier had the best results among the seven testing models. The different accuracy of the
prediction model used are showed in Figure 6.
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In most cases, the EWS report relied on midterm grades [35]. At this point, it is often
too late into the term and students either cannot cope or drop out of the course. This has
been one of the drawbacks of EWS. For this reason, improving the accuracy of EWS and
predicting performance much earlier is of great importance. In iEWS, RF classification is
used, which predicted more accurately and early in the semester. In this study, since the
EWS was introduced in the course in week 4, the earliest prediction could be made in week
6. However, if EWS is engaged in a course much earlier, detection could be even sooner.

As discussed earlier, the proposed model is able to predicate the students’ performance
as early as week 6 of the semester, with an accuracy of 97.03%. Furthermore, most literature
studies propose self-developed models to predict the student performance, but they have
failed to mention how early in the semester the prediction of student performances were
made. However, the proposed model enabled sustainability in education by providing a
iEWS for students as well as for educators. It also saves energy, time, and resources while
predicating the students’ performance as early as possible.

6. Conclusions

The tendency of students to procrastinate and fall under at-risk categories is often
reported by numerous academics as a significant factor that negatively influences student
success in higher education blended courses, making its prediction a very useful task for
universities and students alike. In this context, this research conducts a different approach,
i.e., an AI-based predictor that can predict students’ performance as early as possible in the
era of the SDGs from a systems perspective. The use of ICT tools contributes to an excellent
learning environment among students and learning pedagogies. Such tools were heavily
involved in the current education system which uplifted and connected the whole society.

In this work, an AI approach is applied to the same model, the RF classifier model was
developed with week 6 EWS data and an accuracy of 97.03% was achieved. An AI platform
is designed with LMS and EWS, and the RF classifier is applied with respective sensitivity,
specificity and precision. All methods appeared to be sensitive to the increment in the
number of classes. RF, with an accuracy of 97.03%, showed a better performance using
categorical features compared to other classification methods (see Figure 5). When compar-
ing the accuracy of prediction of student performance using iEWS with that determined
through a statistical analysis, it proved higher by more than 35%. In future, this work can
be expanded by using a different predictive method and feature vectors of different lengths
from different courses. Moreover, different hybrid feature vectors can be created using
pre-education grade, students’ submission, logins, gender, location of origin, and social
interaction behaviour to examine the effect of various time-related indicators on the EWS
and at-risk student’s predication as earliest possible.

This research objective process can help all those involved in education and sustain-
ability collaborate more effectively, allowing educational institutions to develop a clear
vision of what sustainability means to them, and work towards transforming individuals,
groups, organisations, communities, and systems by developing the skills needed to transi-
tion to a more sustainable future. One of the most significant effects of digitisation in the
coming decades will undoubtedly be in the field of virtual education. The development
and delivery of course content and curricula will be drastically altered as a result of the
digitisation of education. Curricula will need to reflect this digitally capable culture to
ensure pupils remain engaged in learning, given the increased digital awareness and com-
petency of students, even those as young as pre-school age. Curricula with more flexibility,
standardisation, and even globalisation have the potential to promote equitability and give
more options.

In broad terms, sustainability in education is an attempt to reconcile growing a qual-
ity learning environment with socio-economic objectives. The framework established to
address the requirement to contextualise the function of ESD helps both educators and
students to see the wider picture and grasp the role of education in sustainable develop-
ment. During the COVID-19 outbreak, these experimental findings demonstrate that the
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suggested prediction model satisfies the required accuracy, precision, and recall factors
for forecasting the behavioural elements of teaching and e-learning for students in virtual
education systems. Its phases should be thought of as conceptual, since greater specificity
will be heavily influenced by the setting, institutional capability, challenge, timing, and
resources available to the educational redesign process.
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Abstract: Several countries are moving toward carbon neutrality to mitigate climate change. The
introduction of clean energy vehicles (CEVs) is a measure to offset the adverse effects of global
warming. However, each CEV has its strengths and weaknesses. An optimal CEV portfolio must
be formulated to create effective policies that promote innovative technologies and introduce them
into the market. CEVs also consume more copper than gasoline vehicles. Copper is associated with
supply risks, which most previous conventional studies have failed to address. Therefore, this study
proposes a novel CEV optimization model for sustainable consumption of copper resources through
recycling along with reduction of CO2 emissions. This study aims to analyze the optimal portfolio
for domestic passenger vehicles and the assumed effects of copper recycling and usage reduction.
For this analysis, this study set up scenarios for the recycling rate of copper contained in end-of-life
vehicles and the reduction rate of copper used in newly sold vehicles. Our simulation results showed
that increased recycling rates and reduced use of copper are necessary for the diffusion of battery
electric vehicles. Furthermore, the simulation results indicated that if these improvements are not
implemented, the deployment of fuel cell vehicles needs to be accelerated.

Keywords: automotive industry; circular economy; clean energy vehicle; copper; global warming;
optimization; recycling

1. Introduction

Several countries are moving toward carbon neutrality to mitigate the negative impacts
of greenhouse gas (GHG) emissions and climate change. The Japanese government aims
for carbon neutrality and supports the development of various new technologies that can
reduce CO2 emissions. The transportation sector contributed to approximately 17.7% of
all domestic CO2 emissions in 2020 [1]. Hence, there is growing demand for measures to
reduce these emissions.

A remedial measure under consideration is the introduction of clean energy vehicles
(CEVs), such as hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs),
battery electric vehicles (BEVs), and fuel cell vehicles (FCVs). However, each type of
CEV has strengths and weaknesses. In addition to CO2 emission rates, they also differ in
terms of purchase costs, fuel costs, additional infrastructure development costs, and other
factors. Thus, widespread adoption of a single type of vehicle is not necessarily optimal.
Although a certain vehicle type may be superior in one aspect, it may be inferior in other
characteristics. Therefore, to create an effective policy to introduce CEVs, it is necessary
to consider an optimal portfolio combining gasoline vehicles (GVs) and CEVs, along with
multiple indicators such as CO2 emissions, costs, and other metrics. The portfolio of
vehicles means the composition of the number of vehicles sold by vehicle type.

Ichinohe and Endo [2] and Yeh et al. [3] have used the linear programming model
(MARKAL energy system model) to calculate passenger vehicle portfolios that minimize
the total energy system cost under the constraint of the target CO2 emission rates in Japan
and the United States, respectively. Yamada and Hondo [4] set fuel and vehicle purchase
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costs as constraints to construct a domestic passenger vehicle portfolio generating the
lowest achievable life cycle CO2. The authors examined CO2 emissions from the vehicle
production and disposal stages in addition to the energy production stage (well-to-tank) and
the driving stage (tank-to-wheel). Arimori and Nakano [5] and Romejko and Nakano [6]
set the total of vehicle purchase, fuel, and infrastructure costs as the objective function with
oil consumption and CO2 emissions as constraints when calculating the optimal portfolios
for passenger vehicles, trucks, and buses in Japan and Poland, respectively. The authors
focused on energy security based on oil dependence in the transportation sector. These
previous studies [4–6] have also used the linear programming model.

The focus of previous studies remained on the energy sources used by vehicles and
their CO2 emissions. Nevertheless, these studies did not consider the sustainability of metal
resources, such as copper. Part compositions differ between GVs and CEVs. Consequently,
the types and amounts of metal resources required to produce GVs and CEVs also differ.
For example, large amounts of copper are used in BEV lithium-ion batteries and motor
windings. Therefore, the demand for these metal resources is expected to increase in
the future. In other words, there is a trade-off between reduction in CO2 emissions and
consumption of metal resources. Furthermore, the primary supply of copper and other
metals remains uncertain due to the reserve-to-production ratios and uneven distribution
of ore-producing countries and regions.

Kato et al. [7] have used linear programming to calculate optimal passenger vehicle
portfolios in six regions (OECD North America, OECD Europe, OECD Pacific, China,
India, and All Other). The authors analyzed the case for minimizing the consumption
of copper under the constraints of the CO2 emissions reduction targets. The authors
focused on copper demand but did not consider copper supply availability, including
recycling. The global demand for copper is expected to increase as CEVs become more
widely used, and copper supply shortages may become a real problem. Primary copper
resource supply is insecure, hence copper sustainability must be considered in terms of
secondary resource supply from recycling. Thus, it is necessary to develop an optimization
model that integrates costs, CO2 emissions, and metal supply and demand.

While not examining the optimal portfolio of GVs and CEVs, several studies have fore-
casted the demand for metal resources and estimated the amount of recycling. Habib et al. [8]
used an S-curve to estimate the number of HEVs, PHEVs, and BEVs and future demand for
metal resources, such as copper and rare metals, in five global regions. Similarly, Li et al. [9]
and Shi [10] used the Bass model to estimate the future demand for rare-earth elements and
cobalt, respectively, in China. Yano et al. [11] estimated the number of end-of-life vehicles
(ELVs) among passenger HEVs and the recycling potential of rare earth elements in Japan,
while Li et al. [12,13] estimated ELVs in China and the amount of recyclable nonferrous
metals and plastic, respectively. However, these studies focused on specific vehicle type and
did not consider the impact of recycling on supply constraints. The authors focused only on
metal resources and did not consider other factors such as CO2 emissions and costs. Each
CEV type should be considered for implementation from multiple perspectives.

These findings demonstrate the need for strategies and policies that consider metal re-
sources recycling and supply constraints in addition to other factors such as CO2 emissions
during CEV promotion. In this study, we focus on copper since the demand is expected to
increase with the spread of CEVs in the future. It is also widely used as a base metal in in-
dustries other than the automotive industry, which could lead to a supply-demand crunch.
Moreover, the estimated reserves-to-production ratio is relatively short, at approximately
40 years [14].

For these reasons, we propose a new model that optimizes portfolios by considering
copper demand and supply, including copper recycling, social system costs (vehicle pur-
chase, energy consumption, and infrastructure costs), and CO2 emissions in the process of
introducing CEVs. This study aims to analyze the optimal portfolio for domestic passenger
vehicles and the assumed effects of copper recycling and usage reduction. Passenger GVs,
HEVs, PHEVs, BEVs, and FCVs were considered in this study.
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Section 2 describes the innovative optimization model. Section 3 elaborates on the
various preconditions for the optimization model. Section 4 presents the portfolio calcu-
lation results generated by the optimization model and explains the differences between
portfolios and the amount of recycled and consumed copper due to changes in recycling
and usage reduction rates. In addition, the quantitative analysis results for the effects of
copper recycling and usage reduction are presented by comparing the social system costs
in each case. Section 5 presents the conclusions of this study and discusses future prospects
based on the discoveries made herein.

2. Optimization Model
2.1. Framework

In this study, we developed an optimization model that considers costs, CO2 emissions,
and copper supply and demand, including recycling. Figure 1 shows an overview of the
optimization model constructed herein. The input consisted of the characteristics of each
vehicle type and other prerequisite data. Furthermore, the impact could be analyzed by
inputting the recycling and usage reduction rates for each case. The output was the optimal
number of new vehicles of each type sold in each target year. The number of vehicles
owned, the number of ELVs, CO2 emissions, amount of copper consumed and recycled,
and social system costs were calculated for each optimal portfolio.
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Figure 1. Overview of the CEV portfolio optimization model.

The objective function was set for the social system cost. The optimization problem
was then solved using the constraint method with CO2 emissions and the supply of copper
as the constraint conditions. Based on the foregoing parameters, “optimal” in this study
refers to the following: the social system cost was the lowest when the CO2 emission
reduction target was achieved and the demand for copper was lower than or equal to its
supply. In the present study, the target area was Japan, while the target years were set
between 2021 and 2030. The mathematical formulae of the model are explained below.

Compared with previous studies, this study added new factors to assess copper
demand and supply, including recycling. Specifically, copper supply constraint was added
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to the optimization model, and copper consumption per vehicle, copper recycling rate, and
usage reduction rate were added to the inputs.

2.2. Objective Function

The objective function is defined as the social system cost, which is the sum of the
vehicle purchase cost, energy consumption cost associated with fuel use while driving,
and cost of building new infrastructure, such as charging stations. The calculation was
performed using Equation (1).

min SCt(Xit)

SCt(Xit) = ∑
i

XitPit + ∑
i

∑
j

Sit(Xit)FCitEPjt AM + ∑
i

Xit ICit
(1)

Sit(Xit) = Xit + Sit−1 −∑
k

ELVikt−1 (2)

where i is the vehicle type [GV, HEV, PHEV, BEV, FCV]; j is the energy source [gasoline,
electricity, hydrogen]; t is the target year [2021–2030]; k is the vehicle age; SCt is the social
system cost in year t [Yen]; Xit is the sale of a new vehicle type i in year t [Units]; Sit is the
number of vehicle types i owned in year t [Units]; Pit is the sales price of vehicle type i in
year t [Yen]; FCit is the average fuel consumption of vehicle type i in year t [MJ/km]; EPjt is
the price of energy j in year t [Yen/MJ]; AM is the annual average mileage [km]; ICit is the
additional infrastructure construction cost for each vehicle type i in year t [Yen/Unit], and
ELVikt is the number of ELVs for each vehicle type i with k years of age in year t [Units].

The Weibull distribution was used to calculate the number of ELVs. The cumulative
retirement probability based on the Weibull distribution is expressed in Equation (3).
The survival probability is 1 minus the distribution function in Equation (3). Also, the
shape parameter m and scale parameter η were set to be 2.59 and 14.44, respectively, from
Osawa [15]. These parameters were estimated to minimize the sum of squares of the errors
between the estimated survival probability and the actual survival rate in 2020. The actual
survival rate in 2020 was calculated from the number of units sold in the year of registration
and the number of units remaining in 2020 according to the existing literature [16]. The
number of units remaining represents the number of units sold in each registration year
that had not been retired by 2020. In addition, ELVs can be calculated using Equation (4).

Wk = 1− exp
[
−(k/η)

m
]

(3)

ELVikt = Xikt{Wkt −Wkt−1} (4)

where m is shape parameter (m > 0); η is scale parameter (η > 0); Wkt is the cumulative
retirement probability of vehicle with k years of age in year t [%], and Xikt is the sales of
new vehicle type i in year t-k [Units].

2.3. Constraint Conditions
2.3.1. CO2 Emissions

CO2 emissions were set as the constraint in this study, as shown in Equations (5) and (6).
The CO2 emissions reduction target was set based on the Sixth Strategic Energy Plan of the
Agency for Natural Resources and Energy [17].

TCt(Xit) ≤ TCt0(Xit0)(1− EGt) (5)

TCt(Xit) = ∑
i

Sit(Xit)FCitCUit AM (6)

where t0 is the base year [2013]; TCt are the CO2 emissions in year t [t-CO2]; CUit is the
CO2 emission intensity of vehicle type i in year t [g-CO2/MJ], and EGt is the CO2 emission
reduction rate target in year t [%].
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2.3.2. Copper Supply

Copper supply was set as a constraint in this study. Specifically, the constraint was
set such that the demand for copper was less than or equal to the supply, as shown in
Equations (7) and (8). The formula for estimating the amount of copper recycled was
established with reference to previous research [18].

∑
i

XitBCit ≤ PSt + TRt (7)

TRt = ∑
i

∑
k

ELViktBCiktVRtBRt (8)

where BCit is the copper consumption per vehicle type i in year t [g/Unit]; PSt is the
primary supply of copper in year t [kg]; TRt is the total amount of copper recycled in year t
[kg]; VRt is the recovery rate of ELVs in year t [%], and BRt is the recycle rate of copper in
year t [%].

3. Preconditions
3.1. New Vehicle Sales and Vehicle Sales Price

The total number of new passenger vehicles sold after 2021 was assumed to be pro-
portional to Japan’s population. The number of new passenger vehicles sold between 2021
and 2030 was set based on reference materials [19,20]. Furthermore, the sales volume of
each vehicle type in the past (1993–2020), the premise for calculating the number of ELVs,
was set based on the existing literature [19].

According to Kimura [21], the GV sales price is set at 1.8 million yen. The differences
in part composition between GVs and HEVs, PHEVs, and BEVs and their amounts were
also set based on previous studies [21–23]. Then, the sales prices of HEVs, PHEVs, and
BEVs were set by multiplying the amount of increase or decrease in parts by the producer
price freight rate and commercial margin rate [24] and adding or subtracting it to the GV
sales price. For FCVs, the sales price was set by multiplying the shipment value in the
literature [25] by the producer price freight rate and commercial margin rate [24]. For years
with insufficient data, such as 2026–2029, prices were estimated by assuming a change
equivalent to the average annual change in the preceding and following years. Figure 2
presents the results of the preceding estimates.
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3.2. Fuel Consumption

The fuel consumption rates for passenger vehicles sold in 2013 and 2020 were derived
from the Ministry of Land, Infrastructure, Transport, and Tourism [26]. The fuel consump-
tion of passenger vehicles sold in 2030 was based on the standard fuel consumption value
reported by the Automobile Fuel Economy Standards Subcommittee [27]. CEV fuel con-
sumption was determined by multiplying the foregoing values by the ratio of each CEV
to GV fuel consumption per km tank-to-wheel [28]. Figure 3 shows the changes in fuel
consumption for each vehicle type. The fuel economy between 2021 and 2029 was estimated
assuming improvement as per the average change per year between 2020 and 2030.
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Furthermore, the average fuel consumption of owned vehicles in the target year was
calculated from the weighted average of the fuel consumption of sold vehicles in the target
year and the average fuel consumption of owned vehicles in the previous year.

3.3. Energy Price

The energy sources were gasoline for the GVs, HEVs, and PHEVs; electricity for the
BEVs and PHEVs; hydrogen for the FCVs.

According to previous reports [5,29], the price of gasoline was calculated by adding
petroleum, coal, and volatile oil taxes and refining and distribution margins to the crude oil
price. Crude oil price was set according to the case reported in the Sustainable Development
of the IEA’s World Energy Outlook [30]. The electricity prices were set according to the
Central Research Institute of Electric Power Industry [31]. The hydrogen supply price was
set in accordance with the Agency for Natural Resources and Energy [32].

Figure 4 shows the price changes for each energy source. Energy prices between 2021
and 2029 were estimated based on the assumption that they will change by the average
amount of change per year between 2020 and 2030.
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3.4. CO2 Emission Intensity

This study considers CO2 emissions during both the automobile driving and energy
source production stages. The CO2 emission intensity at the vehicle driving stage (tank-
to-wheel) was obtained from a previous study [33]. According to the PHEV, electricity is
used when the vehicle is operated in BEV mode, while gasoline is used when the vehicle
is operated in HEV mode. Furthermore, CO2 emission intensity at the energy production
stage (well-to-tank) was estimated as previously described [17,28,34–37]. The CO2 emission
intensity at the well-to-wheel was estimated from the sum of well-to-tank and tank-to-wheel
CO2 emission intensities (Figure 5).
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3.5. Other Preconditions

The construction cost per charging station for PHEVs and BEVs was set based on
previous studies [5]. For PHEVs and BEVs, it was assumed that one regular charger must
be installed per vehicle, in addition to a fast charger shared with other vehicles. The prices
of the fast and regular chargers were assumed to remain the same from year to year. The
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construction cost per hydrogen station for FCVs was set based on previous research [38].
The infrastructure number required per vehicle was set assuming that supply facilities
were sufficient to accommodate the number of GVs. The infrastructure required per vehicle
was determined by dividing the number of gas stations in 2020 [39] by the number of GVs
owned [40]. Here, it was assumed that new infrastructure will be constructed in response
to additional BEV, PHEV, and FCV sales, owing to the insufficient charging and hydrogen
stations at this time.

The amount of copper used per vehicle was estimated based on previous find-
ings [41,42], as shown in Figure 6. Copper consumption is expected to increase in electric
power and other industries. Therefore, it is unlikely that the passenger vehicle sector share
of total primary supply will significantly increase. Primary copper supply to the passenger
vehicle sector after 2021 was assumed to be equal to the demand for passenger vehicle sales
in 2019.
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The average annual mileage was estimated at 9601 km based on data from the Ministry
of Land, Infrastructure, Transport, and Tourism [43]. The ratios of the driving modes to the
PHEV mileage were set to 50% for BEV driving and 50% for HEV driving in accordance
with the Central Research Institute of Electric Power Industry [44].

Not all ELVs are delivered to domestic recyclers, some are exported. Therefore, the
average recovery rate from 2011 to 2020 was estimated at approximately 71% based on
previous data [45].

In the Sixth Strategic Energy Plan of the Government of Japan [17], Japan’s policy
aims for 46% or 50% reduction of GHG emissions by FY2030 compared with the FY2013
level. Although this target is not specific to the transportation sector, the CO2 emission
reduction target for 2030 was set to 50% below the 2013 CO2 emissions in this study. The
CO2 emission reduction target between 2021 and 2029 was estimated assuming a change
equal to the average change per year between 2020 and 2030.

4. Simulation Results
4.1. Scenarios for Copper Recycling and Usage

In the future, copper recycling and reduced copper usage will become important
issues owing to the tight supply and demand of copper. Therefore, in this study, cases
were set up from two perspectives, namely the recycling rate of copper contained in ELVs
and the reduction rate of copper use in newly sold vehicles (Table 1). The recycling rate at
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present is set at 50% based on a previous study [46]. The next section presents the results of
the portfolio calculations for each case and their comparison.

Table 1. Copper recycling rate and usage reduction rate in each case.

Scenario Recycling Rate in
2030

Usage Reduction Rate for
Each Year by 2030

Free of copper
constraints (free case) - -

Base case 50.0% 0.0%

Recycling rate
improvement case

Low 70.0% 0.0%
High 95.0% 0.0%

Usage reduction case Low 50.0% 0.5%
High 50.0% 1.0%

4.2. Optimal Portfolio Calculation

Figure 7 shows the sales volume composition ratio of each vehicle type in 2030 for
each case.
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First, without considering copper resource constraints (free case), HEVs and BEVs
accounted for approximately 58% and 42%, respectively, whereas if the current copper
recycling rate continues (base case), HEVs, BEVs, and FCVs accounted for approximately
35%, 2%, and 64%, respectively. Compared with the free case, the base case showed greater
diffusion for FCVs than for BEVs. This result can be attributed to the fact that copper
constraints made it difficult to promote BEVs that use more copper. It was also assumed
that FCVs were selected to achieve the CO2 emission constraint, since they are the next
most environmentally friendly vehicle type after BEVs.

Next, comparing the base case with cases where the recycling rate improves to 70%
and 95% showed that the major vehicle type shifts from FCVs to BEVs and HEVs as the
recycling rate improves. This result is attributed to an increase in the amount of recycled
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copper and total supply of copper available for use in passenger vehicles. As shown in
Figure 8, the amount of copper recycled per year is expected to increase from 2020 to 2030.
Even in the base case, recycling volumes are expected to increase owing to an increase in
the number of scrapped CEVs with high copper content. Comparing the improvement
case of the recycling rate with the base case, the amount of recycled copper is expected to
expand more significantly. In cases where recycling rates improve to 70% and 95%, the
amount of copper recycled in 2030 is, respectively, more than 1.5 and 2 times as much as
that in 2020 (Figure 8). As a result, the potential for widespread BEV use, which requires
more copper, will expand. It is also assumed that HEVs were selected for their good balance
of environmental performance, copper resource consumption, and sales price.
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Comparing the usage reduction case and base case showed a shift in major vehicle
types from FCVs to BEVs and HEVs, as the copper use reduction rate increases. Reduced
copper usage per CEV has led to the deployment of more BEVs, with almost the same
amount of total copper consumption as in the base case (Figure 9). Furthermore, comparing
portfolio changes with the usage reduction case and recycling rate improvement case
showed similar results, although the HEV, BEV, and FCV compositions were different. In
addition, reducing copper use by 1% per year had almost the same effect as increasing the
recycling rate from 50% to 70%.

Then, as shown in Figure 10, HEVs accounted for a large share of the total number
of vehicles owned in all cases. In the 2020s, a price gap remained between HEVs, BEVs,
and FCVs, and, as a result, HEVs played an important role. Comparing the cases where
the recycling rate improves to 70% and 95% with the base case showed that as recycling
rate improves, BEVs, rather than FCVs, accounted for a larger share of the total. In the base
case, BEVs and FCVs accounted for approximately 5% and 12%, respectively, of the total
number of vehicles owned by 2030. However, the BEV share increased to approximately
10% and 12% when the recycling rate improved to 70% and 95%, respectively. In addition,
the usage reduction case showed similar results to the recycling rate improvement case.

For these results, as copper recycling rate improves, or copper use decreases, HEVs
and BEVs are expected to play a greater role by 2030. Conversely, if these improvements
are not implemented, the spread of FCVs must be accelerated. Furthermore, in all cases,
PHEVs did not exhibit significant diffusion, presumably since HEVs are preferred when
social system costs are considered, while BEVs are preferred when CO2 emissions are
considered, resulting in a lesser selection of PHEVs.
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Compared with previous studies [5,7], the number of FCVs sold increased due to
copper supply constraints. On the other hand, BEVs accounted for a large share, as in the
previous study, when the copper supply-demand situation was mitigated by increasing
the copper recycling rate and decreasing the amount of copper used per vehicle. However,
except for the case where the recycling rate improves to 95%, the diffusion of FCVs as
well as BEVs was important. Metal resource management during the vehicle’s life cycle is
essential. In addition, the ratio of HEVs increased compared with previous studies. These
results were attributed to reducing social system costs while meeting the constraints of
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copper supply and CO2 emission reduction targets. However, it should be noted that there
are differences in the prerequisite data, such as CO2 emission reduction targets, between
the previous study and this study.

4.3. Evaluating the Impact of Copper Resource Constraints on Social System Costs

This section examines how changes in copper recycling rate and use per vehicle affect
social system costs.

Figure 11 shows the average annual social system cost for each case from 2021 to 2030.
The green line represents the social system cost for the free case, where copper resource
constraints are not considered, while the blue bars represent the remaining five cases, where
copper resource constraints are considered.
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The social system cost in the free case was approximately 11 trillion yen. On the other
hand, the base case showed that additional costs of approximately 1.2 trillion yen would
be required. Compared with the base case, improving the recycling rate from 50% to 70%
or reducing the amount used by 1% would reduce social system costs by approximately
800 billion yen, and improving the recycling rate to 95% would reduce social system costs
by approximately 1.1 trillion yen.

Even reducing copper use by 0.5% would reduce the social system cost by approx-
imately 450 billion yen, compared with the base case, since the price of FCVs and their
infrastructure construction costs remain high in the 2020s. Therefore, improving recycling
rate and reducing material use can have a significant effect on society.

Currently, the Japanese government provides subsidies to consumers purchasing
CEVs, construction of infrastructure, such as charging stations, development of next-
generation batteries and motors, and development of hydrogen supply chain technologies.
For example, the Green Innovation Fund has allocated up to approximately 150 billion
yen to the research and development of new batteries for higher performance, resource
conservation, promotion of recycling, and reduction of GHG emissions during manufactur-
ing [47]. Given the impact on society, it is important to further promote the development of
vehicle recycling systems and alternative technologies.

5. Conclusions

The introduction of CEVs in the transportation sector is being promoted to achieve car-
bon neutrality. Each CEV has different characteristics. It is necessary to consider an optimal
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portfolio based on multiple perspectives to introduce CEVs effectively. Similar previous
studies have not adequately factored in the copper recycling and supply constraints. Hence,
in this study, a novel portfolio optimization model was developed to consider copper
demand and supply, including copper recycling, social system costs and CO2 emissions.
The study also aimed to analyze the optimal portfolio for domestic passenger vehicles and
the assumed effects of copper recycling and usage reduction.

The present model was used to calculate the most economically rational passenger
vehicle portfolio to achieve CO2 emission and copper supply constraints in Japan. In addi-
tion, a scenario analysis was conducted by varying copper recycling and usage reduction
rates. The following conclusions were drawn:

• When copper resource constraints were not considered, HEVs and BEVs accounted
for a large share of the total sales. On the other hand, when the current recycling rate
of copper resources continues (base case), a greater diffusion of FCVs was observed
compared with BEVs;

• Comparing the cases where the recycling rate improves to 70% and 95% with the base
case, the major vehicle types shift from FCVs to BEVs as the recycling rate improves.
This result was attributed to the increase in the amount of recycled copper and total
supply of copper available for use in passenger vehicles. Furthermore, when copper
usage was reduced by 0.5% or 1% per year, similar results were observed as in the case
of recycling rate improvement. Thus, changes in copper recycling and usage reduction
rates will change the types of vehicles with widespread use;

• Increased recycling rates and reduced usage could reduce social system costs by
approximately 450–1100 billion yen, compared with the base case. Improving the recy-
cling rate and reducing the amount of material are beneficial to society. Therefore, it is
important to invest in vehicle recycling systems and develop alternative technologies
to reduce the amount of copper used. Furthermore, to better promote recycling, it is
necessary to strengthen the cooperation between the arterial and venous side of the
automotive industry.

Furthermore, compared with previous studies, the results showed that the share of
FCVs increased due to copper supply constraints and that significant improvements in the
recycling rate or the amount of copper used per vehicle were necessary to promote BEVs.
The comparison results indicated the importance of metal resource management during
the vehicle’s life cycle. These conclusions are the results of an optimization model that
focuses on supply, including recycling, and the demand for copper resources in response to
increasing CEV production and use.

The optimization model used in this study provides valuable insights for analyzing
the conditions for the introduction of CEVs to achieve CO2 emission reduction targets.
However, it should be noted that there are uncertainties in the prerequisite data such as
fuel, infrastructure, and vehicle costs.

Future work should extend the present model to analyze how portfolios are affected by
changes in copper prices, energy prices, and CO2 emission intensity. Future research should
also consider metal resources other than copper and areas outside of Japan. In addition,
since this study did not consider specific recycling methods or alternative technologies,
future studies should endeavor to design three “R” (reuse, reduce, and recycle) scenarios
based on these latest developments.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.
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Abbreviations and Symbols

Abbreviation/Symbol Definition

BEVs battery electric vehicles
CEVs clean energy vehicles
ELVs end-of-life vehicles
FCVs fuel cell vehicles
GHG greenhouse gas
GVs gasoline vehicles
HEVs hybrid electric vehicles
PHEVs plug-in hybrid electric vehicles

i vehicle type [GV, HEV, PHEV, BEV, FCV]
j energy source [gasoline, electricity, hydrogen]
k vehicle age
m shape parameter of the Weibull distribution (m > 0)
η scale parameter of the Weibull distribution (η > 0)
t target year [2021–2030]
t0 base year [2013]
AM annual average mileage [km]
BC copper consumption per vehicle [g/Unit]
BR recycle rate of copper [%]
CU CO2 emission intensity of vehicle [g-CO2/MJ]
EG CO2 emission reduction rate target in year t [%]
ELV number of ELVs [Units]
EP price of energy [Yen/MJ]
FC average fuel consumption of a vehicle [MJ/km]
IC additional infrastructure construction cost [Yen/Unit]
P sales price of a vehicle [Yen]
PS primary supply of copper [kg]
S number of vehicles owned [Units]
SC social system cost [Yen]
TC CO2 emissions [t-CO2]
TR total amount of copper recycled [kg]
VR recovery rate of ELVs [%]
W cumulative retirement probability of vehicle [%]
X new vehicle sales [Units]
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Abstract: Over the last couple of decades, the automobile sector in India has seen dramatic growth,
following the phenomenal booming of engenders rapid proliferation of end-of-life vehicles (ELVs).
Therefore, efficient and sustainable handling of ELVs is paramount. India has been striving to establish
a practical regulatory framework to handle ELVs sustainably. This study explores India’s current
ELV recycling system to promote sustainable development. Subsequently, this article evaluates the
present ELV recycling system to determine the existing issues in ELV recycling to prevent failure and
enhance and standardize the processes involved in ELV recycling to achieve the optimum standard for
product and process quality. This paper proposes pragmatic frameworks and offers recommendations
for setting up an efficient ELV recycling system to resolve current issues and expedite sustainable
development. This study has been performed through a mixed-method approach; a literature and
policy review accompanied by detailed structured interviews with major stakeholders and industrial
visits. This investigation reveals that India’s ELV recycling system is at the embryonic stage and
struggling against numerous inherent impediments. However, the proposed frameworks, together
with practical recommendations, provide a paradigm for expediting materials recycling from ELVs
and resolving perennial issues. This research may assist the government of India in implementing
any upcoming regulatory and legal framework.
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1. Introduction

An end-of-life vehicle (ELV) is a vehicle that must be disposed of since it is no longer
functional, owing to a mechanical issue [1]. ELV recycling has been particularly resonant in
recent decades [2], as ELV incorporates a plethora of precious metallic and non-metallic
substances [3–5]; these are economically significant and industrially essential [6,7]. As well
as having substantial salvage value, it also encompasses noxious pollutants that impose
threats to society in a myriad of aspects, to a substantial degree [8–10]. Hence, addressing
ELVs in an effective and sustainable way is imperative. India has witnessed a phenomenal
expansion of the automobile industry, rapid economic prosperity, and extensive industrial-
ization, prompting an overwhelming demand for vehicles. Consequently, the number of
cars on the road is proliferating, eventually contributing directly to the corresponding ELVs.
In 2021–22, India manufactured 22.9 million vehicles encompassing passenger, commercial,
two-wheeler, three-wheeler, and quadricycle vehicles; India’s domestic and import auto-
mobile market is snowballing significantly to 17.5 million domestic sales and 5.6 million
exports, respectively [11]. Table 1 enumerates vehicle production in India from 2016 to
2022. Figure 1 depicts India’s domestic sales and export of automobiles from 2016 to 2022.
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Table 1. Automobile production in India from 2016 to 2022 in millions [10].

Category 2016–17 2017–18 2018–19 2019–20 2020–21 2021–22

Passenger vehicles 3.8 4.02 4.028 3.42 3 3.6
Commercial vehicles 0.81 0.895 1.1 0.75 0.624 0.8

Three-wheeler 0.78 1.02 1.27 1.1 0.614 0.75
Two-wheeler 19.9 23.15 24.49 21 18.34 17.7
Quadricycle 0.00158 0.001713 0.005388 0.006 0.003 0.004

Total 25.3 29.09 30.91 26.35 22.65 22.93
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India strives to supply virgin materials to its automobile sector as the natural resources
are depleting dramatically due to extensive extraction activities [12]. Scrap vehicles contain
many distinct materials that are economically viable and industrially valuable; it also
incorporates a series of potentially detrimental substances and harmful components that
potentially causes environmental pollution [13,14] Through an effective and sustainable
regulatory framework, ELVs can be recycled and reused; consequently, they can act as a
secondary source of materials to occupy the raw materials’ deficiencies in industries [14–16],
and the incorporated deleterious substances that can contribute to pollution can be disposed
of effectively to mitigate the environmental impact [17–19]. India’s current ELV recycling
system is exceptionally unorganized, and informality in this sector is prominent [20].
The absence of practical and effective frameworks for recycling ELVs in India thwarts
the development and degenerates environmental issues by contributing to greenhouse
gases emission and land pollution [21]. The material extraction and the recycling rate are
limited and below the standard; only 7 % of aluminum and 76% of iron recovered from
ELVs have been successfully recycled [22]. The recycling industries are not well-equipped
with advanced technologies that enable them to recover and recycle certain economically
valuable and rare materials, resulting in losses of these critical metals [23].

The strict law, accompanied by a stringent policy and practical guidelines, is required
to establish an effective ELV recycling system to improve the materials recovery rate, reduce
energy consumption, mitigate greenhouse gas emissions, and eventually ensure road and
vehicle safety [24]. Countries such as China, Japan, the EU, and the USA have well-defined
laws and policies regarding ELV recycling that enables a well-established and well-built
ELV recycling system [25,26]. Still, India does not have stringent regulations relating to
ELV recycling, even though India has taken specific rudimentary initiatives. India’s ELV
recycling system is predominant in the informal sectors, which are the units engaged in
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ELV recycling with the primary objective of maximizing economic benefits [22]. Most
ELVs are not dismantled environmentally soundly in their practices as they disregard
any standard guidelines. The final product of ELV recycling, automotive shredder residue
(ASR), is disposed of without proper treatment, even though ASR is metal-rich and contains
significant salvage value [10,27]. Additionally, little is known about their operations. In
this regard, well-defined laws and policies are required to set up an environmentally sound
framework and procedure to promote sustainability in ELV recycling [28,29].

Conspicuously observed, researchers have performed an insignificant number of
studies on ELV recycling in India to elucidate the ELV recycling system’s current status
and develop a comprehensive understanding of how the ELV recycling system works
in different parts of India. This development, in a sense, is instrumental in enhancing
the material extraction rate from ELV by preserving the environment and conserving
natural resources [30]. It will educate and make individuals aware of ELV recycling
promoting sustainable development for a thriving and prosperous future. A limited
number of evaluative studies have been performed on India’s ELV recycling system to
address the perennial and persistent challenges in ELV handling, enhance and standardize
the process, prevent failure, and promote sustainability [12]. This creates a knowledge gap
that necessitates a deeper investigation into this issue. Although few research studies have
proposed a framework for ELV recycling, these studies concentrate on one ELV recycling
hub in a state in India. Hence, the lack of a comprehensive and inclusive study that
investigates the significant number of ELV recycling hubs across India before proposing a
framework is evident in the literature, which creates a severe lack of consideration [22]. The
absence of practical and beneficial suggestions for future strategies to resolve the persistent
issues in ELV recycling from experts and research scholars is quite apparent.

Numerous research and knowledge gaps have been identified in the ELV recycling
system in India. This study is inspired in response to the challenges that India’s ELV
system is struggling against. This study investigates the current ELV recycling system in
formal as well as informal ELV recycling sectors in India, along with shedding light on laws
and policies regarding ELV handling in India to develop a comprehensive understanding
of how the country’s formal and informal ELV recycling sectors operate and stringency
of India’s rules and policies regarding ELV recycling. This paper critically evaluates the
present ELV recycling system to determine the existing issues in ELV recycling to prevent
failure and enhance and standardize the processes involving ELV recycling to achieve the
optimum standard for product and process quality. This study also suggests a pragmatic
framework and makes recommendations for setting up an efficient ELV recycling system to
resolve the current issues and expedite sustainable development. This research adopts an
explorative method to meet the aims of this study, as field investigations, together with the
interviews with stakeholders, are instrumental in unveiling the ground-level practices and
persistent issues and recording the attitudes and aspirations of stakeholders. The suggested
frameworks, along with offered recommendations, may facilitate the stakeholders involved
in ELV recycling to enhance the materials recovery and recycling rates from ELVs. This
study may be significant in India’s ELV recycling and have a profound contribution to
recycling sectors, society, and the environmental aspect as this study emphasizes resource
recovery and sustainability. This research may assist the government of India in imple-
menting any upcoming regulatory and legal framework and eliminate the informality from
the ELV recycling sector.

2. Methodology

This study delves into the current scenario of ELV recycling systems in India by
adopting an explorative and integrated bottom-up approach. The research is based on the
original primary as well as secondary research. Through primary research, this study has
obtained valuable information, data, and insights and recorded the current practices to
meet the aims of the study, while secondary research involves gathering the data and infor-
mation from previously conducted studies in different countries to provide a foundational
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understanding of this research. Both qualitative and quantitative approaches have been
employed in primary research.

2.1. Research Design and Sampling

This research aims to elucidate the current status of the ELV recycling system in India,
critically evaluate India’s present ELV recycling sector, propose pragmatic frameworks, and
offer recommendations for future strategies for setting up an efficient ELV recycling system
based on Indian values. This paper concentrates on five influential Indian automobile
sectors, namely, Kolkata, Chennai, Mumbai, Delhi, and Jamshedpur, to understand the
current practices of ELV handling in India in a broader aspect. This research employs a
mixed-method approach incorporating quantitative and qualitative techniques to achieve
its objectives. The concerned key stakeholders, formal as well as informal, encompassing
manufacturing industries, automobile organizations, environmental protection boards, for-
mal sector recyclers, transport department authorities, ELV traders, dismantlers, third-party
vendors, workers, and academicians have all interacted with a structured questionnaire
reviewed and approved by prominent research scholars in the ELV recycling field as well
as government authorized agencies. There have been interactions with a total of 537
selected individuals. Figure 2 shows the interviews of all key stakeholders involved in
ELV recycling.
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Figure 3 depicts the years of working experience of the stakeholders in the ELV
recycling sector. The primary aim of these interviews was to apprehend and understand the
status of the ELV recycling system, existing persistent problems in ELV recycling concerning
the law and policy, technology, skills, and information of the ELV recycling system, since
the comprehensive knowledge of these critical elements is of paramount of importance to
critically evaluate the present ELV recycling system in India and, consequently, address the
perennial issues regarding ELV recycling system in India.
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2.2. Qualitative Data

Through systematic interviews and focus group discussions (FGDs) with all crucial
stakeholders involved in the ELV recycling system, guided by a structured questionnaire,
coupled with a thorough field investigation of the five mentioned automobile hubs, respec-
tively, we have obtained insights, information, data, and experience regarding the current
practice of ELV recycling in different automobile hubs in India in a broader aspect. The
obtained information and data are organized systematically for analysis. This research
has performed thematic and narrative analyses to interpret and analyse the qualitative
data. Based on this knowledge, information, and expertise, this investigation addresses the
current issues pertinent to ELV handling through critical analysis to prevent failure and
enhance and standardize the processes involving ELV recycling to achieve the optimum
standard for product and process quality. Qualitative research is instrumental in exploring
current practices and issues and offering recommendations [31].

2.3. Quantitative Data

Quantitative data was instrumental in corroborating these research findings. We
have collected quantitative data through a standard questionnaire recommended and
approved by preeminent research scholars in this contemporary epoch by administering
the questionnaire to the crucial stakeholders involved in ELV recycling. The selected
people (based on their expertise and insights) in five automobile hubs have responded to
the questionnaire. The obtained data and information through quantitative research are
organized systematically for analysis. This paper has conducted a descriptive analysis to
interpret the quantitative data. The acquired data buttresses findings, assists in critical
analysis, and proposes frameworks for ELV recycling in this paper. This data is imperative
for our ongoing evaluative project about India’s ELV recycling system, and this article is
a part of that project. Quantitative research is essential for generating objective data [32].
Figure 4 represents the general methodology of this study.

122



Sustainability 2022, 14, 15441Sustainability 2022, 14, x FOR PEER REVIEW 6 of 26 
 

 
Figure 4. The study’s general methodology. 

2.4. Secondary Research 
Secondary research was indispensable to developing a fundamental understanding 

and knowledge of the ELV system in India and the other countries that already have a 
well-established ELV recycling system. Through an extensive literature survey, we have 
developed the foundation of this study. India’s laws and policies regarding end-of-life 
vehicles have been studied from the literature to provide clear information regarding gov-
ernment directives towards automobile dismantling procedures. This study also proposes 
pragmatic frameworks for setting up an efficient ELV recycling system in India based on 

Figure 4. The study’s general methodology.

2.4. Secondary Research

Secondary research was indispensable to developing a fundamental understanding
and knowledge of the ELV system in India and the other countries that already have a
well-established ELV recycling system. Through an extensive literature survey, we have de-
veloped the foundation of this study. India’s laws and policies regarding end-of-life vehicles
have been studied from the literature to provide clear information regarding government
directives towards automobile dismantling procedures. This study also proposes pragmatic

123



Sustainability 2022, 14, 15441

frameworks for setting up an efficient ELV recycling system in India based on Indian values
to encounter the persistent problems in ELV handling [33,34]. An extensive literature review
and a regulation review have been conducted to perform Strength-Weakness-Opportunity-
Threat (SWOT) and Political-Economic-Social-Technological-Legal-Environmental (PES-
TLE) analysis; this is instrumental in proposing an efficient ELV system and design, re-built
and implementing a new policy regarding ELV handling. Literature reviews regarding
the advanced countries with efficient ELV systems, together with insights acquired from
practical interactions with key stakeholders involved in ELV recycling, this article makes
pragmatic recommendations to enhance the materials recycling rates and expedite sustain-
able development.

3. Status Quo of End-of-Life Vehicle Recycling in India
3.1. Law and Policy

ELVs are an essential secondary source of materials [35–37]; in contrast, they contribute
significantly to environmental pollution as they contain harmful substances [38,39]. The
requirement of stringent regulations and a practical regulatory framework is instrumental
to the handling and properly disposing of ELVs [40–42]. At this moment, India does not
have strict rules regarding ELV recycling. In contrast, the developed and advanced nations,
namely Japan, the EU, and the USA, already have well-established robust regulations
that compel the last owner to recycle the scrap vehicle [21,43,44]; consequently, through a
regulatory framework, they dispose of scrap vehicles in environmentally sound ways and
recover higher values from ELVs [45]. Even though the existing policies and regulations
governing the ELV recycling system and the environment are lenient and limited, the Indian
government understood the need for comprehensive laws to handle ELV recycling, waste
recycling, protect the environment, and promote sustainable development. Hence, the
Indian government has taken a few initiatives, but these have not sufficed. The legislated
statutes and policies the Indian government has taken so far are listed in Table 2.

Table 2. The list of recycling and environmental protection regulations in India.

Law Year Vision/Mission

Water (Prevention and Control of Pollution) Act 1974 • To control pollution and protect the environment

Air (Prevention and Control of Pollution) Act 1981 • To increase the quality of air and mitigate the pollution level

Environmental (Protection) Act 1986 • To protect the environment

The Central Motor Vehicles Act 1988 • To provide a regulatory framework for the registration and
deregistration of vehicles.

The Hazardous Wastes (Management and Handling) Rules 1989 • To dispose of the wastes in environmentally sound ways.

The Municipal Solid Waste (Management and Handling) 2000 • To dispose and recycle solid waste in cities

The Ozone Depleting Substances (Regulation and Control) Rules 2000 • To protect the environment

The Batteries (Management and Handling) Rules 2001 • To recycle batteries and promote sustainability

The National Environment Policy 2006 • To legalize and boost the informal sector for collecting and
recycling various materials

The National Action Plan for Climate Change 2009 • It aims to find solutions to environmental problems in India

The e-waste (Management and Handling) Rules 2011 • To recycle and dispose of the e-waste

The Plastic Waste (Management and Handling) Rules 2011 • To recycle plastics and control the pollution
Hazardous and Other Wastes (Management and Transboundary
Movement) Rules 2016 • To protect the environment and enhance recycling

Solid Waste Management Rules 2016 • To recycle solid waste and dispose properly

Plastic Waste Management Rules (Amendment) 2016 • To recycle plastics and control the pollution
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With the compliance of the provided guidelines and provisions by the United Nations
(UN) to enhance the recycling of materials, promote sustainability in recycling, and pro-
tect the environment, the collaboration of the Automotive Research Association of India
(ARAI), Society for Automobile Association (SIAM), and Automotive Industry Standards
Committee (AISC), has prepared the Automotive Industry Standards for ELVs (AIS 129),
the guidelines and the provisions for the ELV recycling in environmental sounding ways.
These guidelines and conditions have been discussed in detail in the following sections.

The Indian government (through the Ministry of Road, Transport, and Highway,
MORTH), in the Union Budget for 2021–2022, has initiated Vehicle Scrapping Policy. This
policy includes legislation about vehicle fitness tests, conditions, the vehicle deregistration
process, taxes, registration fees, and guidelines for vehicle manufacturers. In this regard,
compulsory testing of vehicles will be most likely to begin from June 2023, although the
successful implementation of this regulation is dependent on information authority.

3.1.1. Registered Vehicle Scrapping Facility (RVSF)

In Automotive Industry Standards for ELVs (AIS 129), the guidelines and the provi-
sions for ELV recycling in environmentally sounding ways, introduced by the collaboration
of the Automotive Research Association of India (ARAI), Society for Automobile Associa-
tion (SIAM), and Automotive Industry Standards Committee (AISC), Registered Vehicle
Scrapping Facility (RVSF) defines as that any organization has a “Registration for Vehicle
Scrapping” issued by the authority for conducting the proper operations of ELV recycling
such as depolluting, dismantling, shredding, and other functions. The RVSF aims to dispose
of unfit and abandoned vehicles environmentally friendly way. It assesses the fitness of the
vehicle through an automated testing facility, and if a vehicle fails the fitness test, it will
be recommended for scrapping. The RVSF has been developed to endeavor to formalize
the current informality-dominated ELV recycling sector and encourage vehicle owners to
recycle abandoned vehicles at RVSF.

Terms and Conditions for RVSF

Automotive Industry Standards for ELVs (AIS 129) lucidly mentions the terms and
conditions to meet the eligibility criteria for RVSF. The crucial eligibility criteria are as below:

I. Ownership of the RVSF is open to any legitimate entity, whether it is an individual,
an organization, a society, or a trust.

II. The entity must have a valid PAN card, valid GST registration, and a certificate
of incorporation.

III. The entity must have the permission letter for setting up an RVSF from the state or
union territory authority where it is to be located.

IV. The entity shall commit to meeting the basic technical requirements for ELV recy-
cling operations specified by the Central Pollution Control Board.

V. The entity should have sufficient human resources to conduct ELV recycling opera-
tions in environmentally sound ways.

VI. The entity should possess ISO 9001 (quality management system)/ISO 14001 (envi-
ronmental certification)/ISO 45001 (occupational health and safety) quality certi-
fications, a permission letter to operate from State Pollution Control Board, and
necessary cyber security certifications.

VII. The entity should adhere to provisions for labor and other laws and regulations.

Minimum Technical Requirements for RVSF

Automotive Industry Standards for ELVs (AIS 129) conspicuously specifies the techni-
cal requirements to meet the eligibility criteria for RVSF. The minimum technical require-
ments for an RVSF are as follows.

A. RVSF should have an impervious surface, like concrete for spillage collection, de-
canters, and degreaser operations.
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B. RVSF should have appropriate and sufficient storage for recovered spare components,
like tires.

C. RVSF should have suitable and proper containers and storage tanks to store batteries,
filters/ plastic circuit board (PCB)/ plastic circuit Polycyclohexylenedimethylene
terephthalate (PCT)-containing condensers, and other fluids.

D. RVSF should have equipment and facility for removing batteries and fluid tanks,
neutralizing explosive substances recovered from ELVs, and removing catalysts.

E. RVSF should have equipment for recovering the metal parts from ELVs made of
Copper, Aluminum, Magnesium, and other heavy metals in a sustainable way to
recycle for further uses.

F. Recovering significant plastic components are recommended; the recovery of glass
from ELVs should be performed effectively.

Automotive Industry Standards for ELVs (AIS 129) recommends a list of equipment
that RVSF should possess for different operations of ELV recycling. Table 3 enumerates the
recommended equipment for RVSF.

Table 3. Recommended equipment for RVSF.

Operation Equipment

Pre-treatments

• Vehicle Lift
• Pry bar
• Center Punch
• Wheel Popper
• Hydraulic Tube Cutter
• Pneumatic Air Gun
• Windshield removal tool

Depolluting

• Air-conditioning gas recovery unit
• Exhaust gases neutralization system
• Filter Wrench
• Airbag deployment unit
• Piercing equipment
• Suction equipment
• Bleeding system
• Container
• Draining Tray

Dismantling

• A set of screwdrivers
• Spanner
• Mallet
• Ratchet
• Cutter
• Cutting Plier
• Windscreen Cutter

Shredding • Shredder
• Bailing press unit

3.2. ELVs Flow

India’s ELV recycling system is at the nascent stage but fledging, developing across
megacities and automobile industrial hubs. India’s ELV recycling sector has been divided
into formal and informal sectors. Formal recycling sectors are authorized and registered
recycling centers that operate environmentally friendly by following proper guidelines and
regulations provided by the authority. Whereas informal recycling sectors are unauthorized
and unregistered recycling centers consisting of individuals, groups, and small businesses
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driven by economic gain, their operations are not environmentally friendly and don’t
follow standard guidelines.

The informal sector dominates the current ELV recycling system, even though they
operate with significantly higher material recycling and recovery rate and play an instru-
mental role. Certain operations are not environmentally sound, harming the environment
without a regulatory framework. A few formal sectors have been evolving recently; their
functions are more environmentally, socially, and economically sustainable. They cannot
operate beyond the scope of a regulatory framework; they are also required to compete
with the informal sector regarding materials recycling and recovery. Figure 5 depicts the
current practice of the ELV recycling system in India, both formal and informal sectors.
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In the informal sector, there is no vehicle deregistration procedure; ELVs directly
undergo a perfunctory depollution operation to remove the pollutants from ELVs. However,
the removed pollutants are not disposed of in environmentally sound ways. Through the
dismantling procedure, economically valuable parts such as the engine, gear system, chassis,
and wheels are recovered. The recovered parts and components from ELV are sold at the
scrap metal market. After that, a shredding company purchases the left car hulk as the
informal sector lacks the facility to process the car hulk to recover further values. Whereas
the formal sector operates with guidelines provided by authorities; ELVs undergo proper
documentation, followed by the depollution operation, dismantling procedure for parts
recovery, shredding operation for further value recovery, and eventually disposal of ASR
to landfills, as there is no facility for ASR treatment. Even though formal sector operations
are environmentally sound, India has remarkably few formal sectors.

Table 4 details depollution operations in India’s formal and informal ELV recycling
sectors. The formal ELV recycling sector performs few specific depollution operations
sustainably, whereas the informal sector disposes of a few basic hazardous components
from ELVs. Airbags contain harmful gases. Neither the formal nor informal ELV recy-
cling sector disposes of airbags in an environmentally sound way, which contributes to
the greenhouse effect and eventually threatens society and the environment.

Table 4. Depolluting operations both in formal and informal sectors.

Depollution Operations Formal ELV Recycling Sector
Managing Sustainably (4)/ Not (6)

Informal ELV Recycling Sector
Managing Sustainably (4)/ Not (6)

Before Lifting the Vehicles

Removal of battery 4 4

Remove the fuel filter cap and oil filler 4 6

Removal of tires and wheels 4 4

Removal of parts containing mercury 4 6

Air-conditioning gases 6 6

Lifting the vehicles on the depollution frame

Engine oil 4 4

Transmission oil 4 6

Coolant 4 6

Brake fluids 4 6

Removal of catalysts 6 6

Washer bottle 4 6

Brake/clutch reservoirs 6 6

Power steering reservoirs 4 4

Fuel tank 4 6

After removing from the de-pollution frame

Deploy airbags and other pyrotechnics
on-site (if equipped and capable of

carrying out this operation).
6 6

Eliminate any airbags and pyrotechnics
(if fitted and unable to be used in situ). 6 6

4. Critical Evaluation

India’s ELV recycling sector is now operating with various issues, albeit flourishing
and proliferating mostly informal sectors [22,46]. We have observed a myriad of challenges
that the ELV recycling system in India is experiencing and striving against. These challenges
impede the development of the ELV sector in the techno-socio-economic aspect. For
combatting climate change, mitigating greenhouse gas emissions, expediting sustainable
development, and promoting energy-efficient vehicles, the government of India has been
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endeavoring to create a pragmatic framework for setting up an efficient ELV management
system by enacting acts and making regulations, even though certain rudimentary causative
factors have identified, analyzed, and elucidated in details, can be effective in enabling
authorities in evolving effective ELV management systems not only in India but also in
other developing and developed nations. Figure 6 graphically depicts critical issues in ELV
recycling in India.
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4.1. Lack of Appropriate Legal Framework

India does not have a comprehensive and precise legal framework for recycling ELV
sustainably other than that mentioned in Table 3. Existing policies and regulations are
ineffectual in promoting recycling and managing a sheer deluge of ELVs proliferating
every day [47]. Starting from the collection of ELVs, followed by a series of operations,
deregistration, de-pollution, dismantling, shredding, ASR treatment, and throwing
residue into landfills, in every stage, the laxity of legislation, regulation, and lack of
proper guidelines are pervasive. Whereas countries such as China, Japan, the EU,
and the USA have well-defined regulations [28,48,49], in terms of law, ELV recycling is
mandatory for all citizens after a certain period, which is called the retirement of vehicles;
the criterion of retirement varies from to country. Due to the apparent governance
vacuum, ELV dismantlers and traders disregard the negative consequences of their
activity and emphasize only economic gains from recycling. As a consequence of current
practice, instead of expediting sustainable development and the material recovery rate,
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it is causing environmental degradation and preventing advancement in the material
recovery process. The government is fully accountable for forming legislation, goals,
coherent strategy, code of practice, ELV regulation, and priorities to contribute to the
progress of ELV management system implementation.

4.2. Improper Infrastructure

Proper and effective infrastructure is instrumental for ELV recycling [50]. Improper
and ineffective infrastructure is another critical impediment to the advancement of India’s
ELV recycling system [51]. As the informal sector dominates India’s ELV recycling system,
they don’t have an advanced technique to handle ELV recycling; they only recover certain
economically valuable components from ELVs and dispose of other crucial and scarce
materials. Hence, these materials are not recycled. No ELV dismantler deals with different
vehicles, light, medium, and heavy vehicles. As India’s ELV recycling system is marked by
low investment, this low investment creates poor infrastructure. However, India’s recently
developed few formal recycling sectors are well-equipped and have proper infrastructure
for ELV recycling operations. As the informal sector is predominant in India and plays an
imperative role in recycling, the Indian government should assist the informal sector in
having better infrastructure for ELV recycling operations.

4.3. Limited Technology

ELV treatment encompasses many convoluted and cumbersome processes, sub-
suming, dismantling, segregation, shredding, subsequent repair, reuse, recycling, re-
manufacturing, residue management, and final disposition [52,53]. As ELV dismantlers
operate with rudimentary technologies, the recycling rate, recovering rate, and materials
extraction rate are comparatively poor to developed nations. ASR contains various
critical and scarce materials [10]. Without recovering materials from ASR, the materials
recovery and recycling rate cannot be increased; there is no facility for ASR treatment
for materials recovery in the informal sector. As a consequence, the materials-rich ASR
is disposed of in landfills. Hence, well-trained, consummate technicians and advanced
and cutting-edge technologies are required to carry out ELV operations to maximize
efficiency and enhance the rate of materials extraction. In order to improve the recovery
and materials extraction rate, the authorities should look for appropriate material extrac-
tion methods in the local context so that the recycling and recovery rates are on par with
developed nations.

4.4. Improper Design of Components

Inadequately designed vehicle component is the significant causative factor towards
the poor performance of the ELV recycling system [54,55]. It has been observed and stud-
ied that, in present ELVs, the vehicle’s components are not designed for recycling and
remanufacturing, which makes the segregation, dismantling, and other subsequent opera-
tions onerous, arduous, challenging, and expensive [56]. Additionally, many component
manufacturers adopt the short-term vision for product design to make their products
economically inexpensive; hence, these poorly designed components cannot be recycled
for future uses. Adapting the proper design method for components recycling can enhance
the recovery and recycling and make the ELVs recycling operation substantially easier [57].
Automotive manufacturers and distributors should code elements and materials to make
the reuse and recovery of materials more accessible.

4.5. Different Value Chain

Despite the fact that the automobile industry and ELV recycling system are potentially
intertwined [58], they are not working together and collaborating. For the dismantling and
other subsequent operations, the ELV dismantler needs accurate and valuable information
from the manufacturers. This information can make ELV handling and parts recovery more
effective [59]. In contrast, the manufacturers are also not aware of the capabilities and
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technology of ELV dismantlers. The cooperation between the automobile industry and the
ELV sector can enhance the recycling rate and increase the economic gains for both. The
manufacturer can buy excellent quality recycled components from ELV recyclers for future
use. Information about the element shared by the manufacturer can make ELV processing
easier and promote sustainability.

4.6. Education and Awareness

Public awareness and education are instrumental in developing and implementing
an effective ELV recycling system [60]. Indian people are generally oblivious and uncon-
cerned about the environmental aspects [51]. Almost everyone pollutes the environment
but, ironically, refuses to help clean it up; many people are only concerned with their
economic interests, regardless of environmental protection. Already, Indians are inhaling
toxic air and drinking polluted water; if the Indian government does not emphasize public
awareness and environmental education, the environmental degradation issue will become
more severe. Promoting sustainable environmental education and raising public conscious-
ness among Indians are long-term goals that must begin by taking initiatives from the
government from the primary schooling of children.

4.7. Enforcement and Encouragement

Enforcement and encouragement are conducive to establishing an efficient ELV recy-
cling system [34,61]. In a regulatory legal framework, enforcement compels vehicle owners
to transfer their abandoned vehicles to the ELV processing organization through a dereg-
istration process, award, and concession to inspire them to recycle their abandoned cars.
In India’s ELV recycling system, the absence of enforcement and motivation is prevalent.
There is no compulsion to recycle the vehicle after the specified age and no award, which
prompts the vehicle owners to recycle their obsolete cars. The Indian government is also
quite reluctant to invest money in encouraging and empowering research and development
programs on ELV recycling.

4.8. Improper Handling of Resources

Appropriate handling of resources is paramount to sustainable development, the
circular economy, and recycling and energy recovery [62–64]. The Indian government
should take the initiative to establish an independent management body to deploy and
allocate resources efficiently and efficaciously, taking into account the availability of re-
sources, competency, responsibility, and infrastructure. India’s improper handling and
mismanagement of resources have been observed and investigated [51].

4.9. Improper Financial Planning

Proper financial planning and the appropriate budget allocation are expedient for
developing an effective ELV management system [65–67]. In India, the lack of appropriate
financial planning for ELV recycling, especially for supporting the informal sector in
having better infrastructure, is quite evident; even though Indian authorities invest a
significant portion of their budget into sustainable development, proper ELVs recycling,
and development of India as the hub for energy-efficient vehicles, but not in accurate and
appropriate ways, the government attempts are futile. Now is the time for the authority to
firmly establish an effective cost management system for proper planning and controlling
of system costs, as well as to make provisions and allocate the necessary budget for the
development of ELV management systems.

4.10. No Performance Evaluation

Indubitably, performance evaluation, together with the development of an inspection
center, enhances the performance of a system towards specific, well-defined objectives [68].
Currently, no firmly established assessment system in India assesses the employee, process,
method, equipment, tools, and other subsequent factors. The lack of performance assess-
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ment and inspection prompts, especially the informal recyclers, to disregard environmental
impacts to maximize profit. An effective strategy should be developed for periodically
monitoring the system, maintaining the documentation of records, and promoting through
incentives, tax relaxation, and awards.

5. Proposed Frameworks
5.1. ELV Recycling System

Through critical analysis, identified issues and challenges in the ELV recycling sys-
tem in India need to resolve by following a practical, systematic, and efficient framework
that would not only enhance the material extraction rate but also promote sustainability
in ELV recycling. Figure 7 represents a practical, efficient, and systematic framework for
ELV recycling based on Indian values. This framework delineates directives lucidly at
every stage of ELV recycling; it begins with the collection process of ELVs and terminates
by proposing an efficient approach to handling the ASR. In India, there are no laws that
govern the compulsory recycling of abandoned vehicles, proper collection process of
ELV, and deregistration process. For the depollution process, the ELV recycler removes
certain harmful fluids but not all potential pollutants, and removed pollutants are not
disposed of properly; the suggested framework delineates the proper depollution pro-
cess to protect the environment and promote sustainability by proposing a safe center
for the disposal of stripped detrimental substances. The government should develop
the proposed safe center to dispose of hazardous substances. The dismantling process
is unorganized and chaotic; this framework shows the directives toward a systematic
and organized dismantling process that can significantly enhance the materials recovery
process. Presently, India has no ASR processing system to improve the recycling and
recovery rate. The proposed framework has delved into this issue and taken into account
this, and this study has emphasized ASR treatment and offered a systemic and effective
ASR processing system.

The collaboration among the government, manufacturers, and ELV recyclers is
instrumental in establishing a practical framework for ELV recycling. Still, there is
no information-sharing facility among them. No fund management system supports
informal and formal recyclers in depolluting, collecting ELVs, sustainable ASR disposal,
and other operations. As this proposed framework delineates a fund management system
where the authority should allocate funds to assist the stakeholders in collecting ELVs,
deregistration process, depollution process, dismantling process and ASR treatment,
and monitoring stakeholder’s operations. This framework introduces an information
management system and a fund management system. These management systems
would help each other by providing the required and valuable information needed to
establish a practical framework. The fund management would enable the ELV recycling
sector to improve the infrastructure to boost the recovery and recycling rate and promote
sustainability in ELV recycling.
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5.2. Policy Framework

Currently, there is no comprehensive and complete set of rules and regulations to
govern the ELV recycling system in India. The ELV recycling system is complex and
convoluted due to the numerous stages involved. To effectively handle and regulate the ELV
system, every step involved in ELV recycling requires well-defined directives [69]. Firstly,
there is no comprehensive regulation regarding the declaration of the ELV, a fitness test of
the vehicle, and the deregistration process; the government should provide clear directives
and guidelines about identifying the ELV, a fitness test of the vehicle, and the deregistration
process. Secondly, for recycling, individuals voluntarily direct their abandoned vehicles
to ELV recyclers; no existing law regulates the collection of ELV; authority should enact
the regulation that would compel the car owner to recycle their cars after a specified age.
Thirdly, no authorized management system monitors and accesses the de-pollution process
of ELV, dismantling operation, shredding, and ASR treatment; hence informal recyclers
perform these operations with disregard for environmental impacts; consequently, it causes
environmental degradation [70]. The government should form an agency to access and
monitor ELV recycling processes. Fourthly, the Indian ELV recycling sector is dominated
by the informal sector. They do not follow the environmentally sound procedure for ELV
recycling operations. They do not have the facility and technology to operate sustainably;
hence, the materials recycling and recovery rates are comparatively low. The government
should provide guidelines regarding materials recycling and recovery.

As mentioned above, the lack of regulations regarding declaration, deregistration,
collection of ELVs, depolluting, dismantling, shredding, and disposal of the final product,
ASR, hinders the sustainable development of ELV recycling in India. The policy and
legislation should address the existing regulatory vacuum to make the Indian ELV recycling
system viable in a sustainable manner. The Ministry of Transport, Human Resources,
Natural Resources and Environment, Domestic Trade, Cooperation and Consumerism,
and Finance must work together to control and monitor the sustainable management of
ELV recycling.

Objectives of the Policy on ELV

The objectives of policy and regulation regarding ELV recycling in India should be
emphasized on

• 10R-strategies (Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture,
Repurpose, Recycle, Recovery) to promote sustainability in ELV recycling in India.

• Promoting circular economy in India.
• Mitigation of pollution levels and improving environmental quality.
• Efficient use of natural resources.
• Reduce open dumping for ELV.
• Implementation of a solid waste management system.
• Enhance the resilience factors and productivity in ELV recycling.
• Development of proper infrastructure for ELV recycling.

6. Recommendations

The ELV recycling system in India is beset by a plethora of rudimentary issues, chal-
lenges, and threats, impeding the development of the ELV recycling sector in India [51].
Appropriate directives and initiatives by authorities are instrumental in the thriving and
flourishing ELV recycling sector sustainably. Based on our observations and analysis in
the previous section, we have identified a host of critical and persistent issues in ELV
recycling. Without resolving these perennial issues in ELV recycling, further development
and enhancement are elusive. In this section, we have made practical recommendations
for efficiently encountering the problems identified in recycling for the long-term viability
of ELV recycling. Figure 8 represents critical issues and corresponding recommendations
regarding the ELV recycling system in India.
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6.1. Development of Practical Framework

Developing a practical framework is the first crucial element toward sustainabil-
ity [71,72]; authorities cannot provide appropriate directions to the ELV recycling sector
without a realistic framework. In the Indian ELV sector, informality is prevalent because
of the absence of a practical framework from authority. The Indian government should
develop a pragmatic framework based on Indian values for ELV recycling to eliminate the
informalities and malpractices and promote sustainability in ELV recycling. This practical
framework will assist the ELV recycler by providing appropriate guidelines regarding ELV
recycling operations, inevitably enhancing the material extraction rate.
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6.2. Establishment of Information Sharing Center

The lack of collaboration among ELV recyclers, manufacturers, and authorities is
thwarting the prosperity of ELV recycling; hence an information-sharing center is required
to establish. The information-sharing center will preserve all data shared by key stake-
holders, manufacturers, government authorities, and car owners. This system will have
numerous interfaces for all key stakeholders, manufacturers, car owners, and management.
They will upload the components, operations, material flow information, and information
about hazardous waste. This system will assist all crucial parties involved in recycling by
providing accurate and authentic pieces of information. This system will have a profound
impact on the ELV recycling system.

6.3. Development of a Sustainable Model

By considering socio-economic-environment aspects and the long-term viability of
ELV recycling, the government of India should develop a sustainable model for ELV re-
cycling, which will not only enhance the recycling and recovery rate but also preserve
the environment [73,74]. By adopting the 4Rs (reuse, recycle, remanufacturing, repair)
standardization, authorities can create a sustainable model which will guide the auto-
motive sector toward obtaining the highest possible standard of product and operation,
safeguarding the environment, and consumer safety. This model will cherish business
sustainability and increase competitiveness.

6.4. Promote Research and Development

ELV recycling involves numerous convoluted processes. Technology plays an im-
perative role in development and advancement [75]. Because of poor technology, India’s
ELV recycling performance is limited. In order to enhance the materials extraction and
recovery rate, the ELV recycling sector requires advanced technology. The Indian gov-
ernment, together with vehicle manufacturers, should allocate funds to promote research
and development to establish an effective recycling system. This allocated fund should be
given to the government and vehicle manufacturer research and development institute to
promote sustainability in ELV recycling.

6.5. Development of Fund Management

The treatment of abandoned vehicles for recycling is associated with a significant
cost as many processes are involved. The car manufacturer or car owner can cover this
expense for operations of ELV for recycling; still, the government has yet to define who
is accountable for the expense of recycling. The Indian authority should establish fund
management for ELV recycling, which will be responsible for the relevant expense of
recycling. It encompasses various expenses, including recycling fees, subsidies, rewards,
costs associated with waste management, and social awareness. The vehicle manufacturer,
the government, and the vehicle owner should all contribute to this fund. Different
countries have different policies regarding the fees for recycling vehicles accordingly to
their economic and social aspects. In countries like India, vehicle manufacturers and
car owners should bear the entire cost of recycling in equal proportion. Whereas, the
government should monitor and audit this fund. This fund should be utilized to promote
green technology for the long-term viability of ELV recycling. This fund should be used to
dispose of hazardous and toxic waste properly.

6.6. Performance Assessment

Performance evaluation is crucial in enhancing the recycled product quality and
operations involved in recycling. India has yet to establish a proper performance evaluation
process to assess the recycled product’s quality, operation, environmental impact, and waste
management. Performance evaluation, together with appropriate inspection, will assist the
Indian government in achieving the well-defined objectives of ELV recycling.
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6.7. Promote Environmental Education and Awareness

Long-term goals, such as promoting sustainable environmental education and raising
public awareness among Indians, must begin with children. Indians are generally un-
aware and unconcerned about environmental issues. It is expected that public awareness
programs and training for organization members and stakeholders will improve general
society’s level of knowledge and awareness of ELVs and practitioners’ competency and
skills in performing ELVs processes.

6.8. Carbon Footprint Application

Numerous distinct power tools are used in the ELV recycling system during the opera-
tions of ELVs; this equipment requires a lot of energy and produces a significant quantity
of greenhouse gases [76,77], which is detrimental to the environment. The application of
carbon footprint, which measures the total amount of greenhouse gas emissions, can assist
the ELV recycler in evaluating energy consumption and reducing energy consumption.

6.9. Law Enforcement

The relevant ELV recycling laws are paramount to properly governing and regulating
the Indian ELV recycling sector. The Indian government has yet to enact the appropriate and
suitable rules and regulations in different aspects, incorporating environment, transport,
use of resources, waste disposal, and business model. The quality of the environment in
India has become a critical concern and has been deepening significantly because of the
absence of proper regulation.

6.10. Hazardous Waste and Toxic Materials Management

The detrimental automotive shredder residue, toxic materials, poisonous electronic
waste, waste fluid, oil, battery, and other unwanted debris should not be disposed of
randomly. To meet this demand, we can construct a hazardous waste and toxic materials
processing center in each major city, as Indian people’s environmental awareness is low.
Hazardous waste should be disposed of at a hazardous waste and toxic materials processing
center. The hazardous waste and toxic materials processing center should deal with toxic
electronic waste and hazardous and toxic scrap automobile waste. It will keep the materials
used in ELV shells as clear as possible.

7. Discussions and Future Implications

This study delineates the status quo of the ELV recycling system holistically in India,
which is a combination of current law and policy analysis and ELV flow in formal and
informal sectors, respectively. This research summarizes the relevant laws regarding
recycling and environmental protection and thoroughly sheds light on recent drafting
about ELV recycling and RVSF. This analysis reveals that India does not yet have rigorous
regulations governing the recycling of ELVs, and lax and insufficient laws and regulations
govern the current ELV recycling sector. As this research demonstrates the existing vacuum
of regulation to regulate the ELV recycling sector, which may draw the attention of Indian
authorities to devise and enact an appropriate set of rules to regulate and monitor the ELV
recycling sector sustainably and systematically.

This investigation reveals the ELV recycling practice in both formal and informal
sectors and finds that India’s ELV recycling system is still in its infancy and the informal
sector dominates the current ELV recycling system. The ELV dismantling operations in
the informal sector are not environmentally friendly, contributing significantly to envi-
ronmental degradation. The materials recovery and recycling rates are below standard in
the informal sector compared to other developed nations. The Indian government should
develop an appropriate and practical framework for ELV recycling based on Indian values
and provide this framework to stakeholders to upgrade their operations and practices.

This research critically evaluates the current ELV recycling system in India to ad-
dress the persisting perennial critical issues that the ELV recycling system is encountering.
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These challenges hinder the development of the current ELV recycling system. The iden-
tified issues in the critical evaluations section may assist and encourage the authority to
appropriate counter measurement to promote sustainability in the ELV recycling sector.

Aside from critical evaluations, this paper proposes pragmatic and efficient frame-
works based on Indian values that would enhance materials recovery and recycling rates,
promote sustainability in ELV recycling, and provide appropriate directions in terms of
law and policy. The proposed frameworks in this study may assist the stakeholders in
enhancing materials recovery and recycling rates and cherishing sustainability in the ELV
recycling sector. At the same time, these frameworks provide lucid directives in terms of
law and policy for the authority to devise and enact an appropriate set of regulations to
regulate the ELV recycling sector sustainably.

Eventually, this study has provided practical and valuable recommendations for effec-
tively addressing the highlighted issues for the long-term sustainability of ELV recycling.
These recommendations may assist the government of India in setting up an efficient ELV
recycling sector by addressing persistent issues in the ELV recycling sector. The findings of
this research may encourage the authorities and stakeholders to adopt and implement the
proposed frameworks to enhance the recycling rate while respecting the environment. The
outcomes of this study can be useful for other countries in the Indian subcontinent.

8. Research Limitations

This research has a few potential limitations.

• This research has investigated the ELV recycling system in India, and the frameworks
in this study are proposed based on Indian values; therefore, the outcomes of this study
might be limited to the Indian subcontinent. Therefore, other developing countries
may not benefit from the results of this investigation.

• This investigation has been performed in five well-known automotive sectors: Mum-
bai, Kolkata, Chennai, Jamshedpur, and Delhi. This research could have provided
a more holistic ELV recycling practice in India by Incorporating additional automo-
bile hubs.

• Aside from field investigation, literature, and policy review, there have been inter-
actions with 537 chosen people, including all key stakeholders, academicians, and
government officials. This study could have provided more accurate outcomes with a
higher number of interactions.

• Very little research has been performed on ELV recycling in India. The lack of literature
about ELV recycling in India initially made it challenging to develop the fundamental
basis of this research.

9. Future Prospects and Suggestions

This study emphasizes the development, critical evaluation, and proposed framework
for ELV recycling in India. As well as that, this study suggests specific vital topics that
require in-depth analysis to advance the ELV recycling system in India.

• Materials recycling and recovery rates are imperative in ELV recycling. Measuring
and comparing the materials extraction rates between formal and informal sectors
requires further exploration.

• A carbon emission assessment is instrumental for monitoring the air quality around
the automotive hubs. Assessing and comparing the carbon emission from formal and
informal sectors requires in-depth study.

• ELV contains several hazardous materials. Appropriate disposal methods for these
detrimental substances require further thorough investigation.

• Recycling industries depend on manufacturing industries. Hence, exploring the synergy
between recycling and manufacturing industries needs to be evaluated thoroughly.
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10. Conclusions

This study has delved deeper into India’s ELV recycling system and elucidated the
current practice of ELV recycling in formal and informal sectors in India in a greater context
to develop a profound understanding that is instrumental in expanding the ELV sector
by obtaining the best potential values from ELVs. This study’s findings reveal that ELV
recycling in India is at the embryonic stage and struggling with a host of challenges in
different aspects. Currently, there is no comprehensive and complete set of rules and
regulations to govern the ELV recycling system in India. The vacuum of appropriate policy
engenders a prevalence of informality in India’s ELV recycling sector.

After reflecting on current practice, this research has critically evaluated the existing
ELV recycling system in India and identified the impediments thwarting the development
of the ELV recycling system in India. The lack of practical frameworks, lax laws and policies,
and inappropriate technology are the critical deterrent to sustainability in recycling in India.

Identification of hindrances was the first step to encountering the existing impediments.
This study has proposed pragmatic frameworks and made practical recommendations to
approach the identified issues and expedite sustainable development. The proposed frame-
works and practical suggestions are made based on Indian values to assist in developing an
efficient ELV recycling system in India to cherish sustainable growth and expand the ELV
sector without affecting the environment and conserving natural resources. This research
may encourage informal ELV recyclers to adopt the sustainable ELV recycling model, which
will assist in formalizing the Indian ELV recycling sector and reducing landfills. This study
may increase the public awareness level of sustainable ELV recycling. The proposed frame-
work is likely to assist the government of India in implementing any upcoming regulatory
and legal framework regarding ELV recycling. These frameworks and recommendations
are also suitably applicable to other developing nations in the Indian subcontinent.
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Recycling in Developing Countries. Sustainability 2020, 12, 8764. [CrossRef]

139



Sustainability 2022, 14, 15441

5. Abdollahifar, M.; Doose, S.; Cavers, H.; Kwade, A. Graphite Recycling from End-of-Life Lithium-Ion Batteries: Processes and
Applications. Adv. Mater. Technol. 2022. early view. [CrossRef]

6. Crespo, M.S.; González, M.V.G.; Peiró, L.T. Prospects on end of life electric vehicle batteries through 2050 in Catalonia. Resour.
Conserv. Recycl. 2022, 180, 106133. [CrossRef]

7. Go, T.; Wahab, D.; Rahman, M.; Ramli, R.; Azhari, C. Disassemblability of end-of-life vehicle: A critical review of evaluation
methods. J. Clean. Prod. 2011, 19, 1536–1546. [CrossRef]

8. Rovinaru, F.I.; Rovinaru, M.D.; Rus, A.V. The Economic and Ecological Impacts of Dismantling End-of-Life Vehicles in Romania.
Sustainability 2019, 11, 6446. [CrossRef]

9. Nakano, K.; Shibahara, N. Comparative assessment on greenhouse gas emissions of end-of-life vehicles recycling methods. J.
Mater. Cycles Waste Manag. 2015, 19, 505–515. [CrossRef]

10. Williams, K.S.; Khodier, A. Meeting EU ELV targets: Pilot-scale pyrolysis automotive shredder residue investigation of PAHs,
PCBs and environmental contaminants in the solid residue products. Waste Manag. 2020, 105, 233–239. [CrossRef]

11. Society of Indian Automobile Manufactures. Available online: https://www.siam.in/statistics.aspx?mpgid=8&pgidtrail=9
(accessed on 5 May 2022).

12. Arora, N.; Bakshi, S.K.; Bhattacharjya, S. Framework for sustainable management of end-of-life vehicles management in India. J.
Mater. Cycles Waste Manag. 2018, 21, 79–97. [CrossRef]

13. Zhang, L.; Ji, K.; Liu, W.; Cui, X.; Liu, Y.; Cui, Z. Collaborative approach for environmental and economic optimization based on
life cycle assessment of end-of-life vehicles’ dismantling in China. J. Clean. Prod. 2020, 276, 124288. [CrossRef]

14. Numfor, S.A.; Takahashi, Y.; Matsubae, K. Energy recovery from end-of-life vehicle recycling in Cameroon: A system dynamics
approach. J. Clean. Prod. 2022, 361, 132090. [CrossRef]

15. Jang, Y.-C.; Choi, K.; Jeong, J.-H.; Kim, H.; Kim, J.-G. Recycling and Material-Flow Analysis of End-of-Life Vehicles towards
Resource Circulation in South Korea. Sustainability 2022, 14, 1270. [CrossRef]

16. Mallampati, S.R.; Lee, B.H.; Mitoma, Y.; Simion, C. Sustainable recovery of precious metals from end-of-life vehicles shredder
residue by a novel hybrid ball-milling and nanoparticles enabled froth flotation process. J. Clean. Prod. 2018, 171, 66–75. [CrossRef]

17. Ghosh, S.K.; Ghosh, S.K.; Baidya, R. Circular Economy in India: Reduce, Reuse, and Recycle Through Policy Framework. In
Circular Economy: Recent Trends in Global Perspective; Springer: Singapore, 2021; pp. 183–217. [CrossRef]

18. Sato, F.E.K.; Furubayashi, T.; Nakata, T. Application of energy and CO2 reduction assessments for end-of-life vehicles recycling in
Japan. Appl. Energy 2019, 237, 779–794. [CrossRef]

19. Numfor, S.; Omosa, G.; Zhang, Z.; Matsubae, K. A Review of Challenges and Opportunities for End-of-Life Vehicle Recycling in
Developing Countries and Emerging Economies: A SWOT Analysis. Sustainability 2021, 13, 4918. [CrossRef]

20. Mohan, T.V.K.; Amit, R.K. Dismantlers’ dilemma in end-of-life vehicle recycling markets: A system dynamics model. Ann. Oper.
Res. 2018, 290, 591–619. [CrossRef]

21. Chen, Y.; Ding, Z.; Liu, J.; Ma, J. Life cycle assessment of end-of-life vehicle recycling in China: A comparative study of
environmental burden and benefit. Int. J. Environ. Stud. 2019, 76, 1019–1040. [CrossRef]

22. Sharma, L.; Pandey, S. Recovery of resources from end-of-life passenger cars in the informal sector in India. Sustain. Prod. Consum.
2020, 24, 1–11. [CrossRef]

23. Andersson, M.; Söderman, M.L.; Sandén, B.A. Challenges of recycling multiple scarce metals: The case of Swedish ELV and
WEEE recycling. Resour. Policy 2019, 63, 101403. [CrossRef]

24. Khan, S.A.R.; Godil, D.I.; Thomas, G.; Tanveer, M.; Zia-Ul-Haq, H.M.; Mahmood, H. The Decision-Making Analysis on End-of-Life
Vehicle Recycling and Remanufacturing under Extended Producer Responsibility Policy. Sustainability 2021, 13, 11215. [CrossRef]

25. Yu, J.; Wang, S.; Serrona, K.R.B. Comparative Analysis of ELV Recycling Policies in the European Union, Japan and China. Investig.
Linguisticae 2019, XLIII, 34–56. [CrossRef]

26. Zhang, L.; Lu, Q.; Yuan, W.; Jiang, S.; Wu, H. Characterizing end-of-life household vehicles’ generations in China: Spatial-temporal
patterns and resource potentials. Resour. Conserv. Recycl. 2022, 177, 105979. [CrossRef]

27. Khodier, A.; Williams, K.; Dallison, N. Challenges around automotive shredder residue production and disposal. Waste Manag.
2018, 73, 566–573. [CrossRef]

28. Soo, V.K.; Doolan, M.; Compston, P.; Duflou, J.R.; Peeters, J.; Umeda, Y. The influence of end-of-life regulation on vehicle material
circularity: A comparison of Europe, Japan, Australia and the US. Resour. Conserv. Recycl. 2021, 168, 105294. [CrossRef]

29. Rosa, P.; Terzi, S. Improving end of life vehicle’s management practices: An economic assessment through system dynamics. J.
Clean. Prod. 2018, 184, 520–536. [CrossRef]

30. Yi, S.; Lee, H. Economic analysis to promote the resource circulation of end-of-life vehicles in Korea. Waste Manag. 2021, 120,
659–666. [CrossRef]

31. Li, Y.; Liu, Y.; Chen, Y.; Huang, S.; Ju, Y. Estimation of end-of-life electric vehicle generation and analysis of the status and
prospects of power battery recycling in China. Waste Manag. Res. 2022, 40, 1424–1432. [CrossRef]

32. Sitinjak, C.; Ismail, R.; Bantu, E.; Fajar, R.; Samuel, K. The understanding of the social determinants factors of public acceptance
towards the end of life vehicles. Cogent Eng. 2022, 9, 2088640. [CrossRef]

33. Wang, J.; Sun, L.; Fujii, M.; Li, Y.; Huang, Y.; Murakami, S.; Daigo, I.; Pan, W.; Li, Z. Institutional, Technology, and Policies of
End-of-Life Vehicle Recycling Industry and Its Indication on the Circular Economy- Comparative Analysis Between China and
Japan. Front. Sustain. Food Syst. 2021, 2, 13. [CrossRef]

140



Sustainability 2022, 14, 15441

34. Yu, Z.; Tianshan, M.; Rehman, S.A.; Sharif, A.; Janjua, L. Evolutionary game of end-of-life vehicle recycling groups under
government regulation. Clean Technol. Environ. Policy 2020, 1–12. [CrossRef]

35. Yu, Z.; Khan, S.A.R.; Zia-Ul-Haq, H.M.; Tanveer, M.; Sajid, M.J.; Ahmed, S. A Bibliometric Analysis of End-of-Life Vehicles
Related Research: Exploring a Path to Environmental Sustainability. Sustainability 2022, 14, 8484. [CrossRef]

36. Sanz, V.M.; Serrano, A.M.; Schlummer, M. A mini-review of the physical recycling methods for plastic parts in end-of-life vehicles.
Waste Manag. Res. 2022, 40, 0734242X221094917. [CrossRef]

37. Swain, B.; Park, J.R.; Lee, C.G. Industrial recycling of end-of-life vehicle windshield glass by mechanical beneficiation and
complete recovery of polyvinyl butyral. J. Clean. Prod. 2022, 334, 130192. [CrossRef]

38. Edun, A.; Hachem-Vermette, C. Energy and environmental impact of recycled end of life tires applied in building envelopes. J.
Build. Eng. 2021, 39, 102242. [CrossRef]

39. Zhang, Z.; Malik, M.Z.; Khan, A.; Ali, N.; Malik, S.; Bilal, M. Environmental impacts of hazardous waste, and management
strategies to reconcile circular economy and eco-sustainability. Sci. Total Environ. 2022, 807, 150856. [CrossRef]

40. Zimon, D.; Madzík, P. Standardized management systems and risk management in the supply chain. Int. J. Qual. Reliab. Manag.
2020, 37, 305–327. [CrossRef]

41. Farahani, S.; Otieno, W.; Barah, M. Environmentally friendly disposition decisions for end-of-life electrical and electronic products:
The case of computer remanufacture. J. Clean. Prod. 2019, 224, 25–39. [CrossRef]

42. Wang, L.; Chen, M. Policies and perspective on end-of-life vehicles in China. J. Clean. Prod. 2013, 44, 168–176. [CrossRef]
43. D’Adamo, I.; Gastaldi, M.; Rosa, P. Recycling of end-of-life vehicles: Assessing trends and performances in Europe. Technol.

Forecast. Soc. Change 2020, 152, 119887. [CrossRef]
44. Li, Y.; Fujikawa, K.; Wang, J.; Li, X.; Ju, Y.; Chen, C. The Potential and Trend of End-Of-Life Passenger Vehicles Recycling in China.

Sustainability 2020, 12, 1455. [CrossRef]
45. Blume, T.; Walther, M. The End-of-life Vehicle Ordinance in the German automotive industry—Corporate sense making illustrated.

J. Clean. Prod. 2013, 56, 29–38. [CrossRef]
46. Govindan, K.; Shankar, M.; Kannan, D. Application of fuzzy analytic network process for barrier evaluation in automotive parts

remanufacturing towards cleaner production—A study in an Indian scenario. J. Clean. Prod. 2016, 114, 199–213. [CrossRef]
47. Luthra, S.; Kumar, V.; Kumar, S.; Haleem, A. Barriers to implement green supply chain management in automobile industry

using interpretive structural modeling technique: An Indian perspective. J. Ind. Eng. Manag. 2011, 4, 231–257. [CrossRef]
48. Hu, S.; Wen, Z. Monetary evaluation of end-of-life vehicle treatment from a social perspective for different scenarios in China. J.

Clean. Prod. 2017, 159, 257–270. [CrossRef]
49. Li, Y.; Liu, Y.; Chen, Y.; Huang, S.; Ju, Y. Projection of end-of-life vehicle population and recyclable metal resources: Provincial-level

gaps in China. Sustain. Prod. Consum. 2022, 31, 818–827. [CrossRef]
50. Al-Quradaghi, S.; Zheng, Q.P.; Betancourt-Torcat, A.; Elkamel, A. Optimization Model for Sustainable End-of-Life Vehicle

Processing and Recycling. Sustainability 2022, 14, 3551. [CrossRef]
51. Molla, A.H.; Shams, H.; Harun, Z.; Ab Rahman, M.N.; Hishamuddin, H. An Assessment of Drivers and Barriers to Implementation

of Circular Economy in the End-of-Life Vehicle Recycling Sector in India. Sustainability 2022, 14, 13084. [CrossRef]
52. Cossu, R.; Lai, T. Automotive shredder residue (ASR) management: An overview. Waste Manag. 2015, 45, 143–151. [CrossRef]
53. Tarrar, M.; Despeisse, M.; Johansson, B. Driving vehicle dismantling forward—A combined literature and empirical study. J.

Clean. Prod. 2021, 295, 126410. [CrossRef]
54. Sinha, A.; Mondal, S.; Boone, T.; Ganeshan, R. Analysis of issues controlling the feasibility of automobile remanufacturing

business in India. Int. J. Serv. Oper. Manag. 2017, 26, 459–475. [CrossRef]
55. Nag, U.; Sharma, S.K.; Govindan, K. Investigating drivers of circular supply chain with product-service system in automotive

firms of an emerging economy. J. Clean. Prod. 2021, 319, 128629. [CrossRef]
56. Wahab, D.; Blanco-Davis, E.; Ariffin, A.; Wang, J. A review on the applicability of remanufacturing in extending the life cycle of

marine or offshore components and structures. Ocean Eng. 2018, 169, 125–133. [CrossRef]
57. Mayyas, A.; Omar, M.; Hayajneh, M.; Mayyas, A.R. Vehicle’s lightweight design vs. electrification from life cycle assessment

perspective. J. Clean. Prod. 2017, 167, 687–701. [CrossRef]
58. Ropi, N.M.; Hishamuddin, H.; Wahab, D.A. Analysis of the Supply Chain Disruption Risks in the Malaysian Automotive

Remanufacturing Industry-a Case Study. Int. J. Integr. Eng. 2020, 12, 1–11. [CrossRef]
59. Zhao, Q.; Chen, M. A comparison of ELV recycling system in China and Japan and China’s strategies. Resour. Conserv. Recycl.

2011, 57, 15–21. [CrossRef]
60. Sitinjak, C.; Ismail, R.; Tahir, Z.; Fajar, R.; Simanullang, W.F.; Bantu, E.; Samuel, K.; Rose, R.A.C.; Yazid, M.R.M.; Harun, Z.

Acceptance of ELV Management: The Role of Social Influence, Knowledge, Attitude, Institutional Trust, and Health Issues.
Sustainability 2022, 14, 10201. [CrossRef]

61. Kaya, D.I.; Pintossi, N.; Dane, G. An Empirical Analysis of Driving Factors and Policy Enablers of Heritage Adaptive Reuse
within the Circular Economy Framework. Sustainability 2021, 13, 2479. [CrossRef]

62. Tan, J.; Tan, F.J.; Ramakrishna, S. Transitioning to a Circular Economy: A Systematic Review of Its Drivers and Barriers.
Sustainability 2022, 14, 1757. [CrossRef]

63. Grafström, J.; Aasma, S. Breaking circular economy barriers. J. Clean. Prod. 2021, 292, 126002. [CrossRef]

141



Sustainability 2022, 14, 15441

64. Kayikci, Y.; Kazancoglu, Y.; Lafci, C.; Gozacan, N. Exploring barriers to smart and sustainable circular economy: The case of an
automotive eco-cluster. J. Clean. Prod. 2021, 314, 127920. [CrossRef]

65. Lindahl, P.; Robèrt, K.-H.; Ny, H.; Broman, G. Strategic sustainability considerations in materials management. J. Clean. Prod.
2014, 64, 98–103. [CrossRef]

66. Mamat, T.N.A.R.; Saman, M.Z.M.; Sharif, S.; Simic, V. Key success factors in establishing end-of-life vehicle management system:
A primer for Malaysia. J. Clean. Prod. 2016, 135, 1289–1297. [CrossRef]

67. Modoi, O.-C.; Mihai, F.-C. E-Waste and End-of-Life Vehicles Management and Circular Economy Initiatives in Romania. Energies
2022, 15, 1120. [CrossRef]

68. Mamat, T.N.A.R.; Saman, M.Z.M.; Sharif, S.; Simic, V.; Wahab, D.A. Development of a performance evaluation tool for end-of-life
vehicle management system implementation using the analytic hierarchy process. Waste Manag. Res. 2018, 36, 1210–1222.
[CrossRef] [PubMed]

69. Harun, Z.; Wan Mustafa, W.M.S.; Abd Wahab, D.; Abu Mansor, M.R.; Saibani, N.; Ismail, R.; Mohd Ali, H.; Hashim, N.; Mohd
Paisal, M. An Analysis of End-of-Life Vehicle Policy Implementation in Malaysia from the Perspectives of Laws and Public
Perception. Jurnal Kejuruteraan 2021, 33, 709–718. [CrossRef]

70. Darom, N.A.M.; Hishamuddin, H.; Ramli, R.; Nopiah, Z.M.; Sarker, R.A. Investigation of Disruption Management Practices and
Environmental Impact on Malaysian Automotive Supply Chains: A Case Study Approach. Jurnal Kejuruteraan 2020, 32, 341–348.
[CrossRef]

71. Melo, A.C.S.; Braga, A.E.; Leite, C.D.P.; Bastos, L.D.S.L.; Nunes, D.R.D.L. Frameworks for reverse logistics and sustainable design
integration under a sustainability perspective: A systematic literature review. Res. Eng. Des. 2020, 32, 225–243. [CrossRef]

72. Kaviani, M.A.; Tavana, M.; Kumar, A.; Michnik, J.; Niknam, R.; de Campos, E.A.R. An integrated framework for evaluating the
barriers to successful implementation of reverse logistics in the automotive industry. J. Clean. Prod. 2020, 272, 122714. [CrossRef]

73. Pigosso, D.C.A.; De, M.; Pieroni, P.; Kravchenko, M.; Awan, U.; Sroufe, R.; Bozan, K. Designing Value Chains for Industry 4.0 and
a Circular Economy: A Review of the Literature. Sustainability 2022, 14, 7084. [CrossRef]

74. Hina, M.; Chauhan, C.; Kaur, P.; Kraus, S.; Dhir, A. Drivers and barriers of circular economy business models: Where we are now,
and where we are heading. J. Clean. Prod. 2022, 333, 130049. [CrossRef]

75. Bockholt, M.T.; Kristensen, J.H.; Colli, M.; Jensen, P.M.; Wæhrens, B.V. Exploring factors affecting the financial performance of
end-of-life take-back program in a discrete manufacturing context. J. Clean. Prod. 2020, 258, 120916. [CrossRef]

76. Liu, Z.; Adams, M.; Cote, R.P.; Chen, Q.; Wu, R.; Wen, Z.; Liu, W.; Dong, L. How does circular economy respond to greenhouse
gas emissions reduction: An analysis of Chinese plastic recycling industries. Renew. Sustain. Energy Rev. 2018, 91, 1162–1169.
[CrossRef]

77. Harun, Z.; Molla, A.H.; Khan, A.; Zainal Safuan, U.; Azman, M.S.S.; Hashim, H. End-of-Life Vehicle (ELV) Emission Evaluation
using IoT in Malaysia. In Proceedings of the 2022 9th International Conference on Information Technology, Computer, and
Electrical Engineering (ICITACEE), Semarang, Indonesia, 25–26 August 2022. [CrossRef]

142



Citation: Gonzales-Calienes, G.; Yu,

B.; Bensebaa, F. Development of a

Reverse Logistics Modeling for

End-of-Life Lithium-Ion Batteries and

Its Impact on Recycling Viability—A

Case Study to Support End-of-Life

Electric Vehicle Battery Strategy in

Canada. Sustainability 2022, 14, 15321.

https://doi.org/10.3390/

su142215321

Academic Editors: Nallapaneni

Manoj Kumar, Subrata Hait,

Anshu Priya and Varsha Bohra

Received: 8 September 2022

Accepted: 11 November 2022

Published: 18 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, 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/).

sustainability

Article

Development of a Reverse Logistics Modeling for End-of-Life
Lithium-Ion Batteries and Its Impact on Recycling Viability—A
Case Study to Support End-of-Life Electric Vehicle Battery
Strategy in Canada
Giovanna Gonzales-Calienes * , Ben Yu and Farid Bensebaa

Energy, Mining and Environment Research Centre, National Research Council Canada, 1200 Montreal Road,
Ottawa, ON K1A 0R6, Canada
* Correspondence: giovanna.gonzalescalienes@nrc-cnrc.gc.ca; Tel.: +1-613-9931700

Abstract: The deployment of a sustainable recycling network for electric vehicle batteries requires
the development of an infrastructure to collect and deliver batteries to several locations from which
they can be transported to companies for repurposing or recycling. This infrastructure is still
not yet developed in North America, and consequently, spent electric vehicle batteries in Canada
are dispersed throughout the country. The purpose of this reverse logistics study is to develop a
spatial modeling framework to identify the optimal locations of battery pack dismantling hubs and
recycling processing facilities in Canada and quantify the environmental and economic impacts of
the supporting infrastructure network for electric vehicle lithium-ion battery end-of-life management.
The model integrates the geographic information system, material flow analysis for estimating the
availability of spent battery stocks, and the life cycle assessment approach to assess the environmental
impact. To minimize the costs and greenhouse gas emission intensity, three regional recycling clusters,
including dismantling hubs, recycling processing, and scrap metal smelting facilities, were identified.
These three clusters will have the capacity to satisfy the annual flow of disposed batteries. The
Quebec–Maritimes cluster presents the lowest payload distance, life-cycle carbon footprint, and truck
transportation costs than the Ontario and British Columbia–Prairies clusters. Access to end-of-life
batteries not only makes the battery supply chain circular, but also provides incentives for establishing
recycling facilities. The average costs and carbon intensity of recycled cathode raw materials are CAD
1.29/kg of the spent battery pack and 0.7 kg CO2e/kg of the spent battery pack, respectively, which
were estimated based on the optimization of the transportation distances.

Keywords: end-of-life lithium-ion battery; battery recycling; geographic information system; material
flow analysis; GHG emissions; transportation network optimization; reverse logistics

1. Introduction

Greenhouse gas (GHG) emission reduction is a crucial target to fight climate change,
and accelerating decarbonization in diverse economic sectors is a net-zero emissions path-
way to achieve it. Several national governments worldwide have announced net-zero GHG
emission pledges (in law, proposed, and policy documents), which commit to developing
long-term, low GHG emission strategies in line with limiting temperature increases to
1.5 ◦C above preindustrial levels by 2050. Traditionally, transportation has been heavily
reliant on fossil fuels, which accounted for more than 90% of the transport sector energy
needs in 2020. Electrification plays a central role in decarbonizing light- and heavy-duty
vehicles, which rely on policies to promote electric mobility (battery- or fuel cell-powered
electric vehicles) [1].

The electrification of road transportation entails challenges related to battery sup-
ply chain sustainability and end-of-life (EoL) management. Technology advancements in
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lithium-ion batteries (LIBs) have become the main drivers for accelerating the develop-
ment of the electric vehicle (EV) market. The raw material inputs associated with LIBs,
such as lithium, nickel, cobalt, and graphite, present a high level of criticality with the
associated high costs and environmental impacts [2–4]. EoL management of spent EV LIBs
is an important aspect of the closed-loop life cycle approach for EV LIBs. Reusing and
recycling LIBs will reduce the dependence on mining and refining of the critical materials
in LIBs, decrease the negative environmental impact, and generate local socioeconomic
benefits. Before the repurposing and recycling phases of EV LIBs, LIBs must be collected
and dismantled, and key valuable components must be transported to repurposing or
recycling facilities.

The transportation of spent EV LIBs is a critical activity that influences the environ-
mental impact and costs of EoL management. A current review of state-of-art of spent
EV LIBs transportation emphasizes the importance of the strategic design of a reverse
logistics network of spent EV LIBs [5–7]. Wilson and Goffnett [8] describe the reverse
logistics in supply chain management as the flow of materials in the reverse direction to
the main flow. In the case of spent batteries, reverse logistics deal with the collection of
EoL LIBs from the end users and the transport of such batteries to downstream facilities
including remanufacturing, reusing, and recycling [5]. Some studies suggest that optimized
facility siting to minimize distances decreases transportation costs and emissions [9–13].
Additionally, it is implied that a reduction in transportation distances with a design of
local dismantling facilities also reduces safety risks [10,14,15] and reduces unnecessary
transportation costs when spent batteries are sent to recycling facilities and the remaining
can be reused [14,15].

There is limited research on optimization research on EoL infrastructure siting and
the role of transportation of spent batteries for EoL processing stages. This research is
critical to evaluate the viability of EoL recycling, such as the optimal locations of EoL
management facilities, while assessing the environmental and cost impacts of collection
and transportation. The recycling viability of building EoL management facilities should
be evaluated with a view to different factors, such as recycled material amounts and prices,
transport distances, financial metrics, policies, and types of technology [16].

Table 1 provides key information on the relevant studies in this field. Some studies on
EV LIBs reverse logistics have been focused on modeling the optimization of siting locations
of EoL facilities. Wang et al. [13] designed an optimal recycling network in China assuming
transportation costs and carbon taxes. Hoyer, et al. [17] developed an optimization model
for technology and capacity planning in recycling networks, where the strategy of setting
up all the recycling plants at the beginning of the planning horizon presented the higher
net present value. Tadaros, et al. [18] developed a reverse supply chain model for used LIBs
in Sweden. The model is defined as an unlinked discrete multiperiod problem without
taking into account any inventories. Hendrickson, et al. [19] used geographic information
system (GIS) and life cycle assessment (LCA) to assess the environmental impacts of used
battery supply logistics beyond GHG emissions, highlighting the impact of transportation
on human health damages in California and pointing out the importance of an optimized
system design for siting new facilities. Although Rallo, et al. [20] did not use an optimization
modeling approach, their research work analyzed the economic viability of centralized
and decentralized dismantling scenarios in Europe and concluded that a decentralized
facility scenario can reduce logistics costs and CO2e emissions rather than a centralized
configuration of dismantling facilities. Nguyen-Tien, et al. [21] investigated the impact of
travel distance of transporting spent batteries on the business and economic viability of
building EoL recycling facilities.
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Table 1. Studies that report a reverse logistics optimization for spent EV LIBs and the environmental
and economic impacts of transporting spent batteries. Adapted from [5,7].

Studies EoL Stage Modeling
Approach

Decision
Variable

Spent Battery
Transportation

Impact

Geographical
Scope Assumptions

[13] Collection,
recycling, disposal

Mixed-integer
linear programing

Optimal facility
location

Economic and
environmental China

Travel distances are estimated
as straight-line distances
between collection and

recycling facilities.
Baseline emissions not

reported.

[17] Collection,
recycling

Mixed-integer
linear programing

Optimal investment
plan Economic Germany

Transportation cost decreases in
a decentralized collection

facility design.

[18] Inspection,
recycling

Mixed-integer
linear programing

Optimal facility
location and
allocation of

demand zones to
each facility

Economic Sweden
Assumes different transport

modes to optimize
transportation cost.

[19]
Collection,

dismantling,
recycling

GIS and LCA Optimal facility
location Environmental California Transportation cost value is not

specified.

[20] Dismantling
Economic and
environmental

assessment
- Economic and

environmental Europe
Germany as centralized
scenario and Spain as
decentralized network

[21] Collection
recycling

Material flow analysis
Geospatial supply

chain model
Economic and
environmental

assessment

Optimal facility
location

Economic and
environmental UK

Recycling demand distributed
equally between collection sites.

Transportation costs
assumed from EverBatt model

[22,23]

With few peer-reviewed publications on the optimization of reverse logistics for spent
EV LIBs, our work aims at addressing three relevant gaps of the current state of reverse
logistics research as highlighted above, i.e., the forecasted demand for LIB recycling, opti-
mization of EoL management facilities, and economic and environmental assessments. For
that purpose, this study developed a detailed spatial model for reverse logistics in Canada
by integrating material flow analysis, geographical information system tools, transporta-
tion costs, and life cycle approach for GHG emissions. The contribution of this study is
to include new spatial modeling parameters and criteria for spent battery supply chains
as follows: (i) local demographical, geographical, and socioeconomic factors to geolocate
future spent battery collection sites and allocate recycling demand, (ii) siting location crite-
ria and routing optimization procedures applied to regional recycling clusters for future
collection sites, dismantling hubs, and recycling facilities, and (iii) recovering materials
from the whole battery pack, i.e., the battery cell and the balance-of-system components.

With the fast growth of LIB demand, EV LIB recycling will play a critical role in the
sustainability of the electrification of the transport sector in Canada and elsewhere. The
2030 Emissions Reduction Plan presents the goal to reach a new climate target of cutting
emissions by 40% below 2005 levels by 2030 in order to achieve net-zero emissions by
2050. Transportation accounted for 25% of total GHG emissions in 2019, and its carbon
footprint has risen 16% in the last 17 years. A key milestone is to reach 100% zero-emission
electric vehicles (ZEVs) in total light-duty vehicle (passenger cars and light commercial
vehicles) sales by 2035 [24]. A ZEV is considered a battery electric vehicle (BEV), plug-in
hybrid electric vehicle (PHEV), and fuel cell electric vehicle (FCV). With no commercial
deployment for FCVs, BEVs and PHEVs will continue to dominate the ZEV market, and it
is expected that it will continue to grow in order to reach Canada’s net-zero targets.

Hence, this study aims to understand how the transportation of spent EV LIBs has an
influence on the recycling viability in Canada. The purpose of this study is to develop a re-
verse logistics modeling framework for EoL lithium-ion batteries, combining Geographical
Information System (GIS), Material Flow Analysis (MFA), and Life Cycle Assessment (LCA)
tools and propose a case study, which provides for the first time a detailed framework
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for recycling clusters of spent EV LIBs in Canada. The case study proposes an optimized
transportation network that minimizes transportation distances to identify the best siting lo-
cations for dismantling hubs and recycling facilities and allocates battery mass for recycling
while evaluating the associated costs and environmental impacts. Furthermore, the overall
life-cycle GHG emissions and costs of EV LIBs at the EoL phase are completed by including
life-cycle GHG emissions and the associated costs of transporting spent batteries along
the reverse logistics network system. The overall life-cycle GHG emissions of recycling
processes to recover EV LIB cathode materials can be compared with the EV LIB cathode
production from virgin materials.

2. Methods

A spatial model of a transportation network for spent batteries was developed to
identify and optimize siting of dismantling hubs and recycling processing facilities in
Canada to minimize the costs and environmental impacts of spent battery transportation
by using GIS.

This spatial modeling was integrated with MFA and LCA methods and estimated the
quantity of spent EV LIBs viable for recycling by 2040, the transportation distance, and
the potential GHG emissions and costs related to transportation of spent batteries from
collection centers to EoL processing facilities.

In this study, we focused on the reverse logistics of battery recycling clusters. Figure 1
depicts the overall reverse logistics network considered for one recycling cluster. This
included three types of actors or activities: collection, dismantling, and recycling.
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Figure 1. High-level representation of spent EV LIB packs in reverse logistics network in a recycling
cluster, which has three main EoL management facilities, predefined collection sites located in
major population centers. Recycling demand is allocated to each facility then spent batteries are
transported to dismantling hubs to be diverted to repurposing and recycling processes. The battery
pack is separated into black mass (battery cell materials) and other metals before being sent to
recycling facilities.

End-of-life EV LIBs are collected and transported to dismantling hubs for discharging
and testing processes to assess suitability for either repurposing or recycling [25]. Spent
EV LIBs are transported to a recycling facility after physical separation (dismantling). Our
model did not include the transportation of batteries from EV users to the collection points,
which is a common practice in the literature [26].
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Because only battery cells should be shipped to a centralized battery recycling fa-
cility for raw materials recovery [19], the main pathways identified for the spent battery
stream (Figure 1) started with collection of these spent LIB packs that are transported to
dismantling hubs to be physically separated by shredding. Second-life applications, such as
repurposing of end-of-life batteries, is an optional pathway that would potentially modify
the distribution of the batteries before recycling, and this would have implications on the
facility optimization process described in this study. Hence, the repurposing pathway was
considered in the current study by estimating an annual percentage of the total EV battery
packs to be repurposed.

After dismantling the battery pack, the battery cell components, such as anode, cath-
ode, carbon black, and binder, are crushed to produce a black mass (filter cake). The cathode
chemistry will affect the relative Li, Ni, Mn, Co, and graphite contents of this black mass.
Plastics and electrolytes from the battery cell are sent to further waste treatments. The bat-
tery cell’s nonhazardous components, such as aluminum from the cathode current collector,
positive terminal assembly, and cell container and copper from the anode current collector
and negative terminal assembly, may be separated and transported to smelters depending
on whether pyrometallurgical or hydrometallurgical recycling processes are used. In the
case of a pyrometallurgical process, the nickel and cobalt in the black mass and copper can
be recovered, but aluminum in the black mass is lost. In the case of a hydrometallurgical
process, the black mass does not contain aluminum and copper. The final destinations of the
battery cells (as black mass) are centralized recycling processing facilities to recover metal
sulfates (pyrometallurgical process) or cathode materials (hydrometallurgical process) to
be reused in cathode and battery cell production, respectively.

The balance-of-system components (BOS), often referred to as battery management
systems, module and battery pack terminals, heat conductors, and module and pack enclo-
sures, are separated from the battery cell and are also dismantled, sorted, and shredded
to separate metals, such as aluminum, copper, and steel scraps. These metals are sold
and transported by truck to a few dedicated smelters across Canada that process them as
secondary material inputs. Transportation to smelting facilities was included in the scope
of this study. However, other BOS components, such as plastics, electronic scraps, used
cables, and used printed wiring boards, were considered waste materials and sent to waste
treatment facilities. The transportation of these waste materials for further treatment was
out of the scope of this study.

2.1. Spatial Modeling

Building on reverse logistics studies [15,21,23], a spatial modeling using GIS network
analysis software was developed. This model enabled the development of an efficient
transportation network of spent batteries along their supply chain including collection sites
through dismantling hubs and recycling processing facilities. Transportation costs and
GHG emissions can be reduced by identifying the shortest path between several origins
and destinations. Network optimization in this study was performed using ArcGIS Pro©
3.0.1, software developed by Esri Inc., Toronto, ON, Canada.

Initially, a modeling framework combining GIS, MFA, and LCA was developed, and it
is schematically summarized in Figure 2. The GIS optimization of dismantling hubs and
recycling locations comprised four steps. First, network datasets were created; second,
origin and destination sites were identified; third, the mapping of different sites was
established; and finally, location-allocation was optimized [19,27]. Once the four steps
were completed, optimized truck transportation distances from the collection sites to the
recycling processing facilities were applied to the life-cycle GHG emission intensity of
trucks on road transportation networks. This was done to obtain life-cycle environmental
emissions related to the transportation of spent EV batteries, which complemented the
life-cycle emission values of the battery recycling processing. Additionally, route heat
maps were generated to highlight the hot spots of route transportation of each reverse
logistics segment.
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Figure 2. Proposed assessment framework combining GIS, MFA, and LCA tools to model transporta-
tion of spent EV batteries in a recycling cluster. This framework comprises three modules starting
with input data (geospatial data, parameters and assumptions, and environmental and economic
factors) follow by an MFA module to estimate recycling demand. Input data and MFA modules
feed the reverse logistics optimization module to optimize EoL facility locations. Results: Module
analyzed the economic and environmental impacts on recycling viability.

For this GIS-based spatial modeling approach, some assumptions were made to op-
timize locations and capacities of facilities, which directly affected truck transportation
distances. The following GIS model criteria and constraints were listed for this study:
(i) Availability of spent EV LIBs for EoL management by Canadian provinces, which de-
pends on the annual demand forecast of EV LIBs packs; (ii) Allocation of available spent
battery mass among collection sites in urban population centers. Distribution of the spent
battery pack supplies among different collection sites may depend on demographic, geo-
graphic, and socioeconomic constraints; (iii) Black mass available for the recycling process-
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ing is based on average battery mass components contribution, which depends on battery
chemistry; (iv) Potential number of dismantling and recycling facilities considers a flexible
plant capacity with an estimated minimum and maximum plant capacity throughput based
on its economic feasibility; (v) Placement of dismantling and recycling facilities to minimize
the environmental impacts from on-site emissions should consider economic impacts, such
as (a) access to a qualified labor force and (b) end point utilization with access to critical
infrastructure, such as rail transportation systems, that may facilitate transportation to
battery production facilities; (vi) GIS network analysis depends on the transportation travel
type and mode (single/intermodal) and the location–allocation problem type under the
network analysis tool.

Changes in criteria of facility placement are expected to have a significant impact on
travel distances [19]. Consequently, this will affect GHG emissions and transportation costs.

2.1.1. Availability of Electric Vehicle LIBs at EoL

The spatial transportation model criteria were integrated to a material flow analysis
(MFA) to estimate the number of spent EV LIBs that were available for collection. The
MFA methodology used in the Moore, Russell, Babbitt, Tomaszewski and Clark [27] study,
which used a market lifespan approach [27,28], was selected to be applied in this study.
LIBs reaching their EoL were estimated based on past registrations of new EVs and average
values of EV LIB life span (Equation (1)).

SB,t = B(t−l) × Pl (1)

SB,t represents the number of spent EV LIBs that are reaching EoL and are available
for collection in year t. B(t−l) reflects the number of LIB packs starting useful life in EVs
registered in the past year (t − l) based on the expected LIB lifespan in years (l), and
Pl reflects the percentage of EV LIBs that will reach their EoL after l year of lifespan. It
was assumed that each EV includes a single LIB pack, and EoL options are recycling and
repurposing (reuse) with an estimated share of 70% and 30%, respectively, over the total
waste stream in year t. [14,29]. EV average lifespan distribution data (l and Pl) were adapted
from Richa, et al. [30]. This study considered four lifespans of 6, 8, 10 and 15 years.

In this study, the collection of spent EV Li-ion batteries was limited to zero-emission
electric vehicles (ZEVs) (SB,t), including full battery electric vehicles (BEVs) and plug-in
hybrid electric vehicles (PHEVs) as defined by Transport Canada [31]. To estimate the
quantity of batteries placed on the market each year, the historical number of new ZEVs
registered in Canada from 2011 to 2021 by Statistics Canada [32] and the ZEV forecast from
2022 to 2040 [33] were considered. On 1 May 2019, the Government of Canada launched
the national rebate program as part of the Incentive for Zero-Emission Vehicles, offering
a rebate of up to CAD 5,000 with the purchase of a zero-emission vehicle. ZEV reached
a 5.2% share of total light-duty vehicle registrations in 2021 [34]. In addition, BEVs and
PHEVs represented 68% and 32%, respectively, of the total new ZEV registrations in 2021.
Table S1 in the Supplementary Information shows the annual new ZEV registrations from
2011 to 2021.

In Canada, the new 2030 Emissions Reduction Plan presents the goal to reach a new
climate target of cutting emissions by 40% below 2005 levels by 2030 in order to achieve net-
zero emissions by 2050 [24]. Since transportation accounted for 25% of total GHG emissions
in 2019, and its carbon footprint has risen 16% in the last two decades, a 100% ZEV sales
target by 2035 for light-duty vehicle (passenger cars and light commercial vehicles) was
set [24].

The ZEV registrations forecast for 2040 can consider two scenarios, a baseline scenario
and a net-zero target scenario. Sections S2 and S3 in the Supplementary Information
describe the assumptions for both forecast scenarios, and Tables S2 and S3 summarize
the EV LIB inflow and waste streams for recycling for the baseline and net-zero MFA
scenarios, respectively.

149



Sustainability 2022, 14, 15321

Annual new electric vehicle registrations in Canada are not the same across all
provinces [34]. In 2021, Quebec, Ontario, and British Columbia contributed the most
registrations at 43%, 23%, and 28%, respectively, of total ZEV sales. Note that the ZEV
incentive program, which is a key driver of EV adoption, is a mandate in British Columbia
and Quebec as there is an Internal Combustion Engine (ICE) ban by 2030 and 2040, respec-
tively. However, Ontario, the largest province by population, has no ZEV mandate, and
there is no ICE ban [35].

Battery pack availability across Canada at the provincial level by 2040 was estimated by
assuming the market share of the number of ZEVs by province in 2040 would be the same as
the market share in 2021 [34]. Based on this estimated spent battery distribution by province,
this study assumed three geospatial centralized recycling clusters to place dismantling
hubs and recycling processing facilities in Canada with the capacity to satisfy the annual
disposed battery flows in Canada. One was located in the West (British Columbia) covering
spent batteries from four provinces (BC and the Prairies provinces AB, MB, and SK), one
was located in Ontario (covering Ontario), and one was located in Quebec (covering QC and
the Maritimes provinces NB and NS). The centralized recycling cluster scenarios assumed
that batteries are transported to processing facilities from different provinces to allow for
larger centralized facilities that would benefit from economies of scale and easier access
to batteries and markets for recovered materials beyond a specific province. Tables S4
and S5 indicate the battery mass allocation among provinces for a baseline scenario and
a net-zero target scenario, respectively. For this study, the spent battery mass allocation
baseline scenario was used for the reverse logistics optimization case study developed in
the following sections.

2.1.2. Reverse Logistics Optimization

To model the reverse logistics, an optimization analysis was used to estimate the
optimal number of dismantling hubs and recycling processing facilities and their loca-
tions in the road transportation networks of the West and East recycling clusters. The
objective function of location-allocation optimization was to minimize the transportation
distances, expressed as total ton–kilometers transported, between the collection sites and
the intermediate and final EoL processing destinations.

Allocation of Available Spent Battery Mass among Collection Sites in Population Centers

Some spent batteries may come through official original equipment manufacturer
(OEM) channels and other car dealers, given the need for trained mechanics to service
EVs. However, car dealerships are not required to take back spent EV batteries for dis-
posal. Rather, most EV batteries at EoL will come through the auto dismantling or auto
recycling supply chain [36]. In Canada, the Automotive Recyclers of Canada Association
(ARC) represents approximately 400 end-of-life vehicle recycling and dismantling facilities
throughout Canada. Among them, some typical vehicle scrapyard facilities have started
to collect an increasing number of spent EV batteries. At that point, scrapyard staff at
these facilities have been receiving training on EV battery EoL management, including
diagnostics and safety discharging of EV batteries [36]. This study assumed that spent
EV battery collection facilities would be confined to pre-existing EV scrapyards across
Canada, which can provide the infrastructure to store, dismantle from EVs, and handle EV
batteries properly. A registry of automotive scrapyards exists online through the website
of the Automotive Recyclers of Canada Association [37]. The geospatial data layer of EV
scrapyards is illustrated in Figure S1 in the Supplementary Information and shows a map
of the geolocations of spent EV battery collection sites across Canada.

The disposed EV battery pack mass per provincial cluster for the baseline scenario was
estimated in Section 2.1.1 and is shown in Table S4 in the Supplementary Information and
is allocated among the different collection sites located in population centers (PCs) across
Canada, to which geospatial data are provided by Statistics Canada [38,39] and illustrated
in Figures S2 and S3 in the Supplementary Information. In order to identify strategic
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geolocations for collection sites to decrease payload distances, demographic, geographic,
and socioeconomic constraints were applied by using geoprocessing tools. Collection
sites would be located within 30 km outside the borders of medium and large urban PCs,
whose population size is more than 30,000 based on population counts from the 2016
census [40], and applied a weighted allocation of the spent battery pack mass based on
household income data. Using ModelBuilder of ArcGIS Pro© 3.0.1, software developed
by Esri Inc., Canada, a geoprocessing model was built to automate workflows that string
together sequences of geoprocessing tools, feeding the output of one tool into another
tool as input [41]. A description of the workflow for the allocation of battery mass among
collection sites is presented in Section S7 in the Supplementary Information.

Location-Allocation of Dismantling Hubs and Recycling Processing Facilities and
Routing Optimization

To optimize the closest facility siting, transportation network datasets were set up
using ArcGIS Pro© software environment. Building geospatial road transportation net-
works and other required geospatial data, such as locations of major cities, rail stations, and
borders of cities, were sourced from transport networks as digital cartographic reference
products produced by Natural Resources Canada [42,43] and Statistics Canada [44].

The locations of the dismantling and recycling facility candidates were assumed
to be industrial zones located within the medium and large urban population centers,
serving as a useful approximation for the purposes of this study [45]. Table S6 in the
Supplementary Information shows the potential dismantling and recycling facility location
candidates. An important feature of the model is that it allows the user to limit the
number of facility candidates to those that fulfill certain siting criteria, such as proximity
to large PCs and rail infrastructure. At this stage, the entire spent EV battery packs are
transported to dismantling hub facilities where the black mass, i.e., battery cell components
(cathode/anode materials), is produced and assumed to be 41% of the total battery pack
mass allocated to each dismantling facility chosen. The black mass is delivered to either
traditional recycling processing facilities to recover Co, Ni, and Cu (pyrometallurgical
plants) or Li, Ni, Co, and Mn (hydrometallurgical plants). Plastics and electrolytes from
battery cells and solvents and electronic scrap from BOS represent 20% of the battery pack
mass and are delivered to a waste treatment facility. The remaining 39% of the battery
pack mass from the battery cell and balance of system containing nonhazardous materials
(Cu, Al, and steel scraps) are sent to recycling processing using smelters, where copper,
aluminum, and steel scraps represent 18%, 19% and 2%, respectively, of the total battery
pack mass allocated to each dismantling facility chosen. NMC811 was assumed to be the
only EV LIB chemistry in the spent battery stream because it is one of the predominant
battery chemistries in the current EV market [46]. Mass contribution of the EV LIB pack
was based on Dai, Kelly, Gaines and Wang [22]’s study, which presented detailed material
compositions at the cell, module, and pack levels.

We assumed that the actual smelters used as recycling processing facilities to process
aluminum, copper, and steel scraps were located in the West and East clusters. Table S7 in
the Supplementary Information shows the aluminum, steel, and copper smelting facility
location candidates.

To identify the best locations for dismantling and recycling processing facilities, an
algorithm was developed for the geospatial optimization of the dismantling and recycling
facility sites using a location-allocation methodology that integrated the economic and
environmental metrics into the segments of a GIS network [19,47]. The location-allocation
optimization process was applied by using the ArcGIS Network analysis tool in ArcGIS
Pro© software, in which locations of the collection sites represented where the demand
point locations and potential dismantling sites were considered as facilities. For the other
GIS segments, the dismantling facilities chosen were the demand points, and the recycling
and smelter locations were the facilities. This optimization problem that is to minimize
weighted impedance (P-Median) was solved by the location-allocation solver. Given N
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candidate facilities and M demand points with a weight, we chose a subset of the facilities,
P, such that the sum of the weighted distances from each M to the closest P was minimized
based on the Dijkstra’s algorithm [48]. The values of the fields’ demand weight and
impedance corresponded to the allocated battery mass to each demand point and travel
distance between the demand point and facility chosen, respectively. The allocated battery
mass for the recycling and smelting facilities was calculated using geoprocessing tools in
ArcGIS Pro©.

Routing optimization was used to generate route stops from location-allocation out-
puts. This network analysis type in ArcGIS Pro© optimized and merged the routes of the
overlapping three GIS segments into one and summed their weight, i.e., collection sites to
dismantling hubs chosen, dismantling sites chosen to recycling processing facilities chosen,
and dismantling sites chosen to smelters, by using the ModelBuilder and the Join, Merge,
Buffer, Intersect, and Dissolve geoprocessing tools [49].

2.1.3. Life-Cycle GHG Emissions and Transportation Costs

Utilizing a life cycle perspective in evaluating the overall spent EV battery transporta-
tion from collection sites through dismantling hubs to a centralized recycling facility is
essential in fully understanding the environmental consequences of this infrastructure ex-
pansion. An LCA approach was used in this study to estimate the life-cycle GHG emissions
of the reverse logistics of EV LIBs. A transportation system boundary comprised collection
sites to recycling processing facilities (battery cell and other battery pack metal recycling
processing). In order to integrate transportation LCA results with the life cycle emissions
from spent EV battery pack recycling processing, an average life-cycle GHG emissions
for recycling processing was assumed as proxy for each recycling cluster with a value of
0.678 kgCO2e/kg of the spent battery pack [50–52]. The assumptions to estimate the GHG
emission intensities and the truck transportation unit costs used in this study are explained
in Section S10 in the Supplementary Information.

3. Results and Discussion
3.1. Location-Allocation of EoL Processing Facilities in Recycling Clusters and Route Optimization
for Transportation of Spent EV LIBs to Recycling Facilities

The first step on the spatial analysis model in this study was to identify the suitable
collection sites in population centers for each recycling cluster in Canada based on siting
criteria, which included close distance to population centers with a population of more than
50,000. In addition to the criteria to select the recycling clusters explained in Section 2.1.1,
these three recycling cluster scenarios were selected based on the following: (i) Three major
cluster regions including Ontario or ON covering the center of Canada, Quebec (QC)–
Maritimes covering Eastern Canada, and British Columbia (BC)—Prairies covering Western
Canada; (ii) Current recycling plants are located in the provinces of BC, ON, and QC as the
base of operations [7,53]; and (iii) ON, QC–Maritimes, and BC and Prairies are geoeconomic
clusters based on employment (number of jobs) in the electrical equipment manufacturing
sector [54]. In the ON, QC–Maritimes, and BC–Prairies recycling clusters, 81, 63 and 107
collection sites, respectively, were filtered over a total of 97, 100 and 140 potential collection
sites, respectively. The number of collection sites chosen in the QC–Maritimes cluster was
the smallest in comparison with the other two clusters due to the low population density in
the PCs located in the Atlantic Provinces (seven collection sites chosen over 25 candidates).
The spent battery mass from each Canadian province is allocated to collection sites located
in selected PCs using an additional criterion based on the number of PCs with a household
annual income over CAD 100,000. In the ON cluster, the three major PCs with the higher
battery mass allocated are Toronto, Hamilton, and Ottawa with 16, 16, and 5 collection sites,
respectively. Figure 3 illustrates a sample of this analysis for the ON cluster.
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of near distance to large population areas, Ontario recycling cluster. The three major population
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Moreover, the algorithms considered the battery mass allocation at the collection sites,
which is why the optimal dismantling hub is located closer to the zone with the greatest
number of scrapyards and the recycling facility is not halfway between the dismantling
facilities chosen considering the criterion to be located closest to rail stations. In the end,
recycling processing facilities can be located within or near high population centers and
with high accessibility to a large quantity of spent LIBs from electric vehicles. The results
from the location-allocation optimization of the dismantling hubs, recycling processing
plants, and aluminum, copper, and steel smelting facilities are illustrated in Figure 4. The
number of facilities (dismantling hubs and recycling processing plants) were iterative and
estimated in order to minimize the truck transport distance between the demand points
and the facilities chosen.

In the ON recycling cluster, the best locations for dismantling hubs are Toronto,
Hamilton, Barrie, London, Oshawa, and Ottawa. The Toronto, Hamilton, and Barrie
dismantling hubs represent 26%, 23% and 19%, respectively, of the total battery mass
allocated in the ON cluster. The dismantling hub located in Toronto met the criteria to
be selected as the centralized recycling processing facility in the Ontario recycling cluster.
Because all available aluminum smelters are in Quebec, all the dismantling hubs located in
Ontario feed the Alcoa Lte aluminum smelter located in Bécancour, QC. The dismantling
hubs located in Oshawa, Barrie, and Toronto feed the steel smelter of Gerdau Whitby
Steel Mill in Whitby; meanwhile, the dismantling hubs located in London and Hamilton
feed the steel smelter of Stelco located in Hamilton, and the Ivaco Rolling Mills Ltd. steel
smelter located in L’Original, ON is fed by the dismantling hub located in Ottawa. All six
dismantling hubs feed the Glencore Canada Ltd. copper smelter, Horne Foundry, located
in Rouyn-Noranda, QC.
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In the QC–Maritimes recycling cluster, two dismantling hubs located in Montreal
and Beloeil feed the recycling facility in St. Hyacinthe, QC, and the dismantling hub
located in Quebec, QC is also the same location to operate a recycling facility. The Montreal
and Beloeil dismantling hubs represent 41% and 40%, respectively, of the total battery
mass allocated in the QC–Maritimes cluster. These two dismantling hubs feed the Alcoa
Lte aluminum smelter in Bécancour, QC, and the dismantling hub in Quebec feeds the
aluminum Alcoa Lte aluminum smelter in Deschambault, QC. There were two steel smelters
chosen; the ArcelorMittal Contrecœur, which is fed by the dismantling hub in Quebec,
and the ArcelorMittal Montreal in St. Patrick, which is fed by the two dismantling hubs
located in Montreal and Beloeil. All three dismantling hubs feed the Horne Foundry copper
smelter located in Rouyn-Noranda, QC.

In the BC–Prairies recycling cluster, three dismantling hubs were chosen: Victoria
and Vancouver in BC and Calgary in Alberta, where the dismantling hub in Vancouver
represents 76% of the total allocation of battery mass in the BC–Prairies cluster. These
dismantling hubs located in BC and AB also met the criteria to be chosen as recycling
processing facilities, where the stops 1 (origin) and 2 (destination) have the same geolocation.
There is only one aluminum smelter located in Kitimat, BC fed by all the dismantling hubs;
similarly there is only one steel smelter in Edmonton, AB. The aluminum smelter belongs
to Rio Tinto Alcan and the steel smelter to Alta Steel.

Transportation route optimization was performed for each road transportation net-
work of the three recycling clusters to obtain accurate geodesic travel distances between
origin (stop 1) and destination (stop 2) by finding the shortest path between stops. Figure 4
also illustrates the routes from the dismantling hubs to the recycling processing facilities.

3.2. Transportation Payload Distance and Environmental and Economic Impacts

The GIS optimization process is based on the minimization of the total ton–kilometers
(t·km) transported between the collection sites and the EoL processing destination. The
number of ton–kilometers is the weight in tons of battery pack/component transported
multiplied by the number of kilometers driven. This is the appropriate objective function
to minimize the economic and environmental costs corresponding to the total distance
traveled by applying specific metrics and emission factors.
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Currently, truck transportation is assumed as the primary mode for transporting spent
batteries. Table S8 in the Supplementary Information presents the truck transportation
payload distance of spent EV LIBs from demand points as either collection sites or dis-
mantling hubs to EoL processing facilities (dismantling hubs and recycling and smelting
facilities). The total ton–kilometers in the ON, QC–Maritimes, and BC–Prairies recycling
clusters represents 19%, 38%, and 43%, respectively, of the total payload distance of the
reverse logistics network. BC–Prairies has the longest distance travelled because of the
distance from the dismantling facilities to the only aluminum smelter in the BC–Prairies
cluster; meanwhile, QC–Maritimes has the second longest distance travelled because of the
longest distance from all dismantling facilities to the only copper smelter in Canada.

The payload distance from the collection sites to the dismantling facilities varies among
the three clusters. The ON cluster presents the shortest distance (12% of the total distance
travelled to the dismantling facilities in all three clusters); meanwhile, QC–Maritimes and
BC–Prairies represent 33% and 56%, respectively. In the Ontario scenario, there is a small
volume and short distance because the dismantling hubs are located closer to scrapyard
areas with more density; meanwhile, the QC–Maritimes cluster presents a long distance,
and there are small-volume, out-of-province collection sites in the Maritimes. In the BC–
Prairies cluster scenario, there is a long distance from the Prairies and a large volume in BC.
This can be impacted by the number of dismantling facilities and differences in demand.

In the Ontario scenario, the truck transportation payload distance from the collection
sites to the dismantling hubs and then to a recycling facility is 27% of total ton–kilometers
transported within the ON cluster. The travelled distance from the dismantling facilities to
the aluminum and copper smelters represents 73% of the total ton–kilometers transported
within the ON cluster because there is out-of-province transportation from the dismantling
hubs in ON to the smelter facilities in QC.

In the Quebec–Maritimes scenario, transportation from collection sites to the disman-
tling facilities and from dismantling hubs to the copper smelter facility represents 21% and
62%, respectively, of the total ton–kilometers transported within the QC–Maritimes cluster.
Similarly, transportation from the collection sites to the dismantling facilities in the BC–
Prairies cluster represents 31% of the total ton–kilometers in the out-of-province scenario
in the West cluster, considering that the travelled distance from the dismantling facilities
to the aluminum smelting facility represents 63% of the total ton–kilometers transported
within the BC-Prairies cluster.

Aluminum, steel, and copper scrap smelter locations have a fixed effect in the model.
This is reflected by the fact that most aluminum smelters are in QC. Therefore, the QC–
Maritimes travel distance to aluminum smelters is shorter than the ON travel distance.
At this point, increasing or decreasing the number of dismantling facilities depends on
the demand of spent batteries, which can be controlled for the optimization process. For
example, the longest ON travel distance to aluminum smelters could potentially be even
further if there were more dismantling facilities in ON as consequence of an increase in
available spent batteries. Currently, ON is not leading the EV sales in Canada despite being
the most populated province. As we move toward 2035 (or 2050) where ICEs are to be
removed and EV adoption is tied to population, LIB recycling demand will increase in ON.

The transportation payload distance has a direct influence on the environmental and
economic impacts of implementing a recycling end-of-life EV LIB infrastructure.

Life-cycle GHG emission results for transporting 1 kg of the spent battery packs from
the EV collection sites to the spent battery processing facilities are indicated in Table S9 in
the Supplementary Information. This outcome shows the importance of understanding the
environmental impacts of spent battery logistics at different points in the reverse logistics
network when assessing the environmental sustainability of spent battery recycling for
all three geospatial scenarios. The life-cycle GHG emissions for battery transportation
along all the reverse logistics networks in the QC–Maritimes East cluster present the lowest
environmental impact regardless of the long distance from the collection centers in the
Maritimes because of its low tonnage. Meanwhile, the BC–Prairies West cluster ended up
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with the highest GHG emissions due to a lack of infrastructure, and the ON East cluster
ended up in the middle.

In Figure 5, the life-cycle environmental impact for transporting 1 kg of spent EV LIB
in the ON, QC–Maritimes and BC–Prairies recycling clusters is 0.063, 0.045 and 0.081 kg
CO2e, respectively. The transportation emissions from the collection sites to the dismantling
and recycling facilities represents 27%, 28% and 28%of the total emissions in ON, QC–
Maritimes, and BC–Prairies, respectively; meanwhile, the emissions for the transportation
of aluminum scrap from the dismantling hubs to a smelting facility represents 41% and
66%, respectively, of total emissions in ON and BC–Prairies.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 24 
 

further if there were more dismantling facilities in ON as consequence of an increase in 
available spent batteries. Currently, ON is not leading the EV sales in Canada despite be-
ing the most populated province. As we move toward 2035 (or 2050) where ICEs are to be 
removed and EV adoption is tied to population, LIB recycling demand will increase in 
ON. 

The transportation payload distance has a direct influence on the environmental and 
economic impacts of implementing a recycling end-of-life EV LIB infrastructure. 

Life-cycle GHG emission results for transporting 1 kg of the spent battery packs from 
the EV collection sites to the spent battery processing facilities are indicated in Table S9 in 
the Supplementary Information. This outcome shows the importance of understanding 
the environmental impacts of spent battery logistics at different points in the reverse lo-
gistics network when assessing the environmental sustainability of spent battery recycling 
for all three geospatial scenarios. The life-cycle GHG emissions for battery transportation 
along all the reverse logistics networks in the QC–Maritimes East cluster present the low-
est environmental impact regardless of the long distance from the collection centers in the 
Maritimes because of its low tonnage. Meanwhile, the BC–Prairies West cluster ended up 
with the highest GHG emissions due to a lack of infrastructure, and the ON East cluster 
ended up in the middle. 

In Figure 5Error! Reference source not found., the life-cycle environmental impact 
for transporting 1 kg of spent EV LIB in the ON, QC–Maritimes and BC–Prairies recycling 
clusters is 0.063, 0.045, and 0.081 kg CO2e, respectively. The transportation emissions from 
the collection sites to the dismantling and recycling facilities represents 27%, 28%, and 
28%of the total emissions in ON, QC–Maritimes, and BC–Prairies, respectively; mean-
while, the emissions for the transportation of aluminum scrap from the dismantling hubs 
to a smelting facility represents 41% and 66%, respectively, of total emissions in ON and 
BC–Prairies. 

 
Figure 5. Overall GHG emissions (1 kg of spent EV LIB pack) and cost (CAD/t of spent EV LIB pack) 
impact of the overall logistics for three regional clusters. Contribution breakdown (%) is provided 
for each reverse logistics segment (Bottom). 

Figure 5. Overall GHG emissions (1 kg of spent EV LIB pack) and cost (CAD/t of spent EV LIB pack)
impact of the overall logistics for three regional clusters. Contribution breakdown (%) is provided for
each reverse logistics segment (Bottom).

In regards to the integrated life-cycle environmental impact of the spent battery pack
at EoL, including transportation and recycling processing in the LCA system boundary,
the total life-cycle GHG emissions for 1 kg of the spent battery pack recycling in the ON,
QC–Maritimes, and BC–Prairies recycling clusters is estimated to be 1.17, 1.15 and 1.19 kg
CO2e/kg battery pack, respectively, where the emissions for transportation represents 5%,
4% and 7%, respectively, of the total emissions by battery pack recycling processes. The
relative share of the environmental impact of only battery cathode material recovery, i.e.,
the total life-cycle GHG emissions of battery cathode materials recovered from recycling
processing and emissions of transportation from collection sites to dismantling hubs and
then to recycling facilities, accounts for 24% and 7%, respectively, of the total emissions
of battery-grade cathode and battery pack production from virgin materials. The share of
the life-cycle GHG emissions of the battery cathode of the total emissions of battery pack
production from virgin materials accounts for 28%. The average estimated values of life-
cycle GHG emissions of recycled cathode raw materials, battery cathode production from
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virgin materials, and battery pack production from virgin materials (0.7, 2.93 and 10.4 kg
CO2e/kg of the spent battery pack, respectively), including transportation are indicated in
Section S11 and Table S10 in the Supplementary Information.

The economic costs of the transportation network of the spent battery supply chain for
recycling processes is calculated based on the estimated transportation unit cost for each of
the segments of the reverse logistics network, i.e., collection sites to dismantling facilities
and from the later locations to recycling/smelting facilities, considering Table S11 and the
correspondents optimized payload distances in Table S8 in the Supplementary Information.

As a result, the truck transportation costs of 1 t of the spent battery packs from the
EV collection sites to the battery processing facilities are indicated in Table S12 in the
Supplementary Information. Taking into account only the transportation costs of the spent
battery cells for recycling, i.e., truck transportation from collection sites to dismantling
hubs and then to the centralized recycling facility for each geospatial scenario, these costs
are CAD 50/t, CAD 40/t, and CAD 60/t for the ON, QC–Maritimes, and BC–Prairies clus-
ters, respectively, which include the regular loading/unloading and distance-dependent
travel costs, as well as the handling fee and other costs for transporting class 9 hazardous
goods, such as LIBs. The average estimated transportation costs of the spent batteries
to recycling facilities in Canada is CAD 50/t of the spent battery pack, which represents
4% of the total operating costs of battery recycling. Based on the study by Baxter [55], the
operating costs of spent battery recycling processing is estimated at CAD 1244/t of the
spent battery pack for a hydrometallurgical recycling facility in Canada. Hence, the average
estimated cost of recycled cathode raw materials is CAD 1.29/kg of the spent battery pack,
including transportation.

In Figure 5 showing the ON recycling cluster, truck transportation costs to the disman-
tling facilities represent 74.8% of the total truck transportation; meanwhile in QC–Maritimes
and BC–Prairies, these costs contribute 78.4% and 77.7% of the total truck transportation,
respectively. By adding the transportation costs of scrap metal recycling, i.e., truck trans-
portation from the dismantling facilities to aluminum, copper, and steel smelting facilities
for each geospatial scenario, the total truck transportation costs of the spent battery pack
recycling increase by CAD 13.3/t, CAD 9.4/t, and CAD 16.6/t for the ON, QC–Maritimes,
and BC–Prairies clusters, respectively. Note that all the aluminum smelting candidates in
the East cluster are located in Quebec and the aluminum scrap from the dismantling facili-
ties in Ontario is transported to the chosen aluminum smelter in QC, thereby increasing
the payload distance. In the West cluster, however, there is only one aluminum smelter
candidate in northern BC, and it is assumed, one steel smelter candidate in Alberta that
increased the total payload distance. Importing copper to a closer smelter facility in the US
was not evaluated. The QC–Maritimes cluster presents 29% and 44% less life-cycle carbon
footprint than the ON and BC–Prairies clusters, respectively. The total truck transportation
costs are 22% and 36% lower than ON and BC–Prairies clusters, respectively.

Overall, the truck transportation from the collection to dismantling facilities has a
significant impact on the overall costs but much less on the GHG emissions. However, this
conclusion may change if fuel prices increase due to the introduction of the carbon tax and
higher crude oil prices.

3.3. Carbon Intensity of Transportation Routes

The optimized transportation routes from collection sites to dismantling hubs, disman-
tling hubs to recycling processing facilities, and dismantling hubs to smelters, were merged
as a single route network using different geoprocessing tools (Merge, Buffer, Intersect,
and Dissolve) of ArcGIS Pro© software. This helped with the generation of a linear heat
map [56] as kgCO2e/km, linking hot spots of GHG emissions with the most frequently
traveled trucking routes. These linear heat maps for each recycling cluster are shown in
Figure 6. Linear heat maps show high-intensity lines (hot spot) in red and low-intensity
lines in yellow.
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Figure 6. Linear heat map of carbon intensity of merged transportation routes of collection sites to
dismantling hubs to recycling processing and smelting facilities for the Ontario, Quebec–Maritimes,
and the BC–Prairies recycling clusters. (a) Ontario recycling cluster; (b) QC–Maritimes recycling
cluster; and (c) BC–Prairies recycling cluster.

Overall, the low-intensity lines (in yellow) correspond to the routes of collection sites
to dismantling hubs for all three recycling clusters. However, the emission intensity ranges
vary among clusters where the QC–Maritimes cluster has the highest range up to 140 kg
CO2e/km and Ontario presents the lowest, with up to 49 kg CO2e/km due to the scattered
location of the collection sites in the QC–Maritimes cluster, a similar scenario to the BC–
Prairies cluster. There are mild-intensity lines (in brown) that reach the location of the
centralized recycling processing facility, i.e., Toronto (ON cluster) and St. Hyacinthe, (QC–
Maritimes cluster) because of the concurrent routes from collection sites to dismantling
hubs and from dismantling hubs to recycling processing facilities. In the QC–Maritimes
cluster, there are mild-intensity lines from the dismantling hubs to the aluminum, copper,
and steel smelters. In the BC–Prairies cluster, there are route segments with mild-intensity
lines from the dismantling hubs in Vancouver, BC and Calgary, AB to the steel smelter
in Edmonton, AB. The emissions intensities per km travelled are in the range of 153–283,
395–801, and 226–448 kg CO2e/km. The high-intensity lines (in red) correspond to the
routes of dismantling hubs to aluminum smelters and dismantling hubs to copper smelters
for the ON cluster; the segment routes from the collection sites to the dismantling hub in
Montreal integrated with the segment routes from the Montreal dismantling hub to the
copper smelter; and the route segment from the dismantling hub in Vancouver, BC to the
aluminum smelter in Kitimat in the BC–Prairies cluster.

3.4. Forecasted Recycling Processing Capacity

A baseline MFA scenario for spent EV LIBs was used in this study to forecast the
annual number of LIBs available for recycling during the time period of 2022 to 2040. In this
scenario, the number of EVs in Canada, specifically ZEVs, is expected to increase at a CAGR
of 10%, and the number of LIBs for recycling in 2040 would be 130 times the potential
current level (Table S2). Likewise, under a net-zero MFA scenario for the same period of
time, which is described in Section 2.1.1, the quantity of EV registrations would grow at a
CAGR of 25% to meet Canada’s 2035 goal of reaching a 100% share of net-zero EVs over total
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passenger vehicle sales (Table S3). Under the analysis of these two scenarios and regardless
of the uncertainty inherent to the assumptions made to determine long-term forecasts,
the results suggest a substantial increase in spent EV LIBs to be diverted to recycling
processing facilities in Canada by 2040. The challenges of building an EV battery EoL
infrastructure are even greater in terms of facility capacity, GHG emissions, and economic
costs per kilometer. The annual recycling processing capacity of the ON, QC–Maritimes,
and BC–Prairies recycling clusters estimated in the net-zero MFA scenario would increase
by a factor of 4.5, 4.6 and 4.3, respectively, in comparison with the annual capacity estimated
in the baseline MFA scenario. The GHG emissions and transportation costs per kilometer
present the same number of increments per recycling cluster. Keeping the location of
dismantling hubs and recycling processing facility candidates and the optimal locations of
the collection sites simulated for the baseline MFA scenario, the allocation of the battery
mass of the net-zero MFA scenario was used to calculate the optimal recycling processing
capacity and payload transportation distances. The estimated annual recycling processing
capacity under these two scenarios by 2040 is illustrated in Figure 7.
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Figure 7. Estimated annual recycling processing facility capacity for the Ontario, Quebec–Maritimes,
British Columbia–Prairies recycling clusters assumed to be viable by 2040 under the baseline and
net-zero MFA scenarios. The lowest and highest potential recycling processing capacities presented
in Ontario and QC–Maritimes clusters reflects the level of viability of local supply of spent EV LIBs
in these provinces.

Recycling profitability can be achieved through economies of scale; for example, in a
UK recycling facility, the profitability threshold could increase to >50,000 tons per year for
pyrometallurgical and circa 17,000 tons per year for hydrometallurgical recycling [16]. In
Figure 7, the baseline scenario presents low levels of economic viability for all the recycling
clusters; hence, complementing this with an out-of-country recycling model would be
an alternative to compare with the levels of viability of the in-country recycling model
presented in the net-zero MFA scenario.

3.5. Further Work

The reverse logistics model of EV LIBs described in this work is flexible and can be
adapted to integrate other jurisdictions in North America. The integration of US processing
facilities closer to Canadian facilities could generate different optimal EoL management
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locations and optimal transportation routes. The network routing optimization in this
model could be enhanced by integrating an LIB tracing and tracking system to ensure safe
and environmentally friendly EoL battery management. The development of block chain
technology solutions is an opportunity to increase efficiency and transparency in the spent
battery supply chain through securely monitoring and answering the questions where,
when, and how a spent battery can be collected to be transported to an EoL management
facility [57]. Addressing battery traceability issues avoids the increased risk of diverting
spent batteries to landfills and recycles them instead. Nevertheless, policy frameworks
and regulatory mechanisms need to be addressed in terms of the final destination of the
batteries [29].

In the context of the circular economy, the recovery of critical and strategic metals,
such as cobalt and nickel, to produce cathode LIBs in Canada could generate a more reliable
and complete set of environmental and economic data to improve hotspot analyses for
the recycling process of spent EV batteries [58]. A closed-loop approach can be applied by
integrating this spatial model, and its findings relate to the environmental implications of
transporting spent batteries to recycling facilities with a life cycle assessment of spent EV
LIB recycling processing options and its environmental credits as a result of recovering
battery cathode material to be reused in the production phase of LIBs. A regionalized
LCA of specific geographical locations, such as the provinces of Ontario, Quebec, and
British Columbia, would be performed to be consistent with the battery transportation
GHG emissions calculated in this study.

4. Conclusions

This study presents a spatial modeling framework to quantify the environmental and
economic effects of the expansion of the supporting infrastructure network for EV LIB end-
of-life management in Canada, based on the integration of geographic information system,
material flow analysis, life cycle assessment (truck transportation emission intensity), and
lithium-ion battery truck transportation costs. Although battery recycling processing
options will be critical to diverting EV batteries from EV waste streams, the overall impacts
of the reverse logistics (collecting, dismantling, and recycling) of these batteries must be
considered. Because the collection and transportation of electric vehicle batteries have an
important contribution on the environmental and economic overloads of the end-of-life
infrastructure, there is a need for an optimal management and responsive recovery at
end-of-life logistics.

The main conclusions of this case study are the following:
The allocation of battery mass at the collection sites, the road network travel distance

minimization, and the facility placement criteria are some of the most important parameters
that define the optimal locations of the dismantling hubs and recycling processing facilities
and enable the analysis of the environmental and economic impacts on the end-of-life
infrastructure network for EV LIBs.

The assumptions considered in the model design criteria have impacted the results of
this study. Spent battery mass availability assumptions would change with EV market share
projections, evolving battery chemistries, and used battery imports from other provinces or
countries outside Canada. Using different ZEV adoption policies and government incen-
tives could also adjust the total battery mass generated and the spatial distribution, thus
affecting the optimal facility locations, transportation distances, and overall environmental
and economic impacts.

In the three regional clusters for the collection and transportation of spent EV batteries
in Canada, the transportation network optimization provided the best solution to allocate
spent batteries to dismantling facilities and to locate the closest recycling/smelting facilities
based on the payload distance parameter.

Life-cycle carbon footprints and transportation costs were calculated for all the opti-
mized routes along the spent battery supply chain for recycling processes in Canada. The
recycling cluster in Quebec presents the lowest life-cycle GHG emissions and transporta-
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tion unit costs in comparison to the two recycling clusters located in Ontario and British
Columbia due to Quebec having the largest share in EV registrations, which is largely
influenced by government incentives.

The overall life-cycle GHG emissions of the spent battery pack recycling was obtained
by adding life-cycle GHG emissions from transportation to emissions resulting from battery
cell recycling processing and other metal recovery. In terms of the relative share of the
environmental impacts of only battery cathode recycling, GHG emissions for transporta-
tion account for 2% to 3% of total life-cycle GHG emissions of battery cathode recycling.
Furthermore, the latter represents 7% of the total life-cycle GHG emission of battery pack
production from virgin materials that is lower than the 28% of the environmental impact
share of the battery cathode production from virgin materials.

Truck transportation from the collection to the dismantling facilities had a significant
impact on the overall costs but much less on the GHG emissions. There was a differentiation
of transportation costs between the collection sites to the dismantling facility segments
in comparison with the other segments in the transportation network due to the added
costs for the complexity of hazardous material transportation of spent LIB packs. The same
GHG emission factor was applied to each segment Thus, the proposed optimal facility
siting that minimizes transport distance to dismantling hubs was suggested to reduce the
overall costs of transportation, ensure safety compliance, and facilitate the feasibility of
building a recycling facility. However, it is also important to take into account the regional
regulatory framework related to the operational transportation costs that may lead to set
up place-specific parameters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su142215321/s1. Supplementary data: EV demand forecast tables,
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Abstract: The circular economy (CE) has been frequently in the news recently, as it offers a regenera-
tive system that substitutes the end-of-life concept with restoration. Despite several benefits yielded
by the CE from a triple-bottom-line perspective, India’s end-of-life vehicle (ELV) recycling sector is
striving against numerous impediments to implementing the CE approach. Therefore, this paper
attempts to shine a spotlight on India’s ELV recycling sector, to identify the potential drivers and
barriers to CE implementation. This study has employed an explorative approach to determine the
impediments and drivers regarding implementing CE in India’s ELV recycling sector. This research
reveals that economic viability (25 percent), environmental degradation (17 percent), and global
agenda (15 percent) are the three leading primary drivers. In contrast, limited technology (18 percent),
financial constraints (15 percent), and a lack of knowledge and expertise (12 percent) are significant
barriers that thwart CE implementation in India’s ELV recycling sector. This paper has made the first
attempt to explore the drivers and barriers to implementing CE in the ELV recycling sector in India.
Therefore, besides advancing our understanding of opportunities for and threats to implementing
CE, this investigation may assist the Indian authorities in devising appropriate policies and strategies
and developing a regulatory and legal framework that is conducive to CE and sustainability.

Keywords: end-of-life vehicle (ELV); recycling; circular economy (CE); drivers; barriers

1. Introduction

Globalization, the industrialized economy, continuous technological advancements,
and surging demand for products expedite the rate at which vehicles are replaced, conse-
quently engendering an overwhelming increase in abandoned vehicles [1]. Manufacturing
vehicles requires a considerable quantity of non-renewable resources and substances. As
natural resources are declining exponentially, vehicle manufacturing industries strive to
keep raw material supplies steady [2]. Vehicles that are no longer operating, stripped, or
wrecked due to mechanical failure, which are known as end-of-life vehicles (ELVs), con-
tain myriad precious, rare, and industrially valuable materials and components. Besides
holding significant economic value, ELVs also contain certain pollutants. Hence, sustain-
ably handling ELVs is imperative to avoid their inevitable threat to society. Sustainability,
which protects against the dramatic depletion of natural resources and preserves them
for long-term application, relies heavily on the products and materials loop [3], which is
inevitable in the case of a traditional linear economic system, where products and materials
are dumped as waste after usage. For this purpose, several policies are implemented at
the production and consumption stages, emphasizing the importance of waste minimiza-
tion [4]. The annual production of vehicles was around 78 million new cars around the
globe in 2020, which indicates a future deluge of ELV needs to handle [5]. ELVs present
a risk and menace from an economic, social, and environmental perspective, as nearly
5% of industrial waste is generated by automobiles [4]. They represent hazardous waste
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with immense potential to pollute the environment if not properly disposed of [6,7]. One
such practice is CE, which tends to work for “recycling, reusing, and recovering” materials
from the manufacturing to consumption stages, instead of discarding them to pollute the
environment, enhancing sustainability through restorative design [8,9] wherein products
are reused, recycled, and reduced as an effective strategy for eco-friendly processing of
ELVs [10]. The purpose of recovery is to avoid using virgin material resources [11]. CE,
considering its triple bottom line, is a challenging field and is still in development with
regard to ELVs. Using tactical and strategic principles, optimization, and interconnection
among the different stakeholders in the supply chain are crucial and imperative [12] as
much waste is generated in terms of personal cars and private entities [13]. This has led
researchers to work on all aspects of ELVs, which are considered a growing research area.
Several methods are adopted to achieve CE. One such method is closed loop supply chains
(CLSCs), where products and materials are reused, recycled, and reduced (“3Rs”) to pro-
tect the environment and minimize the economic impact [14]. However, adopting such
practices in the case of ELVs poses significant challenges while working on materials flow
in a closed-loop system [15]. This includes tactical, operational, and strategic stages such
as production volume [16], along with government legislation and policies [17], human
perception [18], and environmental issues [19]. Table 1 summarizes previous relevant
research works in the context of this study.

Table 1. A summary of the previous works.

Author and Year Objective Methodology Focus Area Reference

Chakraborty et al.
(2019)

To find out enablers and barriers in automotive
product remanufacturing

Fuzzy interpretive
structural modeling

(FISM)
Indian market [20]

Mohan and Amit
(2018) Recycling of ELVs in an unregulated market System dynamics model Indian market [21]

Numfor et al. (2021) Challenges and opportunities for ELV recycling Review + SWOT analysis

Developing
countries = 8;

Nigeria; Cameroon;
South Africa; Kenya,

Mexico; Malaysia;
India; Egypt

[22]

Sharma and Pandey
(2020)

(1) To study the Indian ELV sector by focusing on
hatchback automobiles

(2) Estimating recycling units capability for recycling
and recovering materials

SWOT analysis + Primary
data collection through

Interviews, On-site
observations

Mayapuri market,
India [23]

Arora et al. (2018)
How to improve the sustainability of ELV

management in the Indian market through a business
model by engaging stakeholders

Framework based on
shared responsibility

including all stakeholders
+ SWOT analysis

Indian market [24]

Ravi and Shankar
(2017)

To analyze interactions among variables (enablers,
indicators, inhibitors) affecting reverse logistics in

automobile industries

Interpretive structural
modeling (ISM)

Automobile
industries [25]

Luthra et al. (2011) Identifying barriers to implementing GSCM in the
Indian automobile industry

Interpretive structural
modeling (ISM)

Indian automobile
industry [26]

Govindan et al.
(2016)

Barriers evaluation for Indian automotive parts
remanufacturing

The fuzzy analytic
network process

Indian automobile
industry [27]

Nag et al. (2021)
Multi-theoretical framework to identify and evaluate
drivers and sub-drivers of the circular supply chain in
automotive industries in case of emerging economies

Grey DEMATEL Emerging
economies [28]

Sinha et al. (2017)

(1) Empirical investigation of the Indian
automobile industry

(2) To identify the reasons behind the slow growth of
remanufacturing businesses

Empirical study India [29]

Zhou, Fuli et al.
(2019)

Identifying drivers in the Chinese ELV recycling
business from three perspectives (1) government (2)

consumers, and (3) recycling organizations

(1) Literature review
(2) Interpretive structural

modeling (ISM)

China ELV recycling
business [30]
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Table 1. Cont.

Author and Year Objective Methodology Focus Area Reference

Hu, Shuhan and
Zongguo Wen

(2017)

(1) To evaluate the impact of treatment scenarios on
society by analyzing three sectors: (a) the advanced

formal sector, (b) the informal sector, and (c) the
common formal sector

(2) Modeling the cost of ELV treatment on social
values in these three scenarios

Data collection through:
(1) Literature surveys

(2) questionnaires
(3) site visits

China [31]

Mamat et al. (2016) (1) Developing a framework for establishing an ELV
management system

(1) Survey of
300 respondents was

factor analyzed
using SPSS

(2) Structural equation
modeling for confirming
linear relationship among

those factors

Malaysia [32]

Zhang and Chen
(2017)

To prioritize four dismantling strategies for vehicle
manufacturers, battery manufacturers, and ELV

dismantlers, based on the survey

(1) Survey on ELV
stakeholders (2) Analytical
hierarchy process (AHP)

China [33]

Sitinjak et al. (2022) Identifying social factors for ELV acceptance
(1) Survey

(2) SEM was used for the
model estimation

Indonesia [34]

Edun and Vermette
(2021)

Investigating the effect of ELV tires by using them as
building envelope material for residential

building design

(1) Energy performance
analysis (2) Life
cycle analysis

Canada [35]

Research suggests that products can be reused after their end-of-life stage by adopting
CLSC principles [36]. Countries and organizations are focusing on the concept of the
CE from an adoption and implementation point of view for efficient resource utilization.
However, CE policies are primarily implemented in developed countries. The developing
countries face several barriers in policymaking and when implementing CE principles [28],
which are discussed in detail in Section 4. The Indian ELVs market is not regulated, since
most firms have not as yet adopted recycling practices [24,28]. Being a vast market, imple-
menting recycling processes and policies is imperative for achieving resource efficiency
in the case of automobile components. Despite several benefits offered by the CE model
from a triple-bottom-line perspective, India’s end-of-life vehicle (ELV) recycling sector is
striving against numerous impediments in implementing the CE approach holistically. The
literature reveals that limited research has been performed to explore the potential drivers
of and barriers to CE implementation in developing countries, especially in India, and little
of the research has endeavored to address the issues that arise when implementing the CE
in India from other industries’ perspectives, based on a particular industrial zone in India.
The characteristics of the drivers and barriers to CE implementation vary significantly,
depending on the sector and regions; hence, the significance and implications of outcomes
of the previously reported research are limited to that particular industry and zone. The
lack of a comprehensive study that sheds light on the drivers and barriers of change from
the ELV recycling industry perspective is prominent, although the ELV recycling indus-
try in India is burgeoning at an exponential rate as India has one of the world’s largest
automobile markets.

The absence of an inclusive and general study that embraces prominent ELV recycling
sectors across India and that can provide crucial outcomes in a broader sense is forcing the
Indian authorities to devise and enact policy, legal, and technical frameworks uniformly
across India to counter the issues thwarting the implementation of the CE approach and
expedite sustainability in ELV recycling in India. Furthermore, the complete lack of ex-
plorative studies encompassing face-to-face interviews and field investigation to record
the stakeholders’ attitudes and aspirations toward CE and to reflect ground-level prac-
tices that yield more precise and reliable data and information about implementing CE
in India’s ELV recycling sector is conspicuous. Therefore, this paper attempts to shine a
spotlight on India’s ELV recycling sector holistically by including five prominent automo-
bile hubs across India, to identify the potential drivers and barriers to CE implementation.
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An explorative approach has been employed for this study, as it offers more accurate
screening by capturing attitudes and recording the aspirations of stakeholders, which are
instrumental for decision-making. Besides exploring the enablers and impediments, this
research offers specific practical recommendations for implementing and enhancing the CE
initiatives in the ELV recycling sector in India. Moreover, these research findings reflect the
stakeholders’ perceptions and aspirations regarding the ELV recycling system. Therefore,
besides advancing our understanding of opportunities and threats for implementing CE,
this investigation may assist the Indian authorities in devising appropriate policies and
strategies and developing a regulatory and legal framework that is conducive to CE and
sustainability. The findings of this study may encourage ELV enterprises and other sectors
to embrace the CE framework since it provides a robust financial system that produces
significant economic benefits while protecting the environment. The study is based on the
following steps:

Step 1: Specific automobile hubs (five selected industrial zones) were focused on as
the sample, which is discussed in Section 3.

Step 2: A mixed method research mode was adopted for this study based on primary
and secondary research approaches, as shown in Table 2.

Table 2. The approach used to obtain information and data.

Indian City ELV Sector Stakeholder Method and Tool Sample
Size

Kolkata
(West Bengal) • Mallick Bazar

• Phoolbagan
• Panagarh

� Key stakeholder
� Academician
� Vehicle owner
� Government-authorized agency
� Expert
� Individuals in general

X Structured questionnaire
X Focused group

interviews
X Individual in-depth

interview
X Field investigation

144

Chennai
(Tamil Nadu) • Boarder

Thottam
• Pudupet

� Key stakeholder
� Academician
� Vehicle owner
� Government-authorized agency
� Expert
� Individuals in general

X Structured questionnaire
X Focused group

interviews
X Individual in-depth

interview
X Field investigation

123

Mumbai
(Maharashtra) • Kurla West

• Mumbai
� Key stakeholder
� Academician
� Vehicle owner
� Government-authorized agency
� Expert
� Individuals in general

X Structured questionnaire
X Focused group

interviews
X Individual in-depth

interview
X Field investigation

112

Delhi
(Delhi) • Mayapuri

• Jama Masjid
� Key stakeholder
� Academician
� Vehicle owner
� Government-authorized agency
� Expert
� Individuals in general

X Structured questionnaire
X Focused group

interviews
X Individual in-depth

interview
X Field investigation

98

Jamshedpur
(Jharkhand) • Jugsalai

• Jamshedpur
� Key stakeholder
� Academician
� Vehicle owner
� Government-authorized agency
� Expert
� Individuals in general

X Structured questionnaire
X Focused group

interviews
X Individual in-depth

interview
X Field investigation

83
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Step 3: A structured questionnaire was developed, and data was gathered through
surveys based on specific research questions, which is discussed in Section 3.

Step 4: The data is analyzed in detail in Section 4.
Step 5: The managerial implications of the findings and a few practical recommenda-

tions are discussed in Sections 5 and 6, respectively.
In order to interlink the literature and the survey results, this study aims to answer

the following research questions, based on step 3.
RQ1: What drivers enable CE implementation for the ELV recycling sector in India?
RQ2: What barriers hinder CE implementation for the ELV recycling sector in India?
The article is based on the following structure: Section 2 provides the background

to this study, Section 3 gives the methodology, Section 4 is related to the critical findings
and analysis, Section 5 provides a discussion of the managerial implications of this study,
and Section 6 offers practical recommendations. Section 7 presents the research limitations
of this study, Section 8 offers future prospects and suggestions, and Section 9 is the final
section, presenting our conclusions.

2. Literature Review

Sustainability is not an easy task to achieve. Waste is being generated at lightning
speed around the globe. This has brought the attention and focus of academia and pro-
fessionals who are looking at sustainability and technology within such a context [37,38].
Consumer priorities and the demand for new vehicles have resulted in a need for the proper
disposal and treatment of ELVs. Automobiles are made of several parts and different ma-
terials, such as ferrous metals, plastic, glass, rubber, fluids, and other materials [39,40].
In addition, most vehicles are composed of iron, which can be traded and utilized as a
valuable secondary resource [41]. However, Tarrar et al. (2021) [40] suggest that a state-
of-the-art disassembly unit is imperative for implementing sustainable strategies. This
is mainly due to the threats posed to the environment by toxic materials and chemicals
during the recycling and recovery process [5]. For such purposes, the treatment process of
ELVs comprises depollution, shredding, and dismantling [42]. On the other hand, several
strategies, including recycling, reusing, and reducing, commonly known as the 3Rs, are
considered the primary way to achieve sustainability in the ELVs industry [30]. The 3Rs
have different implementation stages. Reuse is where products and materials can be reused
elsewhere, while recycling comes later in the waste hierarchy [5]. As a result, this will
help the vehicle industry in terms of efficient resource utilization and saving energy [43].
Therefore, several countries are imposing laws for vehicle recovery by creating legal re-
quirements [6,37,44], as there is a high probability of illegal transportation and processing
of ELVs, considering the diverging interests of stakeholders and actors in the end-of-life
(EOL) system. The generation of waste at the end of a product’s life cycle is a considerable
problem exacerbated by increased consumption as the number of vehicles increases around
the globe, especially around Asia, considering its immense population [45]. ELVs are
generating waste in terms of fuel, volume, resource consumption [46], and environmental
threats [19], due to this increased consumption [47]. The ELV’s life cycle can be divided
into five stages: pre-production, production, distribution, usage, and disposal [48].

Zhang and Chen (2017) [33] conducted a survey based on key stakeholders for ELV
by prioritizing dismantling modes, such as direct shredding, manual dismantling, dis-
mantling machines, and disassembly lines for the Chinese market. Their paper was based
on a case study approach by selecting particular 17 automobile enterprises involved in
manufacturing, dismantling, and recycling in Shanghai, China. Kayikci et al. (2021) pro-
posed a sustainable CE policy based on four aspects: “technology”, “consumers”, “policy”,
and “producers”, working on a macro level that focused on the automotive industry [49].
Sitinjak et al. (2022) [34] performed a study based on a survey concerning the societal
factors affecting the public’s acceptance of ELVs in Indonesia. They identified that people
have a lack of knowledge and poor attitudes, societal trust, and perceptions about ELV
management. Nitish et al. (2019) found that most of the Indian ELV market is not regulated;
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the ELV sector is handled informally by scrapping and dismantling parts for recovery,
refurbishment, and recycling after being sold to the second-hand market [24].

Tarrar et al. (2021) [40] performed a literature review to study ELV treatment and
dismantling systems. They identified four key areas for improvement in ELV management.
These areas comprise: (1) battery recycling, (2) workforce for each unit, (3) the structure of
ownership and investment, and (4) plastics recycling. Both plastics and battery recycling
are related to the economic and environmental aspects of sustainability. The ELV share
in total plastic waste is around 5% [6]. D’Adamo et al. (2020) [37] performed a linear
regression model identifying the correlation between generated and recycled volumes of
ELVs. Their estimated result for generated and recycled ELVs is around 9.3 and 8.3 million
tons, respectively, as projected to 2030. Jang et al. (2022) [5] employed statistical data
analysis to conduct a study based on sample collection from five ELV shredding facilities
in South Korea. They identified two main challenges in the recycling process: (1) a lack
of economic incentives, and (2) no proper support systems for low-value materials. Most
recently, Nag et al. (2021) [28] investigated the drivers of circular supply chains with a focus
on the emerging economy, based on the grey-DEMATEL approach. They recommended
several drivers, such as “circular value marketing”, “circular services”, “circular product
design”, and “reverse flow drivers”. Agyemang et al. (2019) [50] identified several drivers
and barriers in the context of Pakistan’s automobile manufacturing industry. According
to their findings, “profitability share”, “cost reduction”, and “business concerns” are the
top three drivers, while the top three barriers to the implementation of CE principles are
“unawareness”, “financial and cost constraints”, and a “lack of expertise”.

Gardas et al. (2018) [51] analyzed the barriers to reverse logistics (RL) in the case of
oils obtained from automobile service stations. Their results showed that “inadequate gov-
ernment policies”, “a lack of top management commitment”, and “organizational policies”
were the most significant barriers while adopting the interpretive structural modeling tech-
nique. These results were based on developing an interrelationship between obstacles and
drivers. J. Li et al. (2014) [38] performed a study on recycling and pollution control in the
case of ELVs in China. They studied the current laws and regulations for ELV management,
identified several potential problems, and proposed various solutions. Such identified
barriers can hinder the transition process of ELV recycling. It is evident that customers
will buy refurbished products rather than expensive new ones. As Macarthur (2013) [52]
suggested that new product sales may well decrease due to increased sales of refurbished
products. Conversely, Mohan and Amit (2018) [21] proposed that the combination of
automobiles with enhanced technology, government-enforcing environmental regulations,
and high incomes led to shortened life-cycle automobiles, ultimately leading to increasing
numbers of ELVs. Another issue is the role of RL in recycling ELVs, as significant barriers
can slow or hinder the effectiveness of the whole process [51].

3. Methodology

This study has employed an explorative approach to determine impediments and
drivers to implementing CE in the ELV recycling system in India. It incorporates research
design and sampling, data collection, quantitative, qualitative, secondary research, and
data analysis.

3.1. Research Design and Sampling

This study aims to determine the potential general drivers and barriers to implement-
ing CE in the ELV recycling system in India. This study delves into the five fastest-growing
automotive sectors in India’s major cities, namely, Kolkata, Chennai, Delhi, Mumbai, and
Jamshedpur, to identify the barriers and drivers to India adopting the circular economy in
the ELV recycling system in the broader sense. This study has adopted a mixed method
that entails quantitative and qualitative research to meet the objectives of this study. For
the purposes of determining the sample of individuals concerned, this study uses a strati-
fied and systematic sampling technique. For this investigation, we interviewed a total of
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560 selected respondents, incorporating key stakeholders, government agencies, experts,
academicians, vehicle owners, and general individuals. The authors developed a well-
structured questionnaire that has been reviewed and approved by eminent professionals
in the CE and sustainability fields (see Appendices A–C for more details), then sent this
questionnaire to the chosen respondents to glean data and relevant information regarding
the present research aims. The data were collected and stored in a well-organized way for
ease of analysis. For the data analysis, descriptive statistics that employed the weighted-
average method, together with inferential statistics, were performed to investigate and
develop a profound understanding of the drivers and barriers to implementing CE in the
ELV recycling system in India. A thematic analysis has also been carried out to interpret
the interviews and group discussions. Figure 1 provides specific demographic information
for the survey sample, while Table 2 illustrates the approach used to gather information
and data.
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3.2. Data Collection

This study has employed certain methods for data collection. The data collection
method for this research entailed interviews with structured questionnaires, focus group
interviews, individual in-depth interviews, and field investigations. Table 2 provides
details of the procedures for data collection. Figure 2 illustrates the overall methodology
used in this research. Structured interviews have been performed by deploying question-
naires to obtain data and information from participants. A pilot test was performed before
the actual data collection to assure the accuracy and precision of the data. Focus group
interviews have been conducted to elicit general information about the practices, opin-
ions, and aspirations of the stakeholders. Individual in-depth interviews and a two-way
organized conversation have been carried out to gather information regarding the objec-
tive assessments of this study. Field investigation is instrumental, as it reveals the actual,
precise, and authentic information and practice of the organization. This research has
conducted field investigations to obtain information about current practices of enterprises,
the new strategies the organization will implement, present market trends, raw-material
availability, marketing methodologies, the application of existing technology, frameworks,
infrastructure, guidelines, and direction.

3.3. Quantitative Research

This study adopts quantitative research methods to conduct objective measurements
by sending out a carefully structured questionnaire to the selected survey participants. The
survey questionnaire comprises three sections: impediments that thwart the implemen-
tation of the circular economy in India’s ELV recycling sector, drivers toward the circular
economy, and supplementary data for enhancing our in-depth understanding of the subject
matter. The collected data were stored systematically. Descriptive statistics were employed
to analyze the data. This research has applied the weighted-average method to quantify
and analyze the data obtained from the sample. The qualitative data is instrumental in
evaluating and identifying the critical factors regarding implementing the circular econ-
omy in India’s ELV recycling sector and yields critical real-life data that is imperative for
ensuring appropriate and effective decision-making and strategies [50].
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3.4. Qualitative Research

This research employs the qualitative approach to investigate ELV recycling compre-
hensively. The qualitative analysis included focus-group interviews, individual in-depth
interviews, and field investigations with survey participants to glean information and data
regarding India’s ELV recycling system. The authors performed a thematic analysis to
interpret and analyze the interviews and group discussions. Focus-group interviews, to-
gether with personal interviews, revealed actual practices, whereas the field investigations
provided crucial insights into the potential barriers and drivers to adopting the circular
economy nationwide in the ELV recycling system in India [53,54].

3.5. Secondary Research

Secondary research is essential to this study’s methodology and is a prerequisite step
to collecting primary data [55]. This research has extensively explored the relevant literature
to examine and evaluate the current landscape of available information on ELV recycling
practices in India and gain insights into general industry trends. Secondary research yielded
a robust foundation for this investigation and enabled the development of a comprehensive
understanding of India’s ELV recycling system from the circular economy perspective, and
aided the research and sample design in this investigation. Secondary research assists in
the interpretation of data collected from quantitative as well as qualitative research.

3.6. Data Analysis

Analyzing data to extract insights for rational decision-making is a crucial step of this
investigation. Analyzing collected primary qualitative and quantitative data is a convoluted
and arduous process. To examine and gain a thorough understanding of the factors that
facilitate and impede the implementation of CE in India’s ELV recycling system, descriptive
statistics, which use the weighted-average method, along with inferential statistics have
been employed to interpret and analyze the quantitative data obtained from the sample,
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while the interviews and group discussions have been interpreted using thematic analysis.
This investigation employs sophisticated software to perform high-quality analysis. This
study used Microsoft Excel and SPSS to analyze the quantitative data, while it employed
ATLAS and Nvivo software to interpret the qualitative data.

4. Critical Findings and Analysis

This section reveals the critical findings and analyzes the results from the perspective
of the research objectives.

4.1. Drivers That Enable CE implementation in India’s ELV Recycling System

Figure 3 demonstrates the potential drivers for implementing CE in the ELV recycling
system in India; among the identified potential drivers that facilitate the CE initiatives in
the ELV recycling system in India, economic viability is the leading enabler for primary
stakeholders involved in ELV recycling that is necessary for them to embrace and adopt
the CE initiatives. In contrast, productivity and stability are the least significant drivers in
India for adopting CE in the ELV recycling system. Drivers are classified into internal and
external drivers, according to their characteristics [56].
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4.1.1. Internal Drivers

The internal potential drivers in implementing CE in the ELV recycling sector encom-
pass various factors, from economic viability to productivity. These internal factors are
elucidated in detail below.

Economic Viability

Figure 3 reveals the finding that several stakeholders favored embracing and imple-
menting the CE in the pursuit of economic viability, gains in profit, and an approach to
boosting the market share. This perspective is consistent and congruous with the observa-
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tions reported in the current literature, as the central concept of CE is to recycle components
in an environmentally friendly way to maximize economic gain and conserve natural
resources [57]. Exactly one-quarter of the total responses from survey participants revealed
that financial benefit is the more significant driver of implementing CE than improving
the quality of the environment. Interacted stakeholders perceived CE as an approach to
enhancing recycling and recovery rates from ELVs while preserving natural resources and
safeguarding the environment. Respondents viewed the CE as an approach to developing
closed-loop business systems that facilitate more significant economic gain while minimiz-
ing resource consumption. Hence, it is conspicuous that stakeholders have underscored the
economic viability of adopting and implementing CE in the ELV recycling system in India.

Environmental Degradation

The interviewed respondents considered that concern for mitigating environmental
degradation caused by the complex interaction of socio-economic, industrial, and technical
activities is a crucial factor for adopting CE in India’s ELV recycling system. The mitigation
of environmental deterioration is the top priority of the United Nations’ sustainable devel-
opment goals and the primary objective of the CE concept [58,59]. Figure 3 clearly shows
that the significant majority of survey participants (17%) perceive that implementing the CE
in India’s ELV recycling system is a pragmatic approach to handling ELVs and making the
harmful waste generated from ELV dismantling operations more environmentally friendly.
Therefore, it is significant that survey respondents have underlined the environmental
degradation issue in terms of adopting and implementing CE in the ELV recycling sys-
tem in India, which complies appropriately with the present literature and the country’s
sustainable development objectives [60].

Sustainable Development

Sustainable development is a roadmap for a better, more sustainable future for ev-
eryone on this planet, intertwined and inextricably linked with CE [61,62]. A significant
number of survey respondents (9%) saw sustainable development as a potential driver in
adopting and implementing CE in the ELV recycling system in India. The inappropriate
handling of ELVs causes environmental degradation and generates a significant amount of
harmful waste; hence, the sustainable handling of ELVs is of paramount importance [63].
Many stakeholders involved in ELV recycling have expressed a propensity toward adopt-
ing a sustainable development model to safeguard the environment, optimize the use of
resources, and maximize materials recovery and recycling rates.

Technological Development

Technological development significantly impacts materials extraction rates from ELVs
and reduces landfill waste [64]. India has witnessed phenomenal technological advance-
ment, consequently becoming a technological hub worldwide. In total, 6% of survey
respondents considered that technological progress is also a significant driver for adopting
and implementing the CE in ELV recycling systems in India, as it enables higher materials
recovery and recycling rates and, consequently, increases economic gain.

Resource Efficiency

Natural resources are declining dramatically; hence, optimum resource use is paramount.
The core concept of the CE is the optimum use of resources [65]. The participants’ responses
revealed that a total of 6% of total survey respondents perceived that efficiently utilizing
resources is a substantial driver for adopting and implementing the CE in India’s ELV
recycling sector, as it enables the sustainable use of the world’s limited resources while
respecting the environment.

177



Sustainability 2022, 14, 13084

Job Creation

Implementing the CE sustainably creates employment as it proposes a robust eco-
nomic model by creating new markets and products. Of the total survey respondents, 5%
considered that creating jobs is a crucial driver for implementing the CE in India’s ELV
recycling system, as the Indian authority has been endeavoring to create jobs for its youth.

Productivity

The traditional linear “take-make-dispose” strategy is prevalent in the ELV recycling
sector in India, as it is in other developing countries. The CE provides a paradigm frame-
work by operating via a closed-loop system to enhance productivity while respecting
the environment [66,67]. In total, 5% of all respondents believed that the CE has the sig-
nificant potential to improve the productivity of businesses and customers as it entails
swiftly moving away from a reliance on natural resources toward recycling and repurpos-
ing resources after a product’s life cycle is complete, through the existence of a practical
framework and innovation. CE can also substantially mitigate the emissions from manufac-
turing and industrial hubs, which reduces the negative impact on the environment and
enhances productivity.

Stability

CE involves sustainable production and consumption, which eventually cherishes and
nurtures stability; the primary goal of CE is to create stability in the business arena. Of all
the surveyed participants, 4% deemed that CE has tremendous potential to create stability
by employing new business paradigms and technology and by mitigating pollution in the
ELV recycling sector in India.

4.1.2. External Drivers

The ELV recycling industry has external drivers for implementing the CE, which
extend from global agenda to government initiatives. Below, each of these external elements
is addressed in greater depth.

Global Agenda

As the CE promotes the sustainable handling of waste and the safe use and conser-
vation of natural resources, much more interest is being poured into the CE worldwide.
International authorities are encouraging nations to adopt and implement the CE approach
to enhance our planet’s sustainable development, offering various incentives for promoting
the CE. Overall, 15% of the survey respondents reported that global agenda for promoting
sustainable development for the welfare of our future world play an imperative role in
adopting and implementing the CE in ELV recycling in India.

Government Initiatives

A significant majority of the interviewed respondents (8%) considered that government
initiatives inspired stakeholders involved in the ELV recycling system and also believed
that initiatives from the authorities that encouraged adopting and implementing a CE in
ELV recycling are significant and crucial. The Indian authorities have taken initial steps
to promote and adopt the CE in different areas by enacting legislation and providing
guidelines [68]. Even though many stakeholders perceive that the Indian government has
taken a few rudimentary steps, these steps can lead to the swift adoption of the CE.

4.2. Barriers That Impede CE Implementation in India’s ELV Recycling System

Figure 4 reveals the significant barriers that thwart CE implementation in India’s ELV
recycling system, as perceived by respondents. Like the potential drivers, the perceived
barriers are split between internal and external impediments [69]. Among the identified
significant barriers that hinder the CE’s implementation in India’s ELV recycling sector,
limited technology is the leading impediment to embracing and adopting CE initiatives. In
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contrast, the lack of industrial collaboration and support is the least significant barrier to
adopting a CE in India’s ELV recycling sector.
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4.2.1. Internal Barriers

Internal potential barriers to implementing CE in the ELV recycling sector encompass a
wide range of factors, from technological constraints to a lack of awareness. These internal
factors are elucidated in detail below.

Limited Technology

Figure 4 reveals that significant respondents perceive limited technology as the primary
hurdle for transitioning from linear to circular economy initiatives in India’s ELV recycling
sector. This prerequisite factor for adopting CE in India’s ELV recycling sector is yet to meet.
Overall, 18% of participants expressed concern regarding inadequate and poor technology,
which consequently became the most significant obstacle to CE implementation in the ELV
recycling sector in India. Our detailed interviews recorded stakeholders’ aspirations in
terms of the ELV recycling system, revealing that stakeholders expressed discontent with
the lack of advanced technology, which prompts limited materials recovery and recycling
rates. This perspective is consistent and harmonious with the observation reported in the
present literature that poor technology is a prevalent cause for adopting a CE in developing
and developed countries [70]. Stakeholders need and seek technological assistance from
the government to enhance the recycling rate and sustain the business.

Financial Constraints

Figure 4 reveals that a substantial number of survey participants considered that at
the initial stages of CE implementation, stakeholders involved in ELV recycling considered
that the expenditure would be significantly increased as they would need to invest in
making operations more sustainable. Overall, 15% of the respondents voiced concerns
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regarding economic constraints that can hinder the adoption of CE approaches in India’s
ELV recycling sector, which consequently became the second most significant obstacle to
CE implementation. Our investigation revealed that stakeholders recognized that recon-
structing and re-designing ordinary plants for sustainable operations requires substantial
investment; most stakeholders are currently going through financial difficulties, especially
after the COVID-19 pandemic. Hence, it is conspicuous that stakeholders have underscored
the financial constraints for adopting and implementing a CE in the ELV recycling system
in India. Recent research has emphasized how costs and economic conditions play a crucial
role in impeding the adoption of CE projects as this is a common hindrance and prerequisite
factor when implementing a CE [71,72].

Lack of Knowledge and Expertise

Figure 4 demonstrates that the lack of comprehensive knowledge and the relevant
expertise for the transition from a linear to a circular economy is a significant setback for
adopting the CE in the ELV recycling sector in India. The ELV recycling industry in India
has yet to overcome this setback in adopting a CE. Overall, 12% of participants voiced
their concern over the absence of thorough knowledge and the appropriate expertise to
transition from a linear to a circular economy; consequently, this has emerged as one of the
primary barriers to CE adoption in India’s ELV recycling industry. Our thorough interviews
documented the ambitions of stakeholders in the ELV recycling system, revealing that
stakeholders expressed resentment at the lack of advanced expertise to enhance materials
extraction rates, resulting in low rates of materials recovery and recycling. This viewpoint
is in line with the observations reported in the current literature [53].

Lack of Awareness

A lack of awareness regarding the CE and its benefits is an obtrusive impediment to
adopting the circular economy approach. The discussion about the CE is as yet confined to
research works, and few attempts have been made for its implementation in real-world
enterprises [73,74]. Figure 4 reveals that a significant number of respondents (11%) per-
ceived that a lack of awareness and promotion regarding the CE is one of the primary
obstacles that hinder the adoption of a CE in the ELV recycling sector in India. Our detailed
interviews documented the aspirations and attitudes of stakeholders in the ELV recycling
system, highlighting that significant stakeholders still have little knowledge and vague
concepts about the CE approach and its benefits, especially regarding long-term viability.
The Indian authorities have yet to promote and increase awareness at the ground level.

Improper Infrastructure

Proper and adequate infrastructure is paramount for adopting a CE approach, but
the absence of an appropriate and proper infrastructure is prevalent in India’s ELV re-
cycling sector [75]. Overall, 10% of the interviewed respondents perceive inappropriate
infrastructure as a primary impediment to embracing the CE in the ELV recycling sector
and ranks fifth among all potential obstacles. The interviewed stakeholders stated that
they were carrying out operations involved in ELV recycling without proper infrastructure,
and no appropriate guidelines from authorities have been provided to them. Appropriate
infrastructure is the foundation of modern civilization; hence, inappropriate infrastructure
in the ELV recycling sector causes significant pollution, wastes resources, and endangers
our planet [76].

Lack of Resource

Lack of resources is a perennial issue in the ELV recycling sector in India; it thwarts
sustainability in ELV recycling and affects materials extraction rates. Contrary to the
traditional materials and process flows in a linear economy, the CE separates economic
output from the dwindling and limited resources of this planet and creates a resilient system
that requires a closed chain of product flow. This requires a significant initial investment
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from stakeholders; such investments encompass human resources development, economic
assets, sophisticated technologies, proper infrastructure, and industrial symbiosis and
collaboration. Figure 4 reveals that overall, 9% of respondents believe that the lack of
different resources is one of the primary impediments to transitioning from linear to
circular economy initiatives in India’s ELV recycling sector. During the detailed interviews,
a substantial number of respondents stated, “We are striving to have viable resources to
sustain our business in the long term; hence, effectively implementing the CE is an arduous
task”, whereas developed countries such as the US, Japan, and the EU have significant
viable resources for adopting the CE in practice [4,77,78].

Market Barriers

The market demand and economic gains play an imperative role in adopting the
CE in the ELV recycling sector in India. The demand for recycled components in the
automobile market attracts substantial investment in ELV recycling industries [79]. A
significant number of respondents perceived that the market for recycled components and
remanufacturing parts for the automobile is a fledgling one, but this is still one of the
primary hurdles for transitioning from linear to circular economy initiatives in India’s ELV
recycling sector. This prerequisite factor for adopting a CE in India’s ELV recycling sector
is yet to be met. Figure 4 shows that overall, 8% of interviewed participants expressed
concern regarding the market for recycled products. During the detailed interviews with
respondents, a substantial number of respondents said that “there is no market for recycled
and remanufactured components near to us; we must go far when selling recovered and
recycled products”.

Risk Aversion

Many researchers are skeptical about the implementation of the CE in real-world
business; they consider that the implementation of CE would be associated with risks and
uncertainties as it is still in an embryonic stage [77,80]. Overall, a total of 6% of respondents
believed that the CE is in an embryonic stage and requires significant time to fledge for
real-world business applications. According to the interviewees, transitioning from the
linear economy to the CE involves inherent uncertainties and great risks. In interviews, one
of the stakeholders said, “We have to change all set-ups and business policies for adopting
the CE approach, it involves extra investment and needs assistance and guidelines from
authorities; hence, immediately, we would not adopt CE in our business until we get
well-documented pieces of evidence.”

4.2.2. External Barriers

External potential barriers to implementing CE in the ELV recycling sector are the
lack of appropriate legal framework, industrial support, and collaboration. These external
factors are elucidated in detail below.

Lack of Appropriate Legal Framework

The lack of an appropriate legal framework is a perennial issue in the ELV recycling
sector in India, one that thwarts sustainability in ELV recycling and affects materials
extraction rates. Informal ELV recycling centers predominate in India’s ELV recycling
sector; their operation does not comply with any standard guidelines, and economic gains
drive only their business; a lack of framework is prevalent in ELV recycling industries [23].
CE creates a viable and robust pioneering financial system, which may require a closed loop
of product flow that necessitates an appropriate legal framework [81–83]. Figure 4 reveals
that overall, 7% of respondents perceived that the lack of an appropriate legal framework
impeded transitioning from linear to CE initiatives in India’s ELV recycling sector. During
the interview, respondents stated, “The lack of an appropriate legal framework is strangling
sustainability and making it more challenging to implement CE in the ELV recycling sector
in India.”
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Lack of Industrial Support

Industrial cooperation is imperative for adopting the CE in the ELV recycling sector in
India. The lack of collaboration between ELV recycling and the parent automobile manu-
facturing industries is prominent. Figure 4 demonstrates that, overall, 4% of respondents
believed that the lack of industrial support and collaboration hindered transitioning from
linear to CE initiatives in India’s ELV recycling sector. The interviews revealed that respon-
dents expressed resentment for not receiving any assistance from the parent automobile
manufacturing industry. The lack of collaboration between the ELV recycling industry and
the parent automobile manufacturing industry made the implementation of the CE more
strenuous and cumbersome.

5. Discussions and Managerial Implications

As the circular economy offers numerous benefits to society according to different
aspects that yield opportunities to ameliorate the environmental quality, secure the raw
materials supply, bolster economic growth, and reduce the application of non-renewable
resources; hence, in developed countries, such as the European Union (EU), Japan, China,
and the USA, the authorities have taken several initiatives to adopt and advance the CE
approach, and the enterprises and stakeholders are also firmly committed to implementing
and enhancing CE initiatives [5,7,41,58,63]. Nonetheless, in India, many stakeholders have
expressed a keen inclination toward adopting the CE, but they are not well-equipped to do
so as yet [23,68].

This research determines and yields a critical, insightful interpretation of the potential
drivers and barriers to implementing the CE in the ELV recycling sector in India, which may
be instrumental in developing a subsequent legislative policy and framework to expedite
the transition from the linear economy to the CE. This paper has determined ten potential
drivers; out of all the potential drivers identified, economic viability is the prime factor in
persuading and encouraging the principal stakeholders in the ELV recycling sector in India
to embrace and implement CE initiatives. The primary stakeholders and enterprises have
expressed their concerns regarding environmental degradation, which is a crucial aspect
of their corporate value; environmental degradation, along with other significant factors,
including global agenda, sustainable development, government initiatives, technological
development, and resource efficiency, urges the top management of several industries to
adopt and implement the CE approach. Conversely, productivity and stability are the least
important factors that influence the implementation of CE initiatives in the ELV recycling
sector in India. These findings are consistent with contemporary research [50,62,65,72].

However, this research also sheds light on the significant barriers that thwart CE
implementation in India in the form of an ELV recycling system. Several ELV recyclers
are withdrawing from adopting and implementing the CE in their business because of
limited technology [84]. ELV recyclers should upgrade their technology to enhance material
recycling and recovery rates. Financial constraints have emerged as a prominent hindrance;
the CE operates on a closed-loop system that requires significant investment to develop
the system for implementing a CE. The Indian authorities can offer financial aid to the
primary stakeholders to adopt and implement the CE approach. The lack of knowledge
and expertise of key stakeholders regarding the CE approach impedes the implementation
of CE in the business, although the authorities have been showing great interest. Numerous
ELV recyclers are unaware of and oblivious to the CE approach; this lack of awareness
is thwarting the implementation of the CE in the ELV recycling sector in India [49,85].
The Indian authorities need to initiate a campaign to enhance awareness and knowledge
regarding CE. This program may be conducive to implementing the CE initiative in the
ELV recycling sector in India.

The present study’s findings reveal that the majority of obstacles as well as enablers
for implementing CE initiatives in the ELV recycling sector in India comprise internal
rather than external factors. As these internal factors are instrumental, the ELV recyclers
should take into account all the primary internal factors that thwart the transition from
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the linear economy to the CE. The enterprise can control and resolve internal obstacles
by modifying its mission, vision, operations, and performance, whereas the government
should control the requisite external factors to facilitate the implementation of the CE in
India’s ELV recycling sector.

6. Recommendations

This research has made a few practical recommendations for implementing and
enhancing the CE initiatives in the ELV recycling sector in India; the recommendations can
be organized into five themes, as below.

6.1. Development of an Appropriate Framework for the CE

Implementing the CE in India’s ELV recycling sector requires a practical framework to
meet the CE’s goals and enhance the CE initiatives. With the application of information
and communication technologies, an innovative framework needs to be developed to
enhance sustainability and facilitate the implementation of a CE [86,87]. That framework
appropriately encompasses the development of concepts and key terminology, setting
targets, identifying indicators to assess enhancements toward the goals, designing a proper
methodology, data collection and analysis, enhancing materials recovery, and protecting
the environment. The lack of an appropriate framework can thwart the enhancement of
CE initiatives and sustainability in ELV recycling. Therefore, the government of India
should develop a “common reference framework” for all stakeholders to achieve set goals,
evaluate progress, monitor the materials recycling and recovery rate, identify the waste,
and eventually monitor and assess the environmental impact.

6.2. Waste Prevention and Using Waste as a Resource

One of the primary aspects of the CE initiative is to emphasize resource recovery
from waste through recycling, but the authority should underscore waste prevention. The
administration may enact the policy to reduce waste through actions that entail monitoring
and data collection, promoting public awareness, and enhancing technology, while respect-
ing the environment. The authorities may revise the policy for the age of obsolescence of
vehicles and develop proper guidelines regarding ELVs. The management should perform
a cost-benefit analysis of waste to understand the better values that can be extracted from
waste. Switching focus from waste to resource management is imperative for extracting
higher values from waste or ELVs. This transition can be facilitated by enacting policies,
such as prohibiting dumping sites and landfills, the mandatory deregistration of vehicles,
nurturing extended producer responsibility (EPR), enhancing the recycling rate, developing
a market for recycled and remanufactured components, and promoting sustainability in
ELV recycling.

6.3. Foster Excellent Governance

The absence of appropriate regulations that can adequately govern India’s ELV recy-
cling sector is prevalent, and India’s ELV recycling sector is dominated by the informal
sector, which hinders the sustainability of the ELV recycling sector, whereas developed
countries, such as Japan, the EU, China, and the USA, have already introduced legislation
regarding waste and ELVs and have issued proper guidelines to stakeholders. The Indian
authorities should urgently introduce the relevant legislation to govern the ELV recycling
sector toward sustainability. Implementing the policy will enhance the CE initiatives by
promoting and sharing best practices, enhancing responsible consumption, and extracting
higher values from ELVs.

6.4. Taxation and Subsidies

Taxation and subsidies are instrumental in achieving higher resource recovery effi-
ciency and in sustainably disposing of hazardous substances. The tax will prompt the
vehicle owner to embrace more sustainable practices, whereas incentives will encourage the
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vehicle owner to dispose of the vehicle in a sustainable and environmentally friendly way
and urge stakeholders to adopt the CE approach. Overall, tax and subsidies are conducive
to implementing the CE in the ELV recycling sector in India.

6.5. Assist the Business Sector

The CE operates on a closed-loop system; hence, transforming the business from a
linear economy to a CE necessitated a significant change in the operating system; the ELV
recycler needs financial aid from the authorities to upgrade the instrument. Besides financial
assistance, ELV stakeholders require information about best practices and guidelines from
the authorities. Collaboration between the vehicle manufacturer and the ELV recycler
significantly impacts materials extraction and recovery. Therefore, the Indian government
should take the initiative of collaboration between vehicle manufacturers and ELV recyclers
as a crucial step to meeting resource recovery objectives in support of the CE.

7. Research Limitations

This research has certain potential limitations.

� This study has focused exclusively on the ELV recycling sector in India; hence, the im-
plications of the present research findings may be limited to the Indian subcontinent.

� This research has selected five prominent automobile hubs, namely, Kolkata, Chennai,
Mumbai, Delhi, and Jamshedpur, to determine the potential drivers and barriers to
CE implementation in India’s ELV recycling sector. By including more automobile
sectors throughout India, this research could have provided more accurate outcomes.

� This study has interviewed a total of 560 selected respondents to perform objective
measurements; a larger sample size might have yielded more precise findings.

� A literature review is essential for developing the foundation of any research; very
little research has been performed about the drivers and barriers to implementing the
CE in ELV recycling in India. The lack of contemporary literature in this research area
might have made the selection of drivers and barriers a little harder and more limited.

8. Future Prospects and Suggestions

Based on the current literature review and the potential limitations of this research,
this study suggests certain proposals for future study to advance the CE initiatives and
facilitate the adoption and implementation of the CE.

� This study has identified the drivers and barriers to implementing the CE in the ELV
recycling sector in India. However, the co-relationship between drivers and obstacles,
as well as the impact of these drivers and barriers to sustainability from Indian market
perspectives, require further investigation.

� The drivers and barriers to implementing the CE alter significantly depending on the
country in question. The development of a better understanding of the nature of the
drivers and barriers to implementing the CE and their impacts on sustainability in
different countries, especially between developed and developing countries, prompts
further exploration.

� The lack of an appropriate framework thwarts the achievement of sustainability in
the ELV recycling sector. A sustainable, multi-faceted framework blending the CE
and the Internet of Things (IoT) for the ELV recycling sector needs to be developed to
facilitate sustainable development.

� Limited technology is a perennial issue that constrains the material recycling and
recovery rates from ELVs. Advanced technology is required to maximize material
recycling and recovery rates and meet sustainability goals. Hence, further study is
necessary to address technological issues to expedite sustainable development.

� Designing an appropriate value chain for ELV recycling is imperative for adopting
and implementing CE initiatives. The vehicle manufacturers and ELV recyclers are
operating on different value chains, which is a primary hindrance to implementing
CE initiatives in the ELV recycling sector and needs further exploration.
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9. Conclusions

The CE yields a regenerative mechanism that replaces the end-of-life concept with
restoration. India’s end-of-life vehicle (ELV) recycling sector is encountering several chal-
lenges in implementing the CE initiatives, despite numerous benefits offered by the CE
from a triple-bottom-line perspective. The literature reveals that limited research has been
performed to explore the potential drivers and barriers to CE implementation in developing
countries. Therefore, this study has made attempts to investigate the potential drivers and
barriers to implementing the circular economy in the end-of-life vehicle recycling industry,
to promote the sustainability of the ELV recycling sector in India by employing an explo-
rative approach that encompasses qualitative, quantitative, and secondary research. The
findings of this research reveal that economic viability, environmental degradation, global
agenda, and sustainable development are the prime drivers that encourage enterprises to
adopt and implement the CE initiative, while limited technology, financial constraints, a
lack of knowledge and expertise, and a lack of awareness are the primary impediments
hindering enterprises from adopting and implementing the CE initiative. This study pro-
vides a critical and insightful interpretation of the potential drivers and obstacles for the
stakeholders and top management of the enterprises, which can be crucial in developing
a subsequent policy, strategy, and framework to expedite the transition from the linear
economy to a CE. Moreover, based on these observations, this research has offered certain
insightful recommendations for implementing and enhancing CE initiatives in the ELV
recycling sector in India.

These research findings reflect stakeholders’ perceptions and aspirations regarding the
ELV recycling system. Therefore, besides advancing the understanding of opportunities and
threats for implementing the CE and raising awareness about the CE, this investigation may
assist the Indian authorities in devising appropriate policies and strategies and developing
a regulatory and legal framework conducive to the CE and sustainability. The outcomes
of this study may inspire ELV enterprises, as well as other industries, to adopt the CE
paradigm as it offers a resilient system of economy that generates substantial economic
benefits while respecting the environment. India’s ELV recycling sector is dominated by
informality, driven by financial gain only, regardless of environmental quality; this research
may lead to a change in the attitudes of informal enterprises as a CE offers sustainability as
well as profitability.

This research has delved into India’s ELV recycling sector exclusively; hence, further
investigation may emphasize the findings’ relevance to other large-scale as well as small and
medium enterprises (SMEs). This study focuses solely on India’s ELV recycling industry,
and the implications of the findings may be limited to the Indian subcontinent.
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Appendix A. Primary Survey Questions

1. What are the drivers that could enable circular economy implementation for the
end-of-life vehicle recycling sector in India?

(a) Economic viability
(b) Environmental degradation
(c) Global agenda
(d) Sustainable development
(e) Government initiatives
(f) Technological development
(g) Resource efficiency
(h) Job creation
(i) Productivity
(j) Stability.

2. What are the barriers that could hinder circular economy implementation for the
end-of-life vehicle recycling sector in India?

(a) Limited technology
(b) Financial constraint
(c) Lack of knowledge and expertise
(d) Lack of awareness
(e) Improper infrastructure
(f) Lack of resource
(g) Market barriers
(h) Lack of appropriate legal framework
(i) Risk aversion
(j) Lack of industrial support.

Appendix B. Interview Questions

1. Do you have any idea about sustainability?
2. Do you have any idea about the circular economy?
3. Do you know about end-of-life vehicle (ELV) recycling?
4. Has the ELV recycling business expanded or shrunk in the last ten years?
5. Have you upgraded the types of equipment to enhance the recycling rate from ELV?
6. Is there any supporting industry for raw materials nearby you?
7. Do you know that ELV dismantling causes environmental problems?
8. Do you follow proper guidelines for disposing of hazardous waste?
9. Have you been getting any government subsidies?
10. What types of assistance do you want from the government?

Appendix C. Demographic Questions

1. What is your gender?
2. What is your age?
3. To which Indian state do you belong?
4. What is your education level?
5. What is your occupation?
6. What is your income range?
7. Do you own a vehicle?
8. How long have you (stakeholders) been involved in the ELV recycling sector?
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Abstract: Material recycling and thermal treatment are the two most common recycling methods em-
ployed for plastic waste management. Thermal treatment for energy recovery is more widely applied
compared with material recycling because the latter requires a high efficiency of separation and a
high purity of products. Unfortunately, certain plastics like polyvinyl chloride (PVC) are unsuitable
for thermal treatment because they contain additives like chloride (Cl−) that have adverse effects on
refractory materials used in boilers. As a result of this, mixed plastic wastes containing PVC generally
end up in landfills. PVC-bearing mixed plastics, however, remain valuable resources as championed
by the United Nation Sustainable Development Goals (UN-SDGs): Goal 12 “Responsible production
and consumption”, and their recycling after the removal of PVC is important. In this paper, recent
studies (2012–2021) related to the separation of PVC from other types of plastics were systematically
reviewed using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. A total of 66 articles were selected, reviewed, and summarized. The results showed
that various separation technologies conventionally applied to mineral processing—selective com-
minution, gravity separation, magnetic separation, electrical separation, and flotation—have been
studied for PVC separation, and the majority of these works (>60%) focused on flotation. In addition,
more advanced technologies including sorting and density-surface-based separation were introduced
between 2019 and 2021.

Keywords: plastic; recycling; separation; flotation; polyvinyl chloride

1. Introduction

Plastics offer numerous advantages as flexible materials in various applications and
critical industries, such as packaging, electrical/electronic equipment, and automotive com-
ponents, due to their lightweight nature, chemical and moisture resistance, and excellent
insulation properties [1]. According to a report published by Plastics Europe, global plastic
production reached 391 million metric tons in 2021 [2,3]. Among the wide array of plastics,
PVC stands out as a commonly used material with diverse applications, ranging from
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construction and automotive manufacturing to healthcare and consumer products [1,4].
Recent reports indicate that PVC production has reached approximately 32 million metric
tons annually, accounting for 9.6% of total plastics production in 2021 [2]. Consequently, the
escalating production and consumption of PVC-based products have led to a surge in PVC
waste generation, necessitating the development of efficient and sustainable approaches for
its removal and recovery. The disposal of PVC waste presents significant environmental
challenges due to its non-biodegradable nature and the potential release of hazardous sub-
stances during incineration or landfilling [5,6]. Additionally, plastic debris or microplastics
(MPs) derived from plastic waste accumulation can interact with organic pollutants or
heavy metals, leading to concentrated toxicity in marine and freshwater systems [7].

Despite their many advantages, plastics are environmentally undesirable because they
persist for a long time in nature. Plastic degradation and decomposition take hundreds
of years under natural conditions, resulting in their accumulation in landfills, oceans,
and other ecosystems [8]. The disposal of PVC waste presents significant environmental
challenges due to its non-biodegradable nature and the potential release of hazardous
substances during incineration or landfilling [5,6]. Incinerating PVC can release toxic
pollutants, including dioxins and furans, which have detrimental effects on both human
health and the environment [8]. Furthermore, PVC waste deposited in landfills contributes
to long-term environmental contamination, as it persists for extended periods without
significant degradation [8]. Additionally, plastic debris or microplastics (MPs) derived from
plastic waste accumulation can interact with organic pollutants or heavy metals, leading to
concentrated toxicity in marine and freshwater systems [7]. Moreover, landfills contribute
to the contamination of land and aquifers through the release of leachable components
trapped in plastic and washed away by rainwater. One example of such leaching is the
release of bisphenol A and lead compounds from PVC waste, posing risks to human
health and the environment [9,10]. Improper disposal and the littering of PVC waste pose
significant threats to wildlife, marine life, and overall ecosystem health, highlighting the
need for effective waste management practices.

In recent years, there has been a growing emphasis on shifting towards sustainable
waste-management strategies, particularly within the concept of the circular economy,
which prioritizes material recycling and resource recovery in line with the Sustainable
Development Goals (SDGs): Goal 12 “Responsible consumption and production” [11].
This focus is crucial in reducing the environmental impact of plastics, including PVC,
by decreasing the amount of waste for disposal and minimizing the industrial demand
for virgin plastics derived from fossil fuels. As a result, the recycling of PVC and other
plastics has become a central area of research and technological advancements. Effective
strategies for PVC removal and recovery have garnered considerable attention to mitigate
the environmental impacts associated with PVC waste and promote sustainable resource
management. PVC recycling not only reduces dependence on virgin materials but also
minimizes energy consumption and greenhouse gas emissions linked to the production
of new PVC [12]. Furthermore, the recovery of valuable components from PVC waste
presents an opportunity for resource conservation and aligns with the principles of the
circular economy.

In general, conventional plastic waste management practices can be classified into two
categories: (i) incineration and (ii) landfilling. Incineration, particularly the field burning of
waste, is widely used but notorious due to its negative impacts on air quality, the release
of toxic components, and the wastage of energy content in the waste. It is notoriously
widespread in low-to-medium income countries with inadequate waste treatment infras-
tructure [13]. Despite the various options available, landfilling remains the dominant
form of waste disposal for mixed plastic waste, including PVC-containing plastics like
electronic wastes [14]. Although landfills occupy a relatively small portion of land, they
have other serious environmental consequences. The decomposition of organic matter,
such as food waste, in landfills leads to the release of odorous compounds and greenhouse
gases, including biogas, which is a mixture of carbon dioxide (CO2) and methane (CH4).
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Moreover, landfills contribute to the contamination of land and aquifers through the release
of leachable components trapped in plastic and washed away by rainwater. One example of
a leachable toxic component in PVC is bisphenol A and lead compounds [9,10]. Bisphenol A
is an endocrine-disrupting chemical (EDC) because it can mimic the functions of estrogen in
the body, while lead is a heavy metal notorious for causing neurological damage especially
in the developing brain of babies and children [15–18].

PVC can undergo two main recycling processes: mechanical recycling and feedstock
recycling [18]. On the one hand, mechanical recycling is the recommended method for PVC
recycling, which involves repurposing and reprocessing the material directly within the
production plant where the waste was generated. This type of waste arises during various
manufacturing stages, such as the start-up and end of production, mechanical processing of
finished products, or waste resulting from production errors. On the other hand, feedstock
recycling is another approach for managing PVC waste and should be employed for those
that cannot be mechanically recycled due to economic or environmental reasons [19]. En-
ergy recovery, including the gasification of fuels or direct combustion in specialized thermal
utilization plants, is one relatively straightforward method of feedstock recycling [13,19,20].
These processes require appropriately designed thermal decomposition facilities and often
involve significant investment costs for constructing specialized plants. While this type
of recycling may sometimes be considered uneconomical, it may be necessary to facilitate
the closed-loop circulation of materials in the global economy. It is important to note that
advancements in science and technology continue to offer new possibilities for processing
PVC into alternative raw materials, as well as prospects for further enhancing existing
recycling technologies to utilize recycled PVC and reduce the consumption of virgin PVC.

In general, plastic recycling encompasses various stages, including classification, sepa-
ration, and production, which involve both chemical and mechanical recycling methods [21].
Mechanical recycling is suitable for various types of plastic waste but yields low-value
materials [20]. Chemical recycling aims to convert plastic waste into plastic monomers,
chemicals, fuels, feedstock, and value-added polymers while recovering energy through
chemical reactions [22]. Consequently, separation plays a crucial role in plastic recycling, as
impurities and non-targeted plastic within waste mixtures can disrupt the recycling process
and diminish the expected benefits. Despite the relatively straightforward separation be-
tween plastic and other materials like steel, copper, aluminum, and metallic alloys, efficient
and clean separation techniques hold significant importance in plastic–plastic separation
and recycling. This is because separating homogeneous, high-purity plastics from plastic
mixtures with similar densities and surface properties remains extremely challenging. As
a result, various separation methods for plastic recycling, including manual separation,
gravity separation, tribo-electrostatic separation, magnetic separation, spectroscopy sorting,
and plastic flotation have been developed.

The objective of this systematic review is to provide a comprehensive overview of
recent technological advancements in PVC removal and recovery, with a specific focus on
their potential for resource conservation and recycling. By examining the state-of-the-art
approaches and evaluating their advantages and limitations, this study aims to contribute
to the development of sustainable practices for PVC waste management. The subsequent
sections of this paper are organized as follows: Section 2 explains the review methods,
Section 3 presents the comminution techniques for PVC separation from other materials,
Section 4 discusses gravity separation techniques for PVC removal, Section 5 explores the
application of magnetic separation in PVC recycling, Section 6 examines various approaches
for electrical separation, Section 7 introduces sorting technologies for PVC recovery and
recycling, Section 8 addresses the challenges and future prospects of flotation technology for
PVC removal and recycling, Section 9 explores other relevant PVC recycling technologies,
and Section 10 presents the conclusions of this work.
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2. Review Methods

A systematic review was conducted to examine the current state of technologies related
to the separation of PVC from other materials between 2012 and 2021. The review fol-
lowed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [23], as well as the guidelines recommended by Andrews [24]. Peer-reviewed
journal publications were identified using specific keywords, including “PVC”, “polyvinyl
chloride”, “separation”, “recycling”, “sorting”, “recovery”, and “removal”. The databases
of Web of Science and Scopus were utilized, and the publication dates were restricted to
between 2012 and 2021. Initially, a total of 4720 articles were obtained based on these
criteria; that is, 2407 papers from Web of Science and 2313 papers from Scopus. After
removing duplicates, 3123 articles underwent screening, as shown in Figure 1. The screen-
ing involved examining titles, highlights, abstracts, and keywords to eliminate articles
that did not focus on “PVC”. Among the screened articles, 2821 papers were excluded,
leaving 302 papers for the next step. During the eligibility evaluation, full-text articles
were assessed [25]. The results revealed that 26 papers were inaccessible, 30 papers were
not peer-reviewed, 13 papers were not written in English, 22 papers were either review
papers, technical papers, features, focuses, letters, or case studies, and 137 papers were
unrelated to PVC separation. Following the systematic selection process, a total of 66 papers
remained and were included in this review. These papers were categorized based on their
contents into the following: selective comminution (1 paper), gravity separation (6 papers),
magnetic separation (1 paper), electrical separation (13 papers), sorting (2 papers), flotation
(40 papers), and others (3 papers).
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3. Selective Comminution

The comminution technique has been applied to isolate plastics from metals, as well as
to separate PVC from wire harnesses which usually consist of copper (Cu) strands coated
with thin PVC cables. Kumar et al. [26] reported the separation of PVC from Cu-wire
harness using n-butyl acetate to swell the PVC coatings and remove them by comminution
in a rod mill with an inner diameter of 160 mm and a length of 160 mm including seven
stainless steel rods with 125 mm in length and 15 mm in diameter (Figure 2). The results
show that PVC and Cu-wires (20 cm long) were completely separated within 60 min at
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a rotation speed of 15 rpm. In addition, it was observed that n-butyl acetate extracted
approximately 90 wt% of the phthalate plasticizer from the PVC coating during the swelling
treatment. This technique is promising because it efficiently reduced the environmental
impacts of PVC by chemically separating its phthalate plasticizer component.
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4. Gravity Separation

Gravity separation is a well-established technique in various industries like mineral
processing and coal cleaning because of its simplicity, low cost, low energy consumption,
and high efficiency. This technique relies on the principle that different materials settle at
different rates under the influence of gravity in a fluid medium like air, water, and dense
media. It involves creating controlled conditions where the heavier plastics (i.e., high
density) sink while the lighter plastics (i.e., low density) float. According to relevant
research compiled in this systematic review, many gravity separation methods have been
extensively investigated and employed for PVC recycling. These techniques include sink–
float separation [27], hydrocyclone with suspension media [28,29], hydraulic separator [30],
and jig separation [31,32], and they vary in terms of equipment requirements, operational
parameters, and applications as summarized in Table 1.

The sink float separation technique was developed and has been employed as a method
of separation based on varying the density of the aqueous media utilized during the density-
based process. According to Quelal et al. [27], multiple separation steps were needed with
different media density (i.e., 1.000, 1.090, 1.100, and 1.175 g/cm3) to separate post-consumer
plastics including PVC, polypropylene (PP), polyethylene (PE), polyethylene terephthalate
(PET), polystyrene (PS), and acrylonitrile butadiene styrene (ABS). These authors reported
an approximately 84.6% recovery of each plastic using sodium hydroxide (NaOH) and tap
water as an aqueous media for separation.

Hydrocyclones are widely utilized in various industries for their exceptional capability
to separate solid particles from liquid suspensions based on the principles of centrifugal
force and fluid dynamics. As reported by Yuan et al. [28], a hydrocyclone was used to
separate binary mixtures of PVC/PET with a 94.6% PVC recovery and a purity of 87.5%. In
addition, calcium chloride (CaCl2) was used by these authors as a medium with a density
of 1.3 g/cm3. Moreover, this work noted that to improve the separation performance,
a series of cyclone separations known as LARCODEMS is required [29] to recover PVC
from residual plastic products containing PVC, PET, PS, polycarbonate (PC), ABS, and
polymethyl methacrylate (PMMA). They also highlighted that a 100% PVC recovery and
purity was obtained when the media suspension (i.e., suspension of ground calcite) was
adjusted to 1.27 g/cm3.

An apparatus called Multidune, proposed by Lupo et al. [30], was developed as a
hydraulic separator for the purpose of separating plastics based on variations in water flow
rate. This device was demonstrated to be capable of achieving high levels of purity and
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recovery when separating PVC from PVC/PC mixtures, with a purity reaching up to 99.9%
and recovery rates reaching up to 99.7%.

Table 1. A summary of recent gravity separation techniques for PVC.

Technique
Density [g/cm3] Size

[mm]
Conditioning

Details
Purity

[%]
Recovery

[%] Reference
PVC PP PE PET PS PC ABS

Sink–float 1.35 0.91 0.95 1.35 1.04 1.20 1.07 3.0
Tap water
(Density =
1.00 g/cm3)

N/A 84.6 [27]

Cyclone with
suspension media 1.44 – – 1.34 – – – 0.75

NaOH (Density
= 1.09; 1.10;
1.18 g/cm3)

94.6 87.5 [28]

Cyclone with
suspension media
(LARCODEMS)

1.44 – – 1.36 1.05 1.20 1.05 2.0–4.0

Suspension
prepared from
CaCl2 (Density
= 1.30 g/cm3)

100.0 100.0 [29]

Hydraulic
separator 1.61 – – – – 1.21 – 2.0–4.8

Suspension
prepared from
ground calcite
(Density = 1.09;
1.18; 1.27 g/cm3)

99.9 99.7 [30]

Jig

1.28 – – – 1.05 – – 1.0–5.6

Frequency of
diaphragm
movement
30 cycles/min;
water
displacement
30 mm

99.3 82.2 [31]

1.38 – – 1.31 – – – 2.0–8.0

Vary the water
flowrate in
multidune
(700–1400 cm3/s)

94.3 N/A [32]

Note: “N/A” means “not available”, and “–” means “not included in the experiments”.

Jigging is another gravity concentration technique that operates within a pulsated
bed where a combination of solid and water is contained in a perforated vessel. Vertical
currents of water are introduced to generate water pulsation and induce the stratification
of particles based on density differences among the constituent particles within the mixture.
Consequently, particles with a higher density migrate downward and remain confined
within the jigging chamber, while particles with lower density ascend and overflow from the
system. As highlighted by Pita and Castilho [31] and Phengsaart et al. [32], jig separation
has a high performance and it recovered PVC from binary mixtures of PVC/PS and
PVC/PET with a purity between 94.3% and 99.3%.

5. Magnetic Separation

Magnetic separation is another physical separation technique that has been applied to
recover PVC. Based on the literature, a novel magnetic separator was recently developed
to separate PVC from various mixed plastics called magnetic projection [33]. This device
consists of a feed unit, magnetic ring unit, and a separation area as illustrated in Figure 3.
The feed unit is comprised of an entrance, a feeding channel, and a feeding pendulum
driven by an actuator. Meanwhile, the separation area is composed of a paramagnetic
solution (MnCl2) and baffles to separate and collect particles of different densities. The
separation process begins when the feeding pendulum pushes samples through the anti-
magnetic force, which is generated by a ring magnet placed between the feeding part and
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the separation area. The samples are then projected and thrown into the separation area.
These authors reported that the method can reach a 96.4% PVC recovery from mixtures of
PP, ABS, PC, polylactic acid (PLA), and PET [33].
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6. Electrical Separation

Electrical separation is a technique that separates plastics from other materials using
differences in electrical conductivity. In addition, this technology is beneficial due to its low
cost, low environmental impact, high recovery rate, and high purity of products.

The tribo-electrostatic separator is the most frequently used electrical-based technique
to separate PVC from other plastics reported in recent related research (Table 2). This
separation method was found to be suitable for separating mm-sized particles as shown
in Table 2, and its optimal size range is between 1 and 10 mm. Generally, the separator
compartment consists of a feeding device, charging device, high-voltage electrical field,
and collection bin. The separation step can be divided into two parts as displayed in
Figure 4: (i) electrical charging on particles (i.e., tribo-charger), (ii) deflection process
(i.e., electrostatic separator).

In the tribo-charger, particles are charged by an electric source or contact-friction
between the particle–particle and particle–wall resulting in the creation of positive and
negative electric charges that accumulate on plastic surfaces. In general, it can be classified
into two types: solid single-phase and gas–solid two-phase. Solid single-phase includes
vibration, corona, and friction rotating drum charging [34–37] while fluidized bed, propeller-
type, and cyclone charging are categorized as gas–solid two-phase [34,35,38–44].

In the deflection step, charged particles from the first step are separated and deflected
by an electric field depending on their polarity and amount of charge. There are typically
three types of deflection process reported in the literature: free fall, drum-type, and belt
separator. The free fall type allows particles to fall freely into the electrostatic field generated
by applying a high voltage on the positive and negative electrodes of the separation
system. Within the electric field, charged particles move towards the oppositely charged
electrodes and are collected in the corresponding boxes [34,39,41]. For drum-type and belt
separators, charged particles are placed on a drum or belt that is electrically grounded.
Highly conducting particles lose their charge, are pulled away from the drum surface,
and are placed in collection boxes in the zone farthest from the drum. In contrast, poorly
conducting particles retain their charge, are held on the drum surface, and brushed off into
the boxes closest to the drum [36,37,40,42–44].
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Table 2. Relate research on the separation of PVC from other materials using electrical separator.

Separators Charging
Mechanism

Moving
Mechanism

Samples Size
[mm]

Purity
[%]

Recovery
[%] Reference

PVC PP PE PET PA PC ABS Others Metals

Tribo-
electric

separator

Fluidized
bed

Free fall

√ √
3.0–5.0 N/A 98 [34]√
0.01–0.1 N/A 90 [38]√ √
2.0–2.5 N/A 90 [39]√ √
2.0–2.5 N/A 92 [39]√ √
6.5–10 98 66 [41]√ √
3.5–6.5 91 77 [41]√ √ √
3.5–10 N/A 77 [41]

Drum-type

√ √
2.0–2.8 N/A 96 [42]√ √

0.02 N/A 95 [43]√ √ √
2.7–4.0 N/A <50 [44]

Belt-type
√ √ √ √

1.0–2.0 93 N/A [40]

Propeller
charging Free fall

√ √
3.0–5.0 N/A 97 [34]

Cyclone
charging Free fall

√ √ √ √ √ √
<5.0 N/A N/A [35]

Vibrating
charging Free fall

√ √ √ √ √ √
<5.0 N/A N/A [35]√ √

3.0–5.0 N/A 85 [34]

Corona
charging Belt-type

√ √ √
1.6–3.2 N/A 50–100 [36]√ √ √ √
1.6–3.2 96 99 [36]

Friction
rotating

drum
charging

Drum-type
√ √ √

4.0–8.0 97 41 [37]

Electrostatic
adhesion No charging

Vibrating
inclined

plane-type

√ √ √
0.5–5.0 99 95–100 [45]

Electrostatic
separator No charging Drum-type

√ √
2.0–5.0 N/A 100 [46]

Note: “
√

“ means “included in the experiments”, “blank” means “not included in the experiments”, “N/A”
means “not available”, “PA” means “polyamide”, “Other” means “other plastics including PS, polyurethane (PU),
polylactide (PLA), polycaprolactone (PCL), and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3,4HB))”, and
“Metals” means “aluminum and copper”.

Electrostatic separators like the drum-type electrostatic separator and electrostatic
adhesion are suitable for separating electrically conducting from non-conducting mate-
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rials and could be applied to separate PVC when some metals are present in the feed
sample [45,46]. These separation techniques have been shown to achieve high separation
performances with 95–100% PVC recovery.

7. Sorting Using Electromagnet Wave Sorting

In past decades, researchers have diligently strived to advance increasingly accessible
and efficient methodologies for the purpose of plastic sorting. These techniques are widely
employed in the non-destructive assessment of plastic samples through analysis of the
unique molecular and elemental signatures emitted or absorbed by plastics. These tech-
niques include laser-induced breakdown spectroscopy (LIBS), near-infrared spectroscopy
(NIR), mid-infrared spectroscopy (MIR), Raman spectroscopy, and X-ray fluorescence spec-
troscopy (XRF) [47]. The underlying principle of these sorting technologies entails directing
a light beam, such as a neodymium-doped yttrium aluminum garnet laser or halogen light,
onto the surface of plastics. The atoms, ions, and molecules within the plastic sample
become activated and transition to excited states, subsequently emitting photons of specific
frequencies upon returning to a steady state. Light collectors are employed to gather the
emitted light, which is then processed by computer software to generate a distinct spectrum.
Subsequently, an air gun is employed to eject the specifically selected plastic, guided by
signals from the operating software. Finally, each plastic is sorted into the appropriate con-
tainer, as depicted in Figure 5. More recently, machine learning algorithms have emerged
as powerful tools in plastic sorting technology. These algorithms leverage vast datasets of
plastic samples to learn and recognize patterns, enabling the automated identification and
sorting of plastics. Notably, Peng et al. [48] reported achieving 100% accuracy in plastic
sorting through LIBS techniques by compressing the training image data of each plastic
type, such as PVC, ABS, polyamide (PA), and PMMA, into a singular image for use by the
machine-learning algorithms. Additionally, Duan and Li [47] explored the classification
of distinct plastic categories using NIR spectroscopy, demonstrating that sorting plastics
via NIR techniques could accurately distinguish between PVC, PP, PS, PET, high-density
polyethylene (HDPE), low-density polyethylene (LDPE), and PC with 100% accuracy when
incorporating multiple regions of the spectrum to enhance the machine-learning model.
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Overall, the principle of plastic sorting technology lies in the systematic analysis and
categorization of plastics using a combination of spectroscopic analysis, automated sorting
systems, and machine-learning algorithms. By effectively segregating plastic materials, this
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technology facilitates the recycling and reutilization of plastics, contributing to sustainable
waste management and resource-conservation efforts.

8. Flotation

Early research has demonstrated that flotation technology can be used as a separation
approach for plastic wastes, due to its previous successful industry application in mineral
processing. This technique is based on the difference in the surface wettability of materials
utilizing bubbles as a particle carrier. Hydrophobic particles (i.e., water-hating) are brought
to the water surface via bubble attachment, while hydrophilic particles (i.e., water-loving)
remain in the flotation cell and sink to the bottom. In mineral flotation, collectors are
commonly employed to enhance the hydrophobicity of mineral particles. However, the
approach taken in plastics flotation differs significantly, as it primarily centers on enhancing
the hydrophilicity of plastic particles to augment the disparity in their wettability. Never-
theless, the proximity in hydrophobicity among different plastic types presents challenges
in segregating individual plastic types through flotation alone. Consequently, the field of
plastics flotation heavily relies on modifying the hydrophobicity of plastics to improve
flotation efficiency. Extensive investigations have been conducted on various reagents
known as wetting agents to address this requirement. Figure 6a illustrates the fundamental
concept of mineral flotation in comparison to plastic flotation (Figure 6b). Additionally,
prior surface treatments of plastics are necessary before flotation can be carried out. These
pretreatment steps are particularly effective for separating high-density plastics, notably
PVC, owing to PVC’s unique surface properties, characterized by a higher dielectric-loss
coefficient compared with other plastics. The application of surfactants facilitates the
selective separation of PVC through selective surface reactions on PVC; the abundance
of hydrophilic functional groups, such as ether, hydroxyl, and carboxyl moieties, can be
increased or decreased relative to other plastics [49]. Based on our assessment of the liter-
ature, this technique can be classified into two categories: flotation with surfactants and
flotation without surfactants.
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8.1. Flotation with Surfactants

The separation of polymeric materials poses challenges, as gravity separation and
hand sorting are not effective due to the similar densities of different polymers. Therefore,
froth flotation is utilized to separate materials that cannot be separated by gravity. Naturally,
all types of plastics exhibit hydrophobic properties. In separation techniques, it is crucial
to modify the surface properties of plastics, making one surface more hydrophilic while
keeping the other hydrophobic. Plasticizer reagents or wetting agents are employed to alter
the behavior of plastic surfaces [50–52] and various reagents have been applied to modify
the surface characteristics of plastics (Table 3).
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Table 3. A summary of flotation studies on PVC separation using flotation and various surfactants.

Flotation
Type

Reagents Concentration
Condition Time

[min]
Samples Size

[mm]
Purity

[%]
Recovery

[%] Ref.PVC PET PS PC ABS Others

Direct

LA
Gelatin

250 g/t
1250 g/t 3

√ √
2.0–3.4 98.9 57.0 [52]

PVA
PEG
MC
TA

800 mg/L
2000 mg/L
2000 mg/L
1200 mg/L

N/A
√ √ √

N/A N/A N/A [53]

Reverse

Diisooctyl
Azelate 600 g/t 10

√ √
2.0–3.4 52.0 99.0 [50]

LA
DIB

0–500 g/t
0–1500 g/t 2

√ √
2.0–3.4 – – [51]

LA 25–55 g/t 5
√ √

2.0–3.4 99.4 90.1 [54]
Triton

XL-100N
DIB

1000 g/t
1000 g/t 3

√ √
2.0–3.4 86.4 100.0 [55]

LS
TA
MC

Triton
X-100

N/A 10
√ √ √ √ √ √

<5 98.7 98.9 [56]

TA 0–10 mg/L 5
√ √ √ √

1.0–5.6 95.8 94.4 [57]
Saponin

SL
10–30 mg/L

100–300 mg/L 5
√ √ √ √

N/A 95.7 72.8 [58]

CaCl2 30% 4
√ √ √ √

2.0–5.0 N/A 99.8 [59]

Note: “
√

“ means “included in the experiments”, “blank” means “not included in the experiments”, “N/A”
means “not available”, and “Others” means “Other plastics including PP, PE, PA, PMMA, and PTFE”.

In direct flotation in which PVC is recovered as a froth product, many reagents such as
tannic acid (TA), polyethylene glycol (PEG), polyvinyl alcohol (PVA), methyl cellulose (MC),
lignin alkali (LA), and gelatin have been used as wetting agents. Without the use of these
reagents, PVC, PET, and PS simply sink to the bottom due to their higher density compared
with the surrounding liquid media. The concentration of TA up to 1200 mg/L, for example,
significantly affected the wettability of PVC, achieving 100% recovery by flotation [53].
Due to the presence of chlorine in the PVC structure, it facilitates the molecular absorption
of TA on the PVC surface because chlorine possesses the highest electron affinity and the
third-highest electronegativity among chemical elements. Other reagents such as PEG, PVA,
and MC are also adsorbed on PVCs, but they exhibit less intensification of hydrophobicity
compared to TA. Binary mixtures of chemical agents including PVA-PEG, PVA-MC, TA-MC,
TA-PVA, PEG-MC, and TA-PEG have been investigated, resulting in a PVC floatability of
0%, 35%, 40%, 50%, 75%, and 85%, respectively [44]. The highest recovery of PVC from
plastic mixtures (PET, PS, and PVC) is achieved using TA-PEG due to the more hydrophobic
surface of PVCs after wetting-agent adsorption [53]. Additional research conducted by
Yenial et al. [52] examined two other chemical reagents—lignin alkali and gelatin—and
reported that both wetting agents affected PVC separation from PET/PVC mixtures. Both
of these compounds are anionic substances, causing the surface of PET to become more
hydrophilic, depressing PET particles and allowing PVC to float naturally.

In reverse flotation, PVC is recovered in the tail product by depressing PVC plastics
using chemical reagents. Altering the wettability and contact angle of the plastic surface
influences its floatability behavior. Guney et al. [51] investigated PET/PVC separation using
LA and diethyelene glycol dibenzoate (DIB) as chemical agents, both of which increased
the hydrophobicity of PET and reduced the hydrophobicity of PVC. These findings are
consistent with the study of Yuce et al. [55], who also examined PET/PVC separation using
LA. The concentration of LA was highlighted by these previous works as a critical factor in
depressing PVC particles; that is, increasing the concentration of wetting reagent leads to a
higher PVC content in the tail/sink product [55].

Contact angle is another important factor influencing the separation process during
flotation. The addition of LA reduces the contact angle of PVC as the concentration
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increases. Experimental results have shown a reduction in the contact angle from 79◦ to
73◦, indicating the increased wettability of PVC [51]. A high dosage of TA also resulted in
contact angle reduction as depicted in Figure 7. However, it is unnecessary to reduce the
contact angle of PVC to zero, as the contact angle of PVC is 49◦, which leads to a nearly
100% depression rate [57]. Saponin and sodium lignosulfonate (SL) also influenced PVC
flotation by reducing the contact angle [58].
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Furthermore, PVC can be depressed due to its higher density compared to other
plastics, allowing the other plastics to float. CaCl2 solution is utilized as a wetting agent for
PVC separation from ABS, PC, and PA. Increasing the concentration of CaCl2 enhanced the
purity of separated PVC. However, a 30% CaCl2 solution reduced the recovery potential of
PVC, likely due to the similar densities of the solution and PVC [59].

8.2. Flotation without Surfactants
8.2.1. Pretreatment Using Reagents

The similar surface hydrophobicity of PVC with other plastics makes it impossible to
freely isolate from plastics mixtures by flotation without surface modifiers. Hence, surface
treatment with chemical reagents is required to increase the difference in surface wetta-
bility of PVC with other plastics. According to recent studies, many reagents have been
investigated as summarized in Table 4. Direct flotation, whereby PVC is reported as a froth
product, has been applied using various reagents for surface oxidation such as chlorine diox-
ide (ClO2) [60], potassium ferrate (K2FeO4) [61], potassium permanganate (KMnO4) [62,63],
sodium persulfate (Na2S2O8) [64,65], ammonium persulfate ((NH4)2S2O8) [66], and combi-
nations of potassium hydroxide and ethylene glycol (KOH and (CH2OH)2) [67], as well
as sodium hydroxide (NaOH) [68–72] for surface hydrolysis. These reagents enhanced
the hydrophilicity of other plastics, while the hydrophobicity of PVC was unaffected. The
contact angle of PVC after treatment was stable when these reagents were used, but those
of other plastics such as PET, PC, PS, ABS, and PMMA significantly decreased, resulting in
the decrease in the floatability of these plastics and their separation from PVC (Figure 8).
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oxidation 
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K2FeO4 0.18 M/L 75.0 11.5 √    √  3.0–4.0 98.4 98.4 [61] 

KMnO4 5 mM/L 60.0 10.0 √   √  √ 2.0–3.2 98.4 98.7 [62] 

KMnO4 2 mM/L N/A 1.0 √   √  √ 3.2–4.0 95.0 98.6 [63] 

Na2S2O8 0.1 M/L 70.0 30.0 √  √ √   0.9–4.0 99.8 100.0 [64] 

Na2S2O8 0.1 M 20–70 10 √    √  2.0–4.0 99.7 100 [65] 

(NH4)2S2O8 0.2 M 70.0 30.0 √  √ √ √  3.0–4.0 100.0 99.7 [66] 

KOH and 

(CH2OH)2 

2 g (KOH) and 

10 mL 

(CH2OH)2 

25.0 5.0 √ √  √ √  3.0–4.0 N/A N/A [67] 

Surface  

hydrolysis 

NaOH 10% 70.0 20.0 √ √     2.0–4.0 94.6 94.9 [68] 

NaOH 40 g/l 90 20 √ √ √    2.0–4.0 N/A 95.9 [69] 

NaOH 1 M N/A 10 √ √     2.0–3.4 N/A N/A [70] 

NaOH N/A 60 20 √ √     5.0 N/A 100 [71] 

NaOH 10% 70 20 √ √     0.9–3.2 98.22 93.98 [72] 

Reverse  

Surface  

oxidation 

KMnO4 1.25 mM/L 60.0 50.0 √ √     0.9–4.0 99 99.7 [73] 

KMnO4 4.6 mM/L 66.5 38.0 √ √     2.5–3.2 96.6 97.9 [74] 

Surface  

coating 

CaCO3  0.11 g 50.6 20.0 √ √     2.0–4.0 100.0 99.0 [75] 

H2O2  3% 30.0 30.0 √ √     5.0 99.8 100.0 [76] 

H2O2  3% 30.0 30.0 √ √  √ √  5.0 99.5 100.0 [77] 

AlCl3 0.2 M 25.0 1.7 √   √   1.0–2.0 100.0 99.7 [78] 

Ca/CaO 5% N/A 30 √ √  √ √ √ 5.0 96.4 100 [79] 

Fe/Ca/CaO 0.5% 25.0 N/A √ √  √ √ √ 5.0 99 100 [80] 

Direct  

and re-

verse 

Surface  

oxidation 
Ca(ClO)2 0.2–0.5 g/L 70.0 30–50 √ √ √ √ √ √ 2.0–2.5 73.0 99.6 [81] 
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Aside from increasing the surface wettability of other plastics, reverse flotation has
also been utilized when the PVC surface is more sensitive during surface treatment than
other plastics. During flotation, PVC particles remain in the flotation cell and are reported
in the sink product. Table 4 summarizes the recent studies on the reverse flotation of PVC
and the use of wetting agents and surface modifiers, including KMnO4 [73,74], CaCO3 [75],
H2O2 [76,77], AlCl3 [78], and Ca(ClO)2 [79]. These previous works reported that these
reagents render the PVC surface more hydrophilic compared with other plastic surfaces.
As illustrated in Figure 8, these wetting agents directly decreased the contact angle of PVC
by approximately 15.7–24.4◦, while those of other plastics like PC, ABS, and PET only
had minor changes. It is also interesting to note that the dechlorination of PVC surfaces
induced by KMnO4, CaCO3, H2O2, and AlCl3 was the primary mechanism responsible for
the decrease in the hydrophobicity of PVC.

8.2.2. Pretreatment with Fenton Reaction

According to recent studies on plastics flotation, the utilization of the Fenton reaction
is an emerging and promising pretreatment method for enhancing the efficiency of plastics
flotation. Through an extensive analysis of the available literature, this section reviews
the contributions made by various researchers, with particular emphasis on the works of
Wang and Wang [82], Wang et al. [83], and Zhang et al. [84]. The Fenton reaction, which
involves the generation of hydroxyl radicals (–OH) through the reaction between hydrogen
peroxide (H2O2) and ferrous ions (Fe2+), has been employed to improve the flotation
efficiency of PVC in the presence of other plastics, such as PS, PC, and ABS. Experimental
observations indicate that the Fenton treatment significantly reduced the hydrophobicity
of PS, PC, and ABS, while no discernible change was observed on the surface of PVC.
Wang and Wang [82] conducted experiments wherein PVC, PC, and PS were subjected
to the Fenton reaction prior to flotation and found that the optimal treatment conditions
consisted of (i) a molar ratio of H2O2/Fe2+ of 7500:1, (ii) a H2O2 concentration of 0.2 M,
and (iii) a treatment time and temperature of 2 min and 25 ◦C, respectively. Moreover,
Zhang et al. [84] expanded the scope of the study of Wang and Wang [82] by incorporating
the use of green-synthesized nanoscale zero valent iron (GnZVI) for the Fenton reaction.
These authors revealed that a lower molar ratio of H2O2/Fe0, specifically 40:1, could be
employed with a high performance and speculated that a reduced reagent dosage may
be utilized in the Fenton treatment to render the PS surface hydrophilic. Meanwhile,
Wang et al. [83] explored the separation of PVC and ABS through Fenton pretreatment
and flotation, and demonstrated that a H2O2/Fe2+ molar ratio of 10,000:1 improved the
selectivity and separation efficiency of PVC and ABS, resulting in a high recovery (100%)
and purity (>99%) of PVC.

204



Sustainability 2023, 15, 13842

In terms of understanding the underlying mechanism of this treatment, previous
works noted that the application of the Fenton reaction introduced hydrophilic functional
groups (such as C–O–H and O=C–O) to the surfaces of PC, PS, and ABS, thereby render-
ing these plastics more hydrophilic and reducing their ability to float. In contrast, the
hydrophobic nature of PVC remained largely unaffected following the Fenton treatment, a
selective surface reaction that specifically enhanced the flotation efficiency of PVC.

8.2.3. Pretreatment with Thermal heat Treatment (Mild Heat and Microwave)

Thermal heat treatment has emerged as an environmentally friendly pretreatment
technique for PVC recycling by enhancing the surface hydrophilicity of PVC. Previous
studies have reported that mild heat or microwave pretreatment can generate reactive
species, including free radicals, by disrupting chemical bonds within the polymer struc-
ture [49,85]. These reactive species have the potential to modify the surface chemistry of
plastics [85]. Several investigations conducted by Truc and Lee [49], as well as Mallampati
et al. [86], explored the impacts of microwave treatment on the contact angle of various
plastics, such as PVC, PC, PS, ABS, and PMMA. The results of these previous works re-
vealed a significant reduction in the contact angle of these plastics following pretreatment,
particularly for PVC. Moreover, a combination of powder-activated carbon (PAC) coating
and microwave treatment further decreased the contact angle of PVC [49,86]. Specifically,
the contact angle of PVC decreased by approximately 17◦, while the contact angle of other
plastics remained relatively unchanged. This combined treatment involving PAC coating
and microwave treatment holds promise in selectively depressing PVC particles while
allowing other plastics to float during froth flotation. The optimal treatment conditions for
this technique involved microwave treatment for 0.5–1 min at a power of 1120 Watts and a
frequency of 2450 MHz. The optimized froth flotation process, based on these treatment
conditions, achieved PVC recovery rates of 90–100% with a purity ranging from 82% to
100% when separating PVC from plastic mixtures. These findings offer valuable insights for
the development of efficient strategies in the separation and recycling of PVC from mixed
plastics. Furthermore, the proposed approach exhibited a great potential in advancing
the sustainable management of plastic waste and fostering a circular economy within the
plastics industry. Future research should focus on scaling up the process and optimizing
treatment conditions for practical implementation in industrial settings.

8.2.4. Pretreatment with Corona Discharge

Corona discharge is one of the techniques for localized hydrophilization, which utilizes
a high-voltage electric field to generate a localized plasma on the plastic surface. The
corona discharge treatment leads to the formation of highly reactive species, such as
oxygen radicals, which induce chemical reactions on the plastic surface. These reactions
modify the plastic surface, leading to increased hydrophilicity and surface energy. The
enhanced surface properties enable better wetting and the adhesion of flotation agents,
improving the efficiency of plastics flotation. Numerous studies have investigated the
application of corona discharge pretreatment in separating PVC from other plastics [87].
For instance, Zhao et al. [87] examined the impact of corona discharge pretreatment on the
surface properties of PVC and HDPE. They found that a corona discharge activating energy
of 12.0 kJ/m2 significantly increased the hydrophilicity of HDPE, while causing a slight
decrease in the hydrophobicity of PVC. This modification resulted in an improved difference
in contact angle between the two plastics, ultimately enhancing the flotation efficiency
of PVC. The study achieved an impressive 88.1% recovery with 94.2% purity for PVC,
with the contact angle of HDPE decreasing to 63.5◦ (a decrease of 32◦ from the untreated
surface), while the contact angle of PVC was maintained at 87.5◦ (a decrease of 2.7◦ from the
untreated surface). Furthermore, when the activating energy was increased to 15.0 kJ/m2,
the hydrophobicity of PVC was significantly reduced [87]. Similarly, Zhao et al. [88]
investigated the use of corona discharge pretreatment for PVC and PET before flotation.
The results demonstrated that corona discharge treatment effectively modified the surface
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properties of PVC, leading to a substantial decrease in its contact angle from 90.2◦ to 70.1◦.
However, the impact on PET was found to be insignificant and only a slight decrease in its
contact angle was observed. An additional advantage of corona discharge pretreatment
is its dry operation and environmentally friendly nature. Unlike other methods that may
involve the use of chemicals or solvents, corona discharge pretreatment relies solely on
electricity to induce surface changes. This aspect makes corona discharge an appealing
option for large-scale applications in plastic-recycling facilities.

9. Density-Surface-Based Separation

Recently, the techniques of gravity separation and flotation were combined as density-
surface-based separation, which was applied for plastic separation including PVC.

One approach for the separation of PVC from other plastics involves the combination of
elutriation and flotation, exploiting settling characteristics and differential hydrophobicity,
respectively [89]. Researchers have successfully employed the elutriation principle in a
teeter bed separator to achieve the density-based concentration of plastics [89]. The method
utilizes surface active reagents, such as TA and KMnO4, to modify the floatability of plastics
and enhance selectivity during separation [89]. By integrating crossflow separation with
froth flotation, a novel process flowsheet was developed, demonstrating a high efficiency
and selectivity in the recovery of different plastics [89]. Notably, HDPE and PVC were
recovered at high rates, showcasing the effectiveness of the approach [89].

Another promising technique in the separation of PVC from other plastics is the
hybrid jig, which combines the principles of jig separation and flotation [90,91]. A two-
step approach involving a pre-wetting step with a solution containing the wetting agent
(AOT) and subsequent hybrid jig separation in water was proposed to separate PVC
from PA [90]. To further optimize the hybrid jig separation process, the estimation of
critical parameters such as the apparent specific gravity (SGapparent) and attached-bubble
volume on plastic particles during water pulsation have been investigated [91]. By utilizing
this measurement method, researchers conducted hybrid jig separation experiments on
various plastic mixtures including PET and PVC with similar specific gravities [91]. The
results demonstrated that SGapparent and a newly proposed index called the apparent
concentration criterion (CCapparent) could be used to estimate the separation efficiency of
the hybrid jig [91].

10. Conclusions

In this paper, research works between 2012 and 2021 related to the separation of
PVC from other materials were systematically reviewed using the PRISMA guidelines.
The findings revealed that most studies employed flotation techniques and the surface
modification of plastics to facilitate the separation of PVC from other plastics. These
techniques demonstrated impressive results, achieving PVC recovery rates of 82% to
100%, purity levels ranging from 94% to 100%, and efficacy within a specific size range of
1.0–5.6 mm. In comparison, electrical separation presented a broader operational window,
catering to a size spectrum of 0.01–5.0 mm. Notably, this method excelled particularly when
PVC was intermixed with other waste materials, especially those containing metals. The
electrical separation approach has shown remarkable success in achieving high recovery
and purity levels in such complex waste streams.

Flotation has emerged as a widely investigated method for PVC separation, driven by
the inherently hydrophobic nature of plastics and its compatibility with plastic separation
from various materials. Recent studies highlighted that flotation could achieve significant
PVC recovery rates ranging from 57% to 100%, achieving purity levels of 52% to 99%,
all without necessitating the use of surfactants. Previous works have also explored the
modification of plastic surfaces using an array of surfactants, such as ClO2, K2FeO4, NaOH,
KMnO4, Na2S2O8, (NH4)2S2O8, KOH, (CH2OH)2, CaCO3, H2O2, AlCl3, and Ca(ClO)2, and
found that this approach was effective in enhancing PVC separation by amplifying the
differences in hydrophobicity among plastics during flotation. Notably, both direct and
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reverse flotation methodologies have shown promise in recent investigations, achieving
impressive PVC recovery rates of 94% to 100% alongside purity levels ranging from 73%
to 100%.

A cutting-edge magnetic separation technique known as magnetic projection has
emerged as a recent innovation for isolating PVC from a range of mixed plastics. This
method achieved an impressive PVC recovery rate of 96% when dealing with a mixture
comprising of PP, ABS, PC, PLA, and PET. Furthermore, the refinement of plastic sorting
methodologies was evident in the widespread development of electromagnetic wave
sorting. This technique significantly enhanced the precision of plastic separation. Within
the scope of this systematic review, it is worth noting that both LIBS and NIR techniques
have demonstrated remarkable accuracy in plastic sorting. Specifically, these techniques
achieved a 100% accuracy rate when applied to mixed plastics containing ABS, PA, PMMA,
PP, PS, PET, and PE. In addition, recent advancements in the field with more sophisticated
technologies such as density-surface-based separation have been introduced.

The emergence of the UN-SDGs is expected to catalyze further research endeavors
aimed at mitigating environmental impacts and promoting resource conservation across
the entire life cycle of materials and products. Recycling, recognized as a pivotal approach
towards achieving sustainability, offers the dual benefit of reducing environmental burdens
and decreasing reliance on finite natural resources. By continually improving the separation
processes and exploring innovative recycling techniques, we can make significant strides
in addressing the challenges associated with PVC separation and contribute to a more
sustainable future.
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Abstract: Fatty acids in wastewater contribute to high chemical oxygen demand. The use of cellulose
nanofiber (CNF) to adsorb the fatty acids is limited by its strong internal hydrogen bonding. This
study aims to functionalize CNF with β-cyclodextrin (β-CD) and elucidate the adsorption behaviour
which is yet to be explored. β-CD functionalized CNF (CNF/β-CD) was achieved by crosslinking
of β-CD and citric acid. Functionalization using 7% (w/v) β-CD and 8% (w/v) citric acid enhanced
mechanical properties by increasing its thermal decomposition. CNF/β-CD was more efficient in
removing palmitic acid, showcased by double adsorption capacity of CNF/β-CD (33.14% removal)
compared to CNF (15.62% removal). CNF/β-CD maintained its adsorption performance after five
cycles compared to CNF, which reduced significantly after two cycles. At 25 ◦C, the adsorption
reached equilibrium after 60 min, following a pseudo-second-order kinetic model. The intraparticle
diffusion model suggested chemical adsorption and intraparticle interaction as the controlling steps in
the adsorption process. The maximum adsorption capacity was 8349.23 mg g−1 and 10485.38 mg g−1

according to the Sips and Langmuir isotherm model, respectively. The adsorption was described as
monolayer and endothermic, and it involved both a physisorption and chemisorption process. This
is the first study to describe the adsorption behaviour of palmitic acid onto CNF/β-CD.

Keywords: electrospinning; adsorption kinetics; adsorption isotherms; β-cyclodextrin; oily wastewater

1. Introduction

Oily wastewater is not a new issue when it comes to water pollution. A large amount of
oily wastewater effluents was discharged into rivers by industries such as oil and gas, textile,
food, and petrochemical processing. The discharge of oily effluent into the sea or river will
have a negative influence on the ecosystem and living beings. A presence of oil in emulsified
form in the oily wastewater is extremely challenging to remove from the aqueous media [1].
A droplet size smaller than 20 µm is a stable emulsion in the emulsified oily wastewater. The
effective separation of the emulsified oily wastewater is one of the most challenging issues
in the field of wastewater treatment because of its stable dynamic structure and nonuniform
small droplet size [2]. The difficulty of treating the oily wastewater lies in the existence
of the stable oil-in-water emulsions. The traditional treatment methods were rendered by
the presence of the stable oil-in-water emulsions [3]. Nanofibrous materials hold excellent
potential for various environmental applications, including in the treatment of wastewater,
due to its high porosity, bigger surface area, and better connectivity [4]. Various types
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of materials can be used, like polymer, ceramic and carbon, thus making the scalable
synthesis of it much easier. Cellulose is inexpensive and comes as the most abundant
natural bio polymer to be considered in developing a cost-effective wastewater treatment
technology [5]. In addition to the expansion of nanotechnology for fabricating polymer-
based materials, cellulose nanofiber (CNF) produced by an electrospinning technique seems
to be a promising method for use in wastewater treatment. The key success of nanofibrous
materials was due to its voids among fibers, which led to a better selectivity. Nanofibrous
materials were said to have higher sorption capacity compared to non-nanofibrous or
non-porous materials. However, the high hydrophilicity of this material [6] has become
one of the main drawbacks; therefore, its surface needs to be modified in order to expand
the application of CNF.

Cyclodextrins (CD) are a group of cyclic oligomers composed of α- (1,4) linked glu-
copyranose subunits having a 3D structure that looks like a cup or a shallow, truncated
cone with a hydrophobic core and hydrophilic exterior. The capability of the CDs to act as
hosts for guests in forming noncovalent host-guest inclusion complexes has made them
an attractive compound [7]. α- cyclodextrin (α- CD), β- cyclodextrin (β-CD) and γ- cy-
clodextrin (γ- CD) are the most common native CDs and are differentiated by the number
of glucose units. On the other hand, β-CD is a type of CD that has many advantages as
it is cheap and accessible, and is thus the most studied CD [8]. Inclusion complexes, or
host-guest complexes between CDs and other molecules or pollutants, are stabilized by
weak forces, which implies an equilibrium between free and complex species [9]. However,
CDs are soluble in water; therefore, it cannot be directly applied in water for adsorption
of pollutants. In order to improve its performance, several works had been done on the
immobilization of CDs on a good, insoluble support including nanopolymers. Surface
functionalization of nanofibers with CD would be interesting for designing an efficient
filtering material. β-CD functionalized nanofibers produced via electrospinning has drawn
a positive result in improving the adsorption and separation of various types of pollutants
from aqueous solution including dyes, polycyclic aromatic hydrocarbon (PAH), heavy
metals, oil and others [10]. However, to the best of our knowledge, the study on β-CD
functionalized CNF for removal of fatty acids has not been previously performed. Palmitic
is one of the long chain fatty acids (LCFAs) found in high concentration in the palm oil mill
effluent that is recalcitrant to biodegradation [11]. It was also a major fatty acid found in
industrial dairy wastewater (65%) [12]. LCFAs at concentrations higher than 0.5 mM could
potentially inhibit in anaerobic digester of wastewater treatment [13] and at concentrations
above 16 mM was shown to cause a lag in methane production [14]. Therefore, there is an
urgency in removing LCFAs from the wastewater.

In this study, the surface modification of CNF with β-CD (CNF/β-CD) was achieved
by a polymerization reaction between β-CD and citric acid as crosslinking agent. Dif-
ferent concentrations of β-CD and citric acid were used in order to optimize the factors
affecting functionalization process. The morphological, surface and thermal decompo-
sition properties of CNF/β-CD were characterized. The adsorption performance of the
CNF/β-CD was investigated by removal of a model fatty acid (palmitic acid) from aqueous
solution. The adsorption kinetics and isotherms were elucidated to precisely describe the
adsorption behaviour.

2. Materials and Methods

The materials and methodology for the study are described in the following sub-
section. All chemicals and materials were used without further purifcation.

2.1. Materials

Cellulose acetate powder (average Mn ~30,000 by GPC), β-cyclodextrin (≥97% Sigma-
Aldrich, Missouri, United States), citric acid, sodium hydrophosphite hydrate (SHPI),
acetone, dimethylacetamide (DMAc), palmitic acid powder, 1-propanol (99% of purity).
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2.2. Synthesis of CNF by Electrospinning Process

First, cellulose acetate powder was used as the polymer to form nanofibers that was
then functionalized with β-CD. The optimum parameters used were based on the method
adapted from Liu and Hsieh [15]. Cellulose acetate solution with concentration of 15% (w/v)
was prepared in acetone: dimethylacetamide mixtures (2:1). Next, the electrospinning was
carried out in which 8 mL of cellulose acetate solution was placed into a syringe fitted with
a metallic needle having an inner diameter of 0.8 mm, and the syringe was horizontally
placed at the syringe pump. The flow rate of polymer solution during electrospinning
process was set at 1 mL h−1 with 15 cm distance between needle tip and metal collector
covered with a piece of aluminium foil. The voltage was set at 15 kV throughout the
process, and it was carried out at room temperature in an enclosed Plexiglas box.

2.3. Functionalization of Cellulose Nanofiber with β-cyclodextrin

For functionalization of CNF with β-CD, different concentration of β-CD solutions
(5%, 6%, 7%, 8%, 9% and 10% w/v) were prepared in 50 mL aqueous solution at 50 ◦C.
Then, different concentrations of citric acid (5%, 6%, 7%, 8%, 9% and 10% w/v) and 1.25%
w/v of sodium hydrophosphite hydrate (SHPI) that act as a catalyst were added to each
β-CD solutions separately and stirred continuously using a magnetic stirrer with mixing
speed of 150 rpm for about 30 min at 50 ◦C. After all reactants were completely dissolved
in aqueous solution, a rectangular shaped 4 cm × 4 cm of CNF (weighed about 0.05 g) was
immersed into each different mixture of β-CD solutions and kept at 50 ◦C for a duration of
3 h. Then, the β-CD functionalized cellulose nanofibers (CNF/β-CD) were dried at 70 ◦C
for 3 h in order to ensure the crosslinking of β-CD with cellulose nanofibers. The dried
CNF/β-CD mats were washed two times with 40 ◦C warm water for removal of unreacted
β-CD and citric acid. Lastly, all of the mats were dried again at 70 ◦C for 3 h or until they
achieved constant weight.

2.4. Morphological, Surface and Thermal Characterization of Nanofibers

Scanning electron microscope (SEM) was performed by using Hitachi TM3000 SEM
to check the changes that occurred on the morphology and fiber diameter of CNF and
CNF/β-CD mats. The CNF and CNF/β-CD mats were coated with 5 nm Au/Pd prior to
SEM analysis, and each of the samples was captured at magnifications (×10,000) randomly
at any spot to examine the average fiber diameter (AFD) of the nanofibers. It was very vital
to ensure that the modification performed during crosslinking process did not deform the
original structure of cellulose nanofibers.

Next, the surface chemical characterization was carried out by using Fourier transform
infrared spectroscopy (FTIR) for both CNF and CNF/β-CD. Dried CNF and CNF/β-CD
samples were pressed into thin transparent films. FTIR analysis was carried out by using a
Shimadzu IRTracer- 100 (ATC) (Shimadzu Scientific Instruments, Maryland, United States)
to observe changes of the functional groups on the surface of CNF/β-CD. Each spectrum
was obtained with a wavelength in the range of 400 cm−1 and 4000 cm−1.

The thermogravimetric analyzer (TGA) was used to investigate the thermal characteri-
zation. CNF and CNF/β-CD were analysed by using Shimadzu TGA-50 equipment under
a itrogen (N2) atmosphere with a purge rate of 100 mL min−1 with temperatures ranging
from 50 ◦C to 900 ◦C at a heating rate of 10 ◦C min−1. Samples of 6–8 mg were used for
each test. This TGA analysis was applied for CNF and CNF/β-CD in order to study the
effect of functionalization of CNF with β-CD on the thermal stability.

2.5. Adsorption of Palmitic Acid
2.5.1. Comparison of Palmitic Acid Adsorption onto CNF and CNF/β-CD

The performance of the CNF and CNF/β-CD mats as adsorbent for palmitic acid was
tested. Identical square-shaped CNF and CNF/β-CD mats weighing 0.1 g were immersed
individually into 30 mL of palmitic acid solution with a concentration of 70,000 ppm in
order to study the adsorption performance. The reduction of palmitic acid concentration
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was checked at different contact times (15 min, 30 min, 60 min, 90 min and 120 min), and
the percentage of removal was calculated.

Reusability of the CNF and CNF/β-CD were also investigated. After immersing
the CNFs in the palmitic acid solution for the first time, it was then washed with 50 mL
1-propanol at 50 ◦C for 3 h in a thermostatic water bath shaking incubator and dried in
a vacuum oven at 70 ◦C for 3 h or until it was completely dried. These washing steps
were repeated for two times in order to ensure the previous palmitic acid captured was
totally detached from the CNF and CNF/β-CD. Next, the CNFs were immersed again
in the 30 mL, 70,000 ppm palmitic acid solution, and the reduction of the palmitic acid
concentration was monitored for 2 h. The changes on the adsorption performance for each
cycle was recorded. The reusability study was continuously carried out until both CNFs
show a significant drop in adsorption performance.

2.5.2. Adsorption Kinetics

The 5% (w/v) palmitic acid solution was prepared by dissolving 5 g of palmitic acid
powder into 100 mL 1-propanol (99% of purity). The mixture was then continuously stirred
by using a magnetic stirrer with 150 rpm at room temperature for about 30 min to have a
well-mixed solution. Identical square-shaped CNF and CNF/β-CD mats weighing 0.1 g
were immersed individually into 30 mL of palmitic acid solution with a concentration of
70,000 ppm at room temperature (25 ◦C). The reduction of palmitic acid concentration
was checked at different contact time (15 min, 30 min, 60 min, 90 min and 120 min). The
percentage removal efficiency and adsorption capacity (qe) of pollutant by the adsorbent
were calculated as described in Equation (1) and (2).

Removal efficiency (%) =
C0 − Ct

C0
×100 (1)

qe (mg/g) =
(C0 − Ct)×V

W
(2)

where C0 (mg L−1) is the concentration of pollutants at initial, Ct (mg L−1) is the concentra-
tion of pollutants at certain time, W (g) is the weight of the adsorbent and V (L) is volume
of the testing solution.

The kinetic behavior of the adsorption process was investigated by nonlinear data
fitting into the pseudo-first-order model [16], pseudo-second-order model [17] and Elovich
model [18] as in Equation (3)–(5) respectively.

qt = qe

(
1 − e−k1t

)
(3)

qt =
t

t
qe

+ 1
k2qe

2

(4)

qt =
1

β ln(α β t + 1)
(5)

where qt and qe (mg g−1) represent the adsorption capacity at certain time and equilibrium
time respectively, while k1 (min−1) and k2 (g mg−1 min−1) are the pseudo-first-order
model rate constant and pseudo-second-order model rate constant respectively. For the
Elovich model, α is the initial adsorption rate (mg g−1 min−1), and β is a desorption
constant. Adsorption diffusion was investigated by using Weber–Morris intraparticle
diffusion model [19] as shown in Equation (6).

qt = kidt1/2 + C (6)

where kid is the intraparticle diffusion rate constant and C is the boundary effect.
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2.5.3. Adsorption Isotherms and Thermodynamic

CNF/β-CD weighing 0.1 g was immersed in various concentrations of palmitic acid so-
lutions (10,000, 30,000, 50,000, 70,000 and 90,000 mg L−1)for 60 min. The final concentration
of palmitic acid in the solutions was measured. Adsorption isotherm was investigated using
non-linear data fitting into Langmuir [20], Freundlich [21], Sips [22] and Temkin [23] isotherm
models, where the equation for the models are shown in Equations (7)–(10) respectively.

qe = qmax
KLCe

1 + KLCe
(7)

qe = KFCe
1/nF (8)

qe =
qm(KsCe)

ns

1 + (KsCe)
ns (9)

qe = bTln(AKTCe
)

(10)

where qe (mg g−1) is the amount of fatty acids adsorbed, qm (mg g−1) is the maximum
adsorption, KL (L mg−1) is the Langmuir coefficient, Ce (mg L−1) is the equilibrium concen-
tration of fatty acids, KF and nF are the Freundlich constants, Ks (mg−1) and ns is the Sips
equilibrium constants, bT (J mol−1) is heat of adsorption and KT (L mg−1) is the equilibrium
binding constant. Dimensionless constant separation factor, RL for Langmuir isotherm
model was calculated using Equation (11) [24].

RL =
1

1 + KLC0
(11)

where KL (L mg−1) is the Langmuir coefficient and C0 (mg L−1) is the initial concentration.
The Gibbs free energy of the adsorption was calculated using Equation (12) [25] to measure
the spontaneity of the process.

∆Go = −RTlnKL (12)

where R is the gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K) and KL is
the Langmuir equilibrium constant (L mg−1).

2.6. Palmitic Acid Quantification Using High Performance Liquid Chromatography

The concentration of palmitic acid in the solution during the time course of the ad-
sorption experiment was measured by using Agilent 1200 Infinity Series high performance
liquid chromatography (HPLC) with C18 column. Acetonitrile and isopropanol (80:20 v/v)
at a flow rate of 1 mL min−1 were used as the mobile phase, and the concentration of
palmitic acid taken at different contact times was monitored by the UV detector at the
wavelength of 210 nm [17]. Each of the samples of palmitic acid solution taken at different
contact times was filtered by using 0.45 µm disposable syringe filter and injected into 1.5 mL
autosampler HPLC vials. As a result, the amount of remaining palmitic acid in each sample
was measured from the area of palmitic acid peak observed in HPLC chromatograms.
Palmitic acid solutions with different concentrations ranging from 0.5% to 5% (w/v) were
prepared to obtain the calibration curve and R2 was calculated as 0.9995.

3. Results and Discussion
3.1. The Synthesis of Beta-Cyclodextrin Functionalized Cellulose Nanofiber

The optimum parameters used to synthesize cellulose nanofiber (CNF) via electro-
spinning process in this study was found to be sufficient to form smooth and continuous
CNF with an average weight of 0.05 g for each 4 cm × 4 cm dimension of the CNF mats.
Acetone and dimethylacetamide (DMAc) with a ratio of 2:1 were used as solvents for
producing 15% (w/v) cellulose acetate polymer. Acetone and DMAc that have solubility
of (9.76 cal cm−3)1/2 and 11.1 (cal cm−3)1/2, respectively, were used as solvents, as they fit
the solubility required to be solvent for cellulose acetate where the Hildebrand solubility
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parameter (δ) should be in a range between 9.5 and 12.5 (cal cm−3)1/2 [15]. Moreover,
the low surface tension offered by acetone (23.7 dyne cm−1) and DMAc (32.4 dyne cm−1)
generated a mixture of these solvents that is suitable and efficient for electrospinning.
Cellulose acetate with concentration range between 12.5 and 20% in 2:1 acetone: DMAc
could form a good fibrous membrane due to high viscosity of the polymer liquids [15]. The
jet produced by high viscosity liquid does not break up but travels as a jet to the grounded
target and thus forms continuous fibers.

3.2. Functionalization of Cellulose Nanofiber with β-Cyclodextrin

Surface modification of the resulted CNF from electrospinning was achieved through
crosslinking reaction between β-CD and citric acid, and no leaching of β-CD was found
when the washing process was carried out. Surface modification of CNF is very essential in
order to synthesize a better nanomaterial adsorbent. Different concentrations of β-CD and
citric acid as crosslinking agents were the parameters studied in this case to synthesize the
best adsorbent for removal of palmitic acid that acts as the model of fatty acids pollutants.
The impregnation of CNF with different concentrations of β-CD (5, 6, 7, 8, 9 and 10% (w/v))
(Figure 1a) while the concentration of citric acid was maintained at 5% (w/v) during the
crosslinking process, influenced the texture, structure and performance of the CNF that
were used as adsorbent for palmitic acid removal. The amount of palmitic acid being
removed increases with increasing concentration of β-CD. This is because larger amount of
β-CD attached on the surface of CNF after the functionalization process will eventually lead
to more binding between β-CD and palmitic acid due to more vacant adsorption sites [26].
The percentage rate of removal of palmitic acid for CNF and CNF/β-CD functionalized
with 7% (w/v) of β-CD concentration were 0.73% min−1 and 1.87% min−1, respectively.
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Figure 1. The effect of (a) β-CD concentration and (b) citric acid concentration on palmitic acid
removal. The error bars represent the standard deviation of triplicate experiments.

Next, an increase in concentration of citric acid (5, 6, 7, 8, 9 and 10% (w/v)) (Figure 1b)
during the crosslinking process was assumed to increase the carboxyl content of the CNF.
Therefore, with a higher concentration of citric acid introduced during the crosslinking
process, more β-CD will be attached to the CNF which acts as molecules that captured
the palmitic acid and hence increase the reduction of palmitic acid concentration from the
aqueous solution. It was found that 8% (w/v) was the optimum citric acid concentration to
crosslink between CNF and 7% (w/v) of β-CD. The highest removal percentage of palmitic
acid concentrations performed by CNF and optimum CNF/β-CD were 16% and 33%,
respectively. Moreover, the concentration of palmitic acid became constant or achieved
equilibrium after 60 min of contact time. Lastly, it could be concluded that a 7% of β-CD
functionalized CNF with a dimension size of 4 cm × 4 cm needs 8% concentration of citric
acid as a crosslinker to achieve the highest removal efficiency of palmitic acid at 60 min
contact time. It clearly shows that the removal of palmitic acid amount from its aqueous
solution was better when CNF/β-CD mats were used.
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3.3. Morphological Characterization of the Nanofibers

Scanning electron microscope (SEM) analysis was performed to investigate the changes
of the morphology of the CNF after the modification was made on its surface with β-CD
during the functionalization process. The images of the morphology and its fiber diameter
are represented as in Figure 2. The surface morphology for CNF and CNF/β-CD were
obviously different, as clearly seen from the SEM images. For the CNF, it has a smooth
and uniform surface structure compared to the CNF/β-CD that appeared rough due to
the functionalized β-CD. Irregularities at certain point of CNF/β-CD were also observed.
Resulting rough surface and irregularities of the nanofibers were also reported for modified
electrospun polyester with CDs [27], cotton fabrics grafted with glycidyl methacrylate/β-
CD [28] and woven PET vascular prosthesis grafted with CD [29]. Therefore, the roughness
and irregularities on the surface of CNF indicated the successful attachment of β-CD
onto CNF.

It is vital to ensure the functionalization process made on CNF did not deform the
fibrous structure of CNF. This study has proven that functionalized CNF with β-CD
maintained the fibrous structure as clearly seen from the SEM images. In addition, CNF
was recorded to have a range of the average fiber diameter from 133 nm to 241 nm, and
this result was supported by a finding from the study of preparation of cellulose- based
nanofibers using electrospinning [30], where the fiber diameter generated from 15kV of
electrospinning condition was between 100 nm to 200 nm. On the other hand, CNF/β-CD
was observed to have larger average fiber diameter ranges from 262 nm to 378 nm. The
increases of fiber diameter for after modification made on CNF was also demonstrated by a
study for modified electrospun polyester with cyclodextrin polymer [27].
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cellulose nanofiber with average fiber diameter of 312 nm.

3.4. Surface Chemical Characterization of Nanofiber

The surface chemical characterization for both types of CNF was performed by using
Fourier-Transform Infrared Spectroscopy (FTIR) to further demonstrate the effect of the
functionalization of CNF with β-CD as depicted in Figure 3. FTIR spectra represented in
Figure 3 proves that changes occurred on the functional groups of the surface of CNF/β-
CD. For the CNF, the absorption band between 3600 and 3000 cm−1 was observed, which
attributed to hydroxyl groups of cellulose [31]. Next, the peak at 1100 cm−1 shown by the
FTIR spectrum of CNF corresponds to C-C or C=C bonds. In comparison, CNF/β-CD was
observed to have high intensity peak at 1740 cm−1 which may be due to the formation
of carbonyl group (C=O) stretching vibration mode of an ester bond between citric acid
with CNF and β-CD. The resulting adsorption band of carbonyl group confirmed the
chemical linkages between CNF and citric acid via ester bonds [32]. On the other hand,
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the intensity of O-H peak at 3100–3550 cm−1 was slightly decreased for CNF/β-CD due
to the consumption of cellulose hydroxyl groups in the crosslinking reaction. The result
based on this FTIR spectrum clearly indicates the effective crosslinking of citric acid with
β-CD and CNF. Similar results were also reported by other studies including cyclodextrin
functionalized cellulose nanofiber composites [33] as well as cellulose fiber synthesis via
electrospinning and crosslinking with β-cyclodextrin [34].
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3.5. Thermal Characterization of the Nanofibers

Thermogravimetric analyser (TGA) is used to study the thermal decomposition char-
acteristics of the CNF and CNF/β-CD. The TGA thermograms and derivative TGA ther-
mograms of CNF and CNF/β-CD are shown in Figure 4. It clearly shows that the main
degradation of CNF occurred between 275 ◦C and 375 ◦C. For the CNF/β-CD, two major
weight losses were drawn between 50–250 ◦C and 300–375 ◦C, which corresponded to
main thermal degradation of β-CD and CNF. The first weight loss was attributed by the
decomposition of citric acid and β-CD, which have melting points of 153 ◦C and 290 ◦C,
respectively. By analysing the derivative weight percentage loss, it was recorded that
the peak point of CNF at 370 ◦C shifted slightly to a higher temperature of 390 ◦C for
CNF/β-CD. This slightly increased temperature of the peak points for CNF/β-CD was due
to higher energy required for decomposition of the modified cellulose nanofiber that has a
crosslinked structure. Increased 20 ◦C onset degradation temperature of CNF/β-CD com-
pared to unmodified CNF suggested the successful modifications of the CNF. The result on
increased thermal stability was also supported by cyclodextrin inclusion complexes grafted
onto polyamide-6 fabric [35] as well as modification of electrospun polyester nanofibers
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with cyclodextrin [27]. Modification by crosslinking methods involved either cleaving or
attaching the chemical group to alter the features of the original molecule. Citric acid has
been acknowledged as a good crosslinker for cellulose materials for many years and had
drawn several advantages, as it is an inexpensive organic acid [36] and could react with
hydroxyl groups of starch molecules through the formation of esters due to the presence
of carboxylic groups in its structure [32]. The formation of crosslinks between citric acid
and CNF was due to the esterification reaction. When citric acid is heated at 50 ◦C during
functionalization process, it allows the formation the cyclic anhydride intermediate, as
shown in Figure 5, that play a role as the base mechanism responsible for the development
of crosslinks with β-CD and CNF. Esterification of -OH functional groups of the CNF
with the cyclic anhydride intermediate lead to new carboxylic acid units, and there might
also be involvement of the primary –OH groups of the polysaccharides, as they are more
reactive than the secondary –OH groups in the esterification process [37,38]. The summary
of comparison of CNFs characteristics is shown in Table 1.
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Table 1. Comparison of material characteristics of cellulose nanofiber (CNF) before and after func-
tionalization with β-cyclodextrin (β-CD).

Material Characteristics CNF CNF/β-CD

Physical appearance Smooth surface texture Rough surface texture

Morphology (SEM analysis) Regular and uniform fiber Irregular fiber

Fiber diameter (SEM analysis) 133 nm to 241 nm 262 nm to 378 nm.

Functional groups (FTIR analysis) -OH (3600 and 3000 cm−1)
-C-C or C=C (1100 cm−1)

-OH (3100–3550 cm−1)
-C=O (1740 cm−1)

Thermal decomposition (TGA
analysis) 370 ◦C (cellulose nanofiber)

153 ◦C (citric acid)
290 ◦C (β-cyclodextrin)

390 ◦C (cellulose nanofiber)

3.6. Adsorption Behavior of Palmitic Acid onto CNF/β-CD
3.6.1. Comparison of Adsorption Performance of the CNF and CNF/β-CD

The adsorption capability of CNF and CNF/β-CD was tested using palmitic acid as
a model fatty acid. Figure 6a illustrates the cumulative percentage decreases of palmitic
acid concentration over time when CNF and CNF/β-CD mats have been kept in aqueous
of palmitic acid at room temperature. It clearly shows that the removal of palmitic acid
amount from its aqueous solution by CNF/β-CD mats was about two times better than
that by CNF. The palmitic acid removal increased sharply for the first 15 min to 29.85% for
CNF/β-CD and increased gradually as the time passed. However, the CNF was only able
to remove approximately half the amount of those shown by the CNF/β-CD. The result
obtained from the experiment indicated that the host-guest complexes between β-CD and
palmitic acid was able to improve the adsorption capacity of the nanofiber by two times than
those without the functionalization. The β-CD and palmitic acid complex formed almost
immediately, as there were no significant differences observed on reduction of palmitic acid
between 15 min and other contact times. From surface characterisation, it is noticeable that
CNF have a larger average fiber diameter (AFD) and smaller surface area after modification.
However, the adsorption efficiency was still further improved for modified CNF due to the
β-CD structure onto nanofibers, which plays vital role in molecular capturing of palmitic
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acid through host-guest interaction. When the concentration of β-CD and citric acid were
compared, it showed that 7% (w/v) of β-CD and 8% (w/v) concentration of citric acid as a
crosslinker were the optimum parameters needed for synthesized CNF/β-CD achieving
the highest removal efficiency of palmitic acid at 15 min contact time.
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Figure 6. (a) Comparison between CNF and CNF/β-CD with 7% (w/v) of β-CD and 8% (w/v)
of citric acid crosslinker on the reduction palmitic acid concentration, (b) Reusability analysis of
cellulose nanofiber (CNF) and β-CD functionalized CNF (CNF/β-CD). The statistical significance was
determined using regression data analysis and cellulose nanofibers (CNF) without functionalization
as a control. r(4) = 0.63, * p < 0.2.

Reusability of CNF and CNF/β-CD were tested in a repetitive batch adsorption
process. The results are illustrated in Figure 6b. Based on the presented results, significance
decrease was not observed between the first and second cycle for both CNFs, as there
was only a 5% drop in performance for CNF, while the performance for CNF/β-CD
was maintained. Next, it was clearly seen that CNF recorded a significant drop in its
performance to 47% from first cycle to third cycle. The performance of CNF/β-CD was
maintained until being recycled four times, where there was significance decrease of 18% in
the fifth cycle. Cumulatively, CNF/β-CD exhibited nearly 100% palmitic acid adsorption
after three cycles. Meanwhile, CNF was only able to adsorb 64% of palmitic acid after
five cycles. Therefore, CNF/β-CD showed remarkable adsorption capacity with very
high reusability.

3.6.2. Adsorption Kinetics

The adsorption capacity as a function of contact time corresponding to a pseudo-first-
order kinetic model and a pseudo-second-order kinetic model was studied (Figure 7a).
The data were fitted into the non-linear model equations. According to the fitting results
(Table 2), the R2 value for the pseudo first order kinetic model is 0.6615, and this value
indicated that this adsorption process does not favor this kinetic model. On the other
hand, the pseudo-second-order kinetic model shows a larger R2 value that is equal to
0.8983. Based on the R2 values, the pseudo-second-order kinetic model is more valid and
better describes time-dependent adsorption behavior for this process than the pseudo-
first-order kinetic model. Thus, adsorption of palmitic acid onto CNF/β-CD possibly
occurred via chemical adsorption, also known as chemisorption. The adsorption is carried
out by the surface exchange reactions [39]. Palmitic acid molecules diffuse inside the
CNF/β-CD where inclusion complexes, hydrogen bonds or hydrophobic interactions
could take place. As a whole, this model could strongly describe the adsorption process
that occurred in this case. The similar result on the pseudo-second-order kinetic behaviour
was also reported before for β-CD-epichlorohydrin polymer used for removal of direct blue
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(DB78) dye from wastewater, chemisorption of rhodamine B dye from aqueous solution
through hydroxypropyl-β-CD cavity, as well as water-insoluble β-CD polymer for phenol
uptake [40–42].

Table 2. Kinetics parameters for describing the adsorption of palmitic acid onto functionalized CNF
at room temperature (298 K).

Adsorption Kinetics Models Parameters R2

Pseudo-first-order K1 = 0.1559 min−1

qe = 6940.68 mg g−1 0.6615

Pseudo-second-order K2 = 6.42 × 10−5 g mg−1 min−1

qe = 7181.89 mg g−1 0.8983

Elovich α = 1.0122 × 1010

β = 0.0033 mg g−1 min−1 0.8533

Intra-particle diffusion Kid = 107.04 mg g−1 min1/2

C = 5990.80
0.8365Sustainability 2023, 15, x FOR PEER REVIEW 14 of 19 
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Figure 7. Non-linear fittings of palmitic acid adsorption onto CNF/β-CD with (a) pseudo-first-
order model, pseudo-second-order model and Elovich model. (b) Linear fitting of intra-particle
diffusion model.

The Elovich model (Figure 7a) also produced a good data fitting with R2 value of
0.8533. Several research studies done on adsorption kinetics using the Elovich model
suggested that it describes chemisorption between the adsorbent and adsorbate. For exam-
ple, the adsorption between acetaminophen and chitosan/β-CD composite [43] and the
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adsorption between Fe(II) and activated carbon [44]. Hence, this result further supports the
chemisorption adsorption behavior as suggested by the pseudo-second-order kinetic model,
with an initial adsorption rate of 0.0033 mg g−1 min−1. Adsorption of palmitic acid on
the CNF/β-CD is chemisorption involving the hydrogen bond and host-guest interaction.
This theory is strengthened by other research where the ester forms a hydrogen bond with
hydroxypropyl-β-CD [45] and the removal of organic pollutants by hydroxypropyl-β-CD
occurred through host-guest inclusion complexes [5].

The intra-particle diffusion model was also used to investigate the controlling step
in the adsorption process. As depicted in Figure 7b, there is multilinearity indicating that
there are more than one mass transfer mechanisms in the adsorption process. Furthermore,
the constant C is not zero, indicating there are mass transfer mechanisms other than
intraparticle diffusion. The first mechanism is chemical adsorption where the particle
adsorbs from bulk solution to the β-CD active site surface of the adsorbent, forming the
host-guest interaction. Fast adsorption rates can be observed in this first stage, indicating
a rapid transportation of the adsorbate from the solution to the active site. The second
mechanism indicates the intraparticle interaction where the mass transfer occurred on
the interior sites within the pores of the adsorbent and reached equilibrium, as shown by
the plateau. Pellicer et al. [46] also described the chemical and intraparticle interaction
as controlling steps in the adsorption of Direct Red 83.1 onto CD-based adsorbents. Feng
et al. [47] reported two main stages of liquid film diffusion and intraparticle diffusion in
naproxen adsorption onto β-CD immobilized reduced graphene oxide composite.

3.6.3. Adsorption Isotherms

The isotherms data for palmitic acid adsorption at 25 ◦C were simulated with Lang-
muir, Freundlich, Sips and Temkin isotherm models using nonlinear fitting. The data qe
against Ce for experimental and simulated models are shown in Figure 8. The fitting data
were tabulated in Table 3. Based on the R2 value, Sips isotherm was the best to simulate the
adsorption of palmitic acid onto CNF/β-CD, which proposed a monolayer adsorption pro-
cess. Langmuir isotherms also gave high R2 values that suggested the adsorption process
underwent monolayer adsorption on homogeneous surface. The maximum adsorption
capacity for palmitic acid obtained from Sips and Langmuir models were 8349.23 mg g−1

and 10485.38 mg g−1, respectively. In the research done on adsorption of Cu (II) on β-CD
by Lv et. al. [4], the surface suggested is homogeneous as the R2 value of 0.999, indicating
the experimental data fitted the isotherm best. Furthermore, in the study of adsorption
isotherm between organic pollutant and β-CD done by Chen et. al. [48], the result obtained
is similar to this study with a high R2 value of 0.999 on the Langmuir isotherm.

The separation factor, RL, for the Langmuir isotherm model was greater than zero and
less than one, which indicated a favourable adsorption process. Furthermore, the data fitted
into the Freundlich model with the value of nf ranging between 0 to 10, which also indicates
that the adsorption was favourable [46]. The value of nf (1.9444) obtained in this study was
higher than one which indicates a physical adsorption [48]. The Temkin isotherm produced
heat of adsorption, bT of 2.4 kJ mol−1 (equivalent to 0.57 kcal mol−1). Heat of adsorption
value less than 1 kcal mol−1 indicates a physical adsorption process. In contrast to the
pseudo-second-order kinetic model that proposed a chemisorption process, the Freundlich
and Temkin isotherm models suggest a physisorption process. The best explanation
of this discrepancy probably lies on the adsorption of palmitic acid that involved the
formation of palmitic acid-β-CD complex with host-guest interaction through noncovalent
bonding. While most chemisorption processes were described to involve the formation
of covalent bonds, the host-guest interaction between palmitic acid and β-CD molecules
was associated with the formation of forces weaker than the covalent bond, such as ionic
bonding, hydrogen bonding, van der Waals forces and hydrophobic interactions. Lv
et al. [4] describes the plausible adsorption mechanism of bisphenol pollutants onto β-CD
modified cellulose nanofiber through electrostatic interactions, π-π stacking interactions,
hydrogen bonding, and hydrophobic interaction. Furthermore, the cellulose nanofiber itself
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could possibly adsorb the palmitic acid through physisorption process. Further analysis
is required to reveal the underlying mechanism of interaction for this study. Therefore, it
could be concluded that palmitic acid adsorbs onto the CNF/β-CD via both physisorption
and chemisorption.

Gibbs free energy was calculated to reveal the spontaneity of the adsorption pro-
cess. The Gibbs free energy value was 1.627 kJ mol−1 at 298 K (25◦), suggesting a non-
spontaneous adsorption process. The positive value of Gibbs free energy stipulated an
endothermic process that requires energy input to take place. This is consistent with the
positive value heat of adsorption from the Temkin isotherm model that designated an
endothermic process. The adsorption process is said to be more favorable to occur at a
higher temperature. The positive bT values were also reported previously in the adsorption
between organic pollutants and β-CD polymers [1,48]

Generally, the experimental data fitted all the adsorption isotherms used in this study
as the correlation coefficient obtained were satisfactory. The Sips model best explained the
adsorption behaviour of palmitic acid onto functionalized CNF/β-CD. The Sips isotherm
can describe the adsorption process the best as a monolayer process. However, multilayer
interaction might as well exist as suggested by the Freundlich and Temkin isotherm models.
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Figure 8. Non-linear fittings of palmitic acid adsorption onto CNF/β-CD with (a) Langmuir isotherm,
(b) Freundlich isotherm, (c) Sips isotherm and (d) Temkin isotherm models.
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Table 3. The coefficients and the constants of the Langmuir, Freundlich, Sips and Temkin isotherm models.

Isotherm Models Parameters Correlation
Coefficient, R2

Type of
Surface/Adsorption Type

Langmuir
KL = 3.64 × 10−5 L mg−1

qm = 10485.38 mg g−1

RL = 0.7331
0.9862 Homogeneous/monolayer

Freundlich
nf = 1.9444

Kf = 25.5563 mg g−1 L
mg1/nf

0.9388 Heterogenous/multi-layer

Sips

KS = 5.7141 × 10−5 L
mg−1

qms = 8349.23 mg g−1

nS = 1.4177

0.9996 Homogeneous or
heterogenous/monolayer

Temkin
KT = 3.3 × 10−4 L mg−1

bT = 2402.17 J/mol
(0.57 kcal/mol)

0.9986 Multi-layer

4. Conclusions

Functionalization of β-CD has improved the properties and adsorption capacity of
cellulose nanofiber, and this serves as a promising material for uptake of various pollutant
molecules from wastewater, including the hydrophobic molecules. Characterization study
on CNFs by SEM analysis shows the maintenance of the nanofibrous structure but with
increased fiber diameter after surface modification with β-CD. The presence of β-CD layer
coating on the surface of CNF was supported by FTIR analysis that revealed changes on
surface functional groups after modification was made. The resulted adsorption band
of the carbonyl group confirmed the chemical linkages between CNF and citric acid via
ester bonds. The thermal characterization analyzed by TGA observed that CNF/β-CD has
higher thermal stability, which indicated more energy is required to decompose CNF that
has a crosslinked structure.

Palmitic acid removal was recorded as two times higher when CNF/β-CD was used
compared to CNF. CNF/β-CD reduced its adsorption performance after five cycles, while
CNF adsorption capacity reduced after two cycles. The palmitic acid adsorption onto
CNF/β-CD reached equilibrium after 60 min, and the pseudo-second-order kinetic is the
best model to simulate the kinetic data of palmitic acid adsorption. According to the
Sips and Langmuir isotherm models, the maximum adsorption capacity was 8349.23 mg
g−1 and 10485.38 mg g−1, respectively, at 25 ◦C. The isotherms indicated homogenous
distribution of β-CD on the surface of CNF that leads to the uniform adsorption of palmitic
acid to form a monolayer coverage.

The intraparticle diffusion model suggested chemical adsorption and intraparticle
interaction as the controlling steps in the adsorption process. Thermodynamic analysis
proposed the nonspontaneous endothermic process of adsorption which is favourable
at higher temperatures. It can be concluded that the adsorption of palmitic acid onto
CNF/β-CD was characterized as a combination of the chemisorption and physisorption
processes, as the palmitic acid formed a complex with β-CD via host-guest interaction that
involves noncovalent bonding. It is also speculated that the physical adsorption of palmitic
acid onto CNF surfaces might also take place.

This is the first study to describe the adsorption behaviour of palmitic acid onto
CNF/β-CD. This work provides an important fundamental starting point for further
investigation of the adsorption mechanism of fatty acids onto CNF/β-CD and as a guideline
for the practical application of oily wastewater treatment.

226



Sustainability 2023, 15, 1559

Author Contributions: Conceptualization, N.H.A.M.; Methodology, N.A.M.S. and G.Y.L.; Validation,
N.I.W.A.; Formal Analysis, S.F.Z.M.F. and N.M.; Investigation, N.A.M.S. and G.Y.L.; Data Curation,
M.A.H.B.; Writing—Original Draft Preparation, N.A.M.S. and G.Y.L.; Writing—Review & Editing,
N.K.M.F.K. and N.H.A.M.; Visualization, N.K.M.F.K.; Supervision, R.M.I. and H.A.E.E.; Project
Administration, N.H.A.M.; Funding Acquisition, N.H.A.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by Malaysian Research University Network Young Researchers
Grant Scheme, Ministry of Higher Education Malaysia (No. R.J130000.7851.4L904) and UTM Research
University Grant (No. R.J130000.2651.17J89).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to express their appreciation to Universiti Teknologi
Malaysia and Ministry of Higher Education Malaysia for the support and sponsor involved.

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

References
1. Liu, D.; Huang, Z.; Li, M.; Sun, P.; Yu, T.; Zhou, L. Novel porous magnetic nanospheres functionalized by β-cyclodextrin polymer

and its application in organic pollutants from aqueous solution. Environ. Pollut. 2019, 250, 639–649. [CrossRef] [PubMed]
2. Ying, T.; Su, J.; Jiang, Y.; Ke, Q.; Xu, H. A pre-wetting induced superhydrophilic/superlipophilic micro-patterned electrospun

membrane with self-cleaning property for on-demand emulsified oily wastewater separation. J. Hazard. Mater. 2020, 384, 121475.
[CrossRef] [PubMed]

3. Cai, Q.; Zhu, Z.; Chen, B.; Zhang, B. Oil-in-water emulsion breaking marine bacteria for demulsifying oily wastewater. Water Res.
2019, 149, 292–301. [CrossRef]

4. Lv, Y.; Ma, J.; Liu, K.; Jiang, Y.; Yang, G.; Liu, Y.; Lin, C.; Ye, X.; Shi, Y.; Liu, M.; et al. Rapid elimination of trace bisphenol
pollutants with porous β-cyclodextrin modified cellulose nanofibrous membrane in water: Adsorption behavior and mechanism.
J. Hazard. Mater. 2021, 403, 123666. [CrossRef]

5. Maniyazagan, M.; Chakraborty, S.; Pérez-Sánchez, H.; Stalin, T. Encapsulation of triclosan within 2-hydroxypropyl–β–cyclodextrin
cavity and its application in the chemisorption of rhodamine B dye. J. Mol. Liq. 2019, 282, 235–243. [CrossRef]

6. Missoum, K.; Belgacem, M.N.; Bras, J. Nanofibrillated Cellulose Surface Modification: A Review. Materials 2013, 6, 1745–1766.
[CrossRef]

7. Connors, K.A. The Stability of Cyclodextrin Complexes in Solution. Chem. Rev. 1997, 97, 1325–1358. [CrossRef]
8. Del Valle, E. Cyclodextrins and their uses: A review. Process. Biochem. 2004, 39, 1033–1046. [CrossRef]
9. Yin, C.; Cui, Z.; Jiang, Y.; van der Spoel, D.; Zhang, H. Role of Host–Guest Charge Transfer in Cyclodextrin Complexation: A

Computational Study. J. Phys. Chem. C 2019, 123, 17745–17756. [CrossRef]
10. Dodero, A.; Schlatter, G.; Hébraud, A.; Vicini, S.; Castellano, M. Polymer-free cyclodextrin and natural polymer-cyclodextrin

electrospun nanofibers: A comprehensive review on current applications and future perspectives. Carbohydr. Polym. 2021, 264,
118042. [CrossRef]

11. Wongfaed, N.; Kongjan, P.; Prasertsan, P.; O-Thong, S. Effect of oil and derivative in palm oil mill effluent on the process imbalance
of biogas production. J. Clean. Prod. 2020, 247, 119110. [CrossRef]

12. Ekka, B.; Mierin, a, I.; Juhna, T.; Turks, M.; Kokina, K. Quantification of different fatty acids in raw dairy wastewater. Clean. Eng.
Technol. 2022, 7, 100430. [CrossRef]

13. Sousa, D.Z.; Salvador, A.F.; Ramos, J.; Guedes, A.; Barbosa, S.L.; Stams, A.; Alves, M.; Pereira, M.A. Activity and Viability of
Methanogens in Anaerobic Digestion of Unsaturated and Saturated Long-Chain Fatty Acids. Appl. Environ. Microbiol. 2013, 79,
4239–4245. [CrossRef] [PubMed]

14. Deaver, J.A.; Diviesti, K.I.; Soni, M.N.; Campbell, B.J.; Finneran, K.T.; Popat, S.C. Palmitic acid accumulation limits methane production
in anaerobic co-digestion of fats, oils and grease with municipal wastewater sludge. Chem. Eng. J. 2020, 396, 125235. [CrossRef]

15. Liu, H.; Hsieh, Y.-L. Ultrafine fibrous cellulose membranes from electrospinning of cellulose acetate. J. Polym. Sci. Part B Polym.
Phys. 2002, 40, 2119–2129. [CrossRef]

16. Lagergren, S. Zur Theorie Der Sogenannten Adsorption Gelöster Stoffe. Z. Für Chem. Und Ind. Der Kolloide 1907, 2, 15.
17. Ho, Y.S.; McKay, G. Pseudo-second order model for sorption processes. Process Biochem. 1999, 34, 451–465. [CrossRef]
18. Roginsky, S.; Zeldovich, Y.B. The Catalytic Oxidation of Carbon Monoxide on Manganese Dioxide. Acta Phys. Chem. USSR 1934,

1, 2019.
19. Weber, W.J., Jr.; Morris, J.C. Kinetics of Adsorption on Carbon from Solution. J. Sanit. Eng. Div. 1963, 89, 31–59. [CrossRef]
20. Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361–1403.

[CrossRef]
21. Freundlich, H.M.F. Over the Adsorption in Solution. J. Phys. Chem. 1906, 57, 385–471.

227



Sustainability 2023, 15, 1559

22. Jeppu, G.P.; Clement, T.P. A modified Langmuir-Freundlich isotherm model for simulating pH-dependent adsorption effects.
J. Contam. Hydrol. 2012, 129–130, 46–53. [CrossRef] [PubMed]

23. Tempkin, M.J.; Pyzhev, V. Recent Modifications to Langmuir Isotherms. Acta Phys.-Chim. Sin. 1940, 12, 217–225.
24. Hall, K.R.; Eagleton, L.C.; Acrivos, A.; Vermeulen, T. Pore- and Solid-Diffusion Kinetics in Fixed-Bed Adsorption under Constant-

Pattern Conditions. Ind. Eng. Chem. Fundam. 1966, 5, 212–223. [CrossRef]
25. Smith, J.M.; Van Ness, H.C. Introduction to Chemical Engineering Thermodynamics, 3rd ed.; McGraw-Hill: New York, NY, USA, 1975.
26. Chen, G.; Shah, K.J.; Shi, L.; Chiang, P.-C. Removal of Cd(II) and Pb(II) ions from aqueous solutions by synthetic mineral

adsorbent: Performance and mechanisms. Appl. Surf. Sci. 2017, 409, 296–305. [CrossRef]
27. Kayaci, F.; Aytac, Z.; Uyar, T. Surface modification of electrospun polyester nanofibers with cyclodextrin polymer for the removal

of phenanthrene from aqueous solution. J. Hazard. Mater. 2013, 261, 286–294. [CrossRef]
28. Abdel-Halim, E.; Fouda, M.M.; Hamdy, I.; Abdel-Mohdy, F.; El-Sawy, S. Incorporation of chlorohexidin diacetate into cotton

fabrics grafted with glycidyl methacrylate and cyclodextrin. Carbohydr. Polym. 2010, 79, 47–53. [CrossRef]
29. Uyar, T.; Havelund, R.; Hacaloglu, J.; Besenbacher, F.; Kingshott, P. Functional Electrospun Polystyrene Nanofibers Incorporating

α-, β-, and γ-Cyclodextrins: Comparison of Molecular Filter Performance. ACS Nano 2010, 4, 5121–5130. [CrossRef]
30. Lim, Y.-M.; Gwon, H.-J.; Pyo, J.; Nho, Y.-C. Preparation of Cellulose-based Nanofibers Using Electrospinning. In Nanofibers;

Kumar, A., Ed.; Intech: Rijeka, Croatia, 2010; pp. 179–188. ISBN 978-953-7619-86-2.
31. Korhonen, J.T.; Kettunen, M.; Ras, R.H.A.; Ikkala, O. Hydrophobic Nanocellulose Aerogels as Floating, Sustainable, Reusable,

and Recyclable Oil Absorbents. ACS Appl. Mater. Interfaces 2011, 3, 1813–1816. [CrossRef]
32. Ortega-Toro, R.; Jiménez, A.; Talens, P.; Chiralt, A. Properties of starch–hydroxypropyl methylcellulose based films obtained by

compression molding. Carbohydr. Polym. 2014, 109, 155–165. [CrossRef]
33. Yuan, G.; Prabakaran, M.; Qilong, S.; Lee, J.S.; Chung, I.-M.; Gopiraman, M.; Song, K.-H.; Kim, I.S. Cyclodextrin functionalized

cellulose nanofiber composites for the faster adsorption of toluene from aqueous solution. J. Taiwan Inst. Chem. Eng. 2017, 70,
352–358. [CrossRef]

34. Kang, Y.; Choi, Y.K.; Kim, H.J.; Song, Y.; Kim, H. Preparation of anti-bacterial cellulose fiber via electrospinning and crosslinking
with β-cyclodextrin. Fash. Text. 2015, 2, 11. [CrossRef]

35. Gawish, S.M.; Ramadan, A.M.; Mosleh, S.; Morcellet, M.; Martel, B. Synthesis and characterization of novel biocidal cyclodextrin
inclusion complexes grafted onto polyamide-6 fabric by a redox method. J. Appl. Polym. Sci. 2006, 99, 2586–2593. [CrossRef]

36. Wilpiszewska, K.; Antosik, A.K.; Zdanowicz, M. The Effect of Citric Acid on Physicochemical Properties of Hydrophilic
Carboxymethyl Starch-Based Films. J. Polym. Environ. 2019, 27, 1379–1387. [CrossRef]

37. Demitri, C.; Del Sole, R.; Scalera, F.; Sannino, A.; Vasapollo, G.; Maffezzoli, A.; Ambrosio, L.; Nicolais, L. Novel superabsorbent
cellulose-based hydrogels crosslinked with citric acid. J. Appl. Polym. Sci. 2008, 110, 2453–2460. [CrossRef]

38. Xie, X.; Liu, Q. Development and Physicochemical Characterization of New Resistant Citrate Starch from Different Corn Starches.
Starch–Stärke 2004, 56, 364–370. [CrossRef]

39. Crini, G.; Peindy, H.N.; Gimbert, F.; Robert, C. Removal of C.I. Basic Green 4 (Malachite Green) from aqueous solutions by
adsorption using cyclodextrin-based adsorbent: Kinetic and equilibrium studies. Sep. Purif. Technol. 2007, 53, 97–110. [CrossRef]

40. Huang, H.; Fan, Y.; Wang, J.; Gao, H.; Tao, S. Adsorption kinetics and thermodynamics of water-insoluble crosslinked β-
cyclodextrin polymer for phenol in aqueous solution. Macromol. Res. 2013, 21, 726–731. [CrossRef]

41. Murcia-Salvador, A.; Pellicer, J.A.; Fortea, M.I.; Gómez-López, V.M.; Rodríguez-López, M.I.; Núñez-Delicado, E.; Gabaldón, J.A.
Adsorption of Direct Blue 78 Using Chitosan and Cyclodextrins as Adsorbents. Polymers 2019, 11, 1003. [CrossRef]

42. Pellicer, J.A.; Rodríguez-López, M.I.; Fortea, M.I.; Lucas-Abellán, C.; Mercader-Ros, M.T.; López-Miranda, S.; Gómez-López, V.M.; Semer-
aro, P.; Cosma, P.; Fini, P.; et al. Adsorption Properties of β- and Hydroxypropyl-β-Cyclodextrins Cross-Linked with Epichlorohydrin in
Aqueous Solution. A Sustainable Recycling Strategy in Textile Dyeing Process. Polymers 2019, 11, 252. [CrossRef]

43. Rahman, N.; Nasir, M. Effective removal of acetaminophen from aqueous solution using Ca (II)-doped chitosan/β-cyclodextrin
composite. J. Mol. Liq. 2020, 301, 112454. [CrossRef]

44. Kaveeshwar, A.R.; Ponnusamy, S.K.; Revellame, E.D.; Gang, D.D.; Zappi, M.E.; Subramaniam, R. Pecan shell based activated
carbon for removal of iron(II) from fracking wastewater: Adsorption kinetics, isotherm and thermodynamic studies. Process. Saf.
Environ. Prot. 2018, 114, 107–122. [CrossRef]

45. Qiao, X.; Yang, L.; Hu, X.; Cao, Y.; Li, Z.; Xu, J.; Xue, C. Characterization and evaluation of inclusion complexes between astaxanthin
esters with different molecular structures and hydroxypropyl-β-cyclodextrin. Food Hydrocoll. 2021, 110, 106208. [CrossRef]

46. Pellicer, J.A.; Rodríguez-López, M.I.; Fortea, M.I.; Gómez-López, V.M.; Auñón, D.; Núñez-Delicado, E.; Gabaldón, J.A. Synthesis
of New Cyclodextrin-Based Adsorbents to Remove Direct Red 83:1. Polymers 2020, 12, 1880. [CrossRef] [PubMed]

47. Feng, X.; Qiu, B.; Dang, Y.; Sun, D. Enhanced adsorption of naproxen from aquatic environments by β-cyclodextrin-immobilized
reduced graphene oxide. Chem. Eng. J. 2021, 412, 128710. [CrossRef]

48. Chen, D.; Shen, Y.; Wang, S.; Chen, X.; Cao, X.; Wang, Z.; Li, Y. Efficient removal of various coexisting organic pollutants in water based
on β-cyclodextrin polymer modified flower-like Fe3O4 particles. J. Colloid Interface Sci. 2021, 589, 217–228. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

228



Citation: Selvaraj, S.; Prasadh, S.;

Fuloria, S.; Subramaniyan, V.; Sekar,

M.; Ahmed, A.M.; Bouallegue, B.;

Hari Kumar, D.; Sharma, V.K.; Maziz,

M.N.H.; et al. COVID-19 Biomedical

Plastics Wastes—Challenges and

Strategies for Curbing the

Environmental Disaster. Sustainability

2022, 14, 6466. https://doi.org/

10.3390/su14116466

Academic Editors: Nallapaneni

Manoj Kumar, Subrata Hait,

Anshu Priya and Varsha Bohra

Received: 15 April 2022

Accepted: 22 May 2022

Published: 25 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, 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/).

sustainability

Review

COVID-19 Biomedical Plastics Wastes—Challenges and
Strategies for Curbing the Environmental Disaster
Siddharthan Selvaraj 1,† , Somasundaram Prasadh 2,† , Shivkanya Fuloria 3,*, Vetriselvan Subramaniyan 4 ,
Mahendran Sekar 5 , Abdelmoty M. Ahmed 6,7, Belgacem Bouallegue 6, Darnal Hari Kumar 8,
Vipin Kumar Sharma 9 , Mohammad Nazmul Hasan Maziz 4, Kathiresan
V. Sathasivam 10, Dhanalekshmi U. Meenakshi 11 and Neeraj Kumar Fuloria 3,12,*

1 Faculty of Dentistry, AIMST University, Bedong 08100, Malaysia; sidzcristiano@gmail.com
2 National Dental Center Singapore, 5 Second Hospital Avenue, Singapore 168938, Singapore;

e0204949@u.nus.edu
3 Faculty of Pharmacy, AIMST University, Bedong 08100, Malaysia
4 Faculty of Medicine, Bioscience and Nursing, MAHSA University, Kuala Lumpur 42610, Malaysia;

drvetriselvan@mahsa.edu.my (V.S.); mohammadnazmul@mahsa.edu.my (M.N.H.M.)
5 Department of Pharmaceutical Chemistry, Faculty of Pharmacy and Health Sciences, Royal College of

Medicine Perak, Universiti Kuala Lumpur, Ipoh 30450, Malaysia; mahendransekar@unikl.edu.my
6 Department of Computer Engineering, College of Computer Science, King Khalid University Abha,

Abha 61421, Saudi Arabia; amoate@kku.edu.sa (A.M.A.); belgacem.bouallegue2015@gmail.com (B.B.)
7 Department of Systems and Computer Engineering, Faculty of Engineering, Al Azhar University,

Cairo 11651, Egypt
8 Jeffrey Cheah School of Medicine & Health Sciences, Monash University, No. 3 Jalan Masjid Abu Bakar,

Johor Bahru 80100, Malaysia; hari.kumar@monash.edu
9 Department of Pharmaceutical Sciences, Gurukul Kangri (Deemed to Be University), Haridwar 249404, India;

vipin@gkv.ac.in
10 Faculty of Applied Science, AIMST University, Bedong 08100, Malaysia; skathir@aimst.edu.my
11 College of Pharmacy, National University of Science and Technology, Muscat 130, Oman;

dhanalekshmi@nu.edu.om
12 Center for Transdisciplinary Research, Department of Pharmacology, Saveetha Institute of Medical and

Technical Sciences, Saveetha Dental College and Hospital, Saveetha University, Chennai 600077, India
* Correspondence: shivkanya_fuloria@aimst.edu.my (S.F.); neerajkumar@aimst.edu.my (N.K.F.)
† The authors contributed equally to this work.

Abstract: The rise of the COVID-19 outbreak has made handling plastic waste much more difficult.
Our superior, hyper-hygienic way of life has changed our behavioural patterns, such as the use of PPE
(Personal Protective Equipment), the increased desire for plastic-packaged food and commodities, and
the use of disposable utensils, as a result of the fear of transmission. The constraints and inefficiencies
of our current waste management system, in dealing with our growing reliance on plastic, could
worsen its mismanagement and leakage into the environment, causing a new environmental crisis. A
sustainable, systemic, and hierarchical plastic management plan, which clearly outlines the respective
responsibilities as well as the socioeconomic and environmental implications of these actions, is
required to tackle the problem of plastic pollution. It will necessitate action strategies tailored to
individual types of plastic waste and country demand, as well as increased support from policymakers
and the general public. The situation of biomedical plastic wastes during the COVID-19 epidemic
is alarming. In addition, treatment of plastic waste, sterilisation, incineration, and alternative
technologies for transforming bio-plastic waste into value-added products were discussed, elaborately.
Our review would help to promote sustainable technologies to manage plastic waste, which can
only be achieved with a change in behaviour among individuals and society, which might help to
safeguard against going from one disaster to another in the coming days.

Keywords: plastic pollution; waste management; COVID-19; personal protective equipment;
biomedical waste
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1. Introduction

Plastics in medical products, such as disposable syringes, tablets, capsule blister
packaging, joint replacement prostheses, intravenous (IV) fluid tubes, blood bags, catheters,
and heart valves, help in supporting human life [1]. The human body is implanted with
medical devices made from plastics. While plastics’ benefits are far-reaching, massive
production and waste mismanagement have raised environmental concerns [2]. In 2018,
plastic production totalled 359 million metric tonnes (Mt), with 6.9 Mt of waste generated
(3.2 Mt for short-life products), of which approximately 22% was incinerated, 25% was
recycled, and 42% was inefficiently treated (i.e., littered or improperly disposed of in
dumps or open landfills) [3,4]. By 2050, an estimated 12 billion Mt of plastic litter will
have accumulated in landfills and the natural environment [5], with greenhouse gas (GHG)
emissions from the whole plastic lifetime accounting for 15% of the total global carbon
budget [6]. Low biodegradation, combined with indiscriminate use, improper disposal,
and mismanagement, has resulted in the accumulation of plastic debris in terrestrial and
aquatic compartments around the world, affecting natural biota, agriculture, fisheries, and
tourism, as well as posing a health and safety risk to humans [7].

The quick spike in demand, for the usage of plastic items to protect the general public,
patients, and health and service employees, is one of the acute environmental repercussions
of any pandemic crisis, such as COVID-19 [8]. The extensive usage of protective gear
across the world, as a result of the epidemic, causes huge supply-chain interruptions and
waste-disposal issues downstream. The demand trend for various plastic products, such
as personal protective equipment (PPE) including gloves and masks for health workers,
disposable plastic components for life support equipment, respirators, and general plastic
supplies, such as syringes, is expected to follow the global pandemic curve. Used plastic
goods are, commonly, infected with pathogens and should be treated as hazardous trash.
Plastic waste management was, already, a serious environmental issue before the COVID-
19 epidemic began, due to rising worries about contamination in terrestrial and marine
ecosystems [1,9]. Garbage management systems throughout the world have, already,
struggled to deal with current plastic waste, and the predicted rise in waste from the
COVID-19 epidemic threatens to overload waste management systems as well as healthcare
capacity. Medical waste from hospitals is particularly problematic, due to the need to
destroy any residual pathogens [2,10].

Treatment facilities are, often, built to handle steady-state circumstances, in which
medical waste is treated at a consistent flowrate and composition. Thermal procedures,
such as cremation, steam treatment (autoclaving), plasma therapy, and microwave treat-
ment, are used in a variety of treatment technologies. Multiple economic, technological,
environmental, and social acceptability factors influence treatment selection [11]. Systems
that are built for steady-state settings are likely to be disrupted by rapid waste volume
scale-up. Experience in Wuhan has shown that optimization models may be utilised, to
give decision assistance for the hospital waste management reverse-supply-chain prob-
lem [12]. A related issue is deciding where additional waste-handling facilities should
be erected, to handle the rising volume of garbage. Economic considerations, pollution,
safety, regulatory concerns, and public acceptance are all important considerations. Those
sentiments, however, arrived too late, at the start of the epidemic. Since these systems were
intended for trash amounts generated during regular operations, the projected volume
of waste greatly exceeds the existing capability to handle hazardous medical waste. If
suppressions alone are not enough, new facilities can be erected, or mobile units can be
deployed to increase capacity [12,13].

A pinch point occurs, where this expanded capacity meets the suppressed curve’s
peak, and ensures that pathogen-contaminated waste hazards are managed. After the
epidemic has passed, it is clear that there will be a substantial surplus of treatment capacity.
These treatment facilities are unlikely to be incinerators with heat recovery capable of
being reused for municipal solid trash. Given the variety of technological possibilities for
medical waste treatment, life cycle assessment (LCA) and associated methodologies can
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help determine which solution is the most ecologically friendly. Medical waste incineration,
combined with waste heat recovery, is one technique for recovering the chemical energy
content of polymers for usable applications. An early LCA [14], with sensitivity analysis
of heat-recovery efficiency, demonstrates that boosting energy recovery reduces environ-
mental consequences. Even when non-thermal solutions, such as chemical disinfection,
are considered, this has been corroborated by a more recent LCA [15]. The widespread
use of incineration with heat recovery, however, has some challenges. Trace dioxin and
furan emissions can cause public worry [16]. Contagion worries are expected to outweigh
any concerns about environmental footprints, including GHG and pollutants, therefore,
social-acceptability considerations may not play a significant role in the present epidemic.
A mismatch between the supply of recovered heat and the demand for it is a major issue.
Some scientists [17,18] predict that the epidemic would peak in the near future, when
demand for heat in much of the Northern Hemisphere falls, owing to the colder weather.
Since the safe disposal of hazardous waste takes precedence, waste-to-energy plants may
not be conveniently positioned for energy recovery. Xu et al. [19] presented ideas for
balancing heat supply and provided insights on imbalances towards management. How-
ever, it is unclear if systems that must be erected quickly or transportable units that must
manage rapidly increasing medical waste quantities can be developed for maximum energy
recovery. Even before the COVID-19 epidemic, the long-term viability of plastics had been
questioned [16]. This review will give a prospective outlook on how the disruption caused
by COVID-19 can act as a catalyst for short-term and long-term changes in plastic waste
management practices throughout the world and measures to mitigate the plastic wastes.

2. The Impact of the Pandemic on Plastic Waste

Handling municipal solid waste (MSW) and hazardous medical waste has become
extremely difficult because of the epidemic. China has the greatest information on this
subject [20]. In Hubei Province, the production of medical waste surged dramatically, with
a significant number of plastics. The total amount of medical waste in China was projected
to be 207 kt from 20 January 2019 to 31 March 2019. Medical waste production in Wuhan
grew from 40 t/d (tonnes per day) to almost 240 t/d, surpassing the maximum incineration
capacity of 49 t/d [21–23]. Hazardous medical waste incineration costs in China are
predicted to be 281.7–422.6 USD/t (US dollars per tonne), compared to 14.1 USD/t for
MSW [21]. Treatment systems intended for normal waste quality and quantity must deal
with extreme fluctuations, which compel abnormal operations. To guarantee that these
systems can cope with the pandemic’s dynamic and changeable character, engineering
analysis is required. Another issue is that there is still a lot of unknown information about
the virus, as well as what items and methods would be required to handle the pandemic.
The COVID-19 problem has brought to light the importance of plastic in everyday life.
Even while disposability is mostly viewed as an environmental liability, in most other uses,
the virus demands single-use plastic [24]. Plastic products have significant environmental
footprints, which may be summarised using a realistic evaluation technique. During the
COVID-19 epidemic, demand for medical items and packaging has been skyrocketing.
The amount and quality of plastic garbage fluctuates, as a result of the various mitigation
or suppression strategies, undertaken in various nations. Single-use plastics are seen by
consumers as a safe choice, for a variety of uses. Van Doremalen et al. [25] investigated and
found that viral pathogens can be seen in various surfaces and have the ability to survive on
plastics. These findings were confirmed by Kampf et al. [26]. Despite the fact that plastics
are no better than other materials in terms of virus retention, customers who value hygiene
see disposability as a critical benefit. Even for non-medical purposes, this has resulted in a
rise in the usage and disposal of plastic items. In contrast, in the probable global economic
crisis, plastic demand in other areas (such as aerospace and automotive applications) is
declining. As a result of the lockdown, the amount of packaging utilised to convey food
and consumables to residents has increased. These changes may intensify environmental
concerns about plastics, which persisted even before the epidemic. Despite the fact that

231



Sustainability 2022, 14, 6466

this rise is inevitable, environmental protection activities must continue. Metrics for
system design and comparing alternatives, as well as footprints, should be created and
properly utilised. [4]. The top 10 countries’ daily global plastic waste generation, prior to
management, were elucidated in Table 1.

Table 1. Estimated daily global plastic waste generation by country, prior to management [27].

Rank Country Population Total Estimated Plastic Waste (Tonnes)

1 China 1,439,323,776 107,949,283.20
2 India 1,380,004,385 103,500,328.90
3 United States 331,002,651 24,825,198.80
4 Brazil 212,559,417 15,941,956.30
5 Indonesia 273,523,615 20,514,271.10
6 Japan 126,476,461 9,485,734.58
7 Russia 145,934,462 10,945,084.70
8 Mexico 128,932,753 9,669,956.48
9 Nigeria 206,139,589 15,460,469.20
10 Pakistan 220,892,340 16,566,925.50

3. Challenges in Waste Management

Many sorts of extra medical and hazardous waste are created during an epidemic,
including contaminated masks, gloves, and other protective equipment, as well as a greater
number of non-infected products of the same nature. Recent instances of airborne transmis-
sion [28] have prompted suggestions that people wear masks in public places. The proper
handling of this waste can help to avoid negative consequences for human health or the
environment. The identification, collection, separation, storage, transportation, treatment,
and disposal of biomedical and healthcare waste, as well as crucial connected issues such as
disinfection, staff protection, and training, are all required for effective management. Even
the most modern healthcare institutions are struggling to keep up with the continually
growing number of infected people. Patients who are self-isolated at home, due to mi-
nor symptoms, create polluted MSW. This necessitates a significant structural adjustment
in trash management, ranging from sorting regulations, collection, and waste treatment
to garbage collection personnel safety protocols, which has been followed by ACR, an
international network that plays a major role in promoting the sustainable consumption
of resources and management of waste among various nations around the globe [29,30],
including a number of safety precautions regarding waste management.

They pose logistical obstacles for waste management systems, so other economic and
environmental concerns have been pushed aside, in the wake of the coronavirus outbreak.
The most prevalent methods for the thermal treatment of hazardous medical waste are
incineration and steam sterilisation (90 min, 120 ◦C). After an effective decontamination
cycle, in accordance with non-hazardous solid waste regulations, the residue from these
operations can be properly handled [31,32]. In Germany, incineration temperatures must
be kept at 1000 ◦C, to ensure safe annihilation. The WHO recommends a temperature range
of 900 ◦C to 1200 ◦C for healthcare waste [33]. The fundamental issue is that COVID-19 is
causing a waste spike, which might easily surpass treatment capacity. In this dire scenario,
whether to use MSW incinerator capacity for medical waste remains an unanswered subject.
Cement facilities in Spain are said to be able to co-incinerate waste on demand [34,35].

Due to flexibility in responding to changing demands, on-site and mobile therapy
is preferred in China. There have always been benefits and costs, and they are subject to
contextual limits. Plastics have similar calorific values as traditional fuels. The plastics
fraction of MSW is predicted to have a calorific value of 25% [36]. The assumptions es-
tablished during the development of waste management strategy (e.g., incentives, taxes,
oversimplification on specific plastic composition, collection method) are, suddenly, no
longer totally true. They were justified by the necessity to meet governmental goals for col-
lection, recycling, and recovery, which resulted in the undersizing of retrieval and dumping
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facilities, promoting recycling, even when it was neither practicable nor sustainable, during
the existing epidemic.

Pyrolysis and gasification are in development, stimulated by the request for more
sustainable-waste-treatment options [37]. An economic assessment proposes that the
present scenario is sustained by a tipping fee, which is continuously rising due to the
high costs of transportation towards the treatment processes, both for recovery and for
disposal [38]. Many countries have restricted the use of plastic bags. In the EU, even if the
food packaging is plastic, the carrying bag is made of paper. However, the environmental
footprint advantage of paper bags is questionable, since they, mostly, have limited potential
for reuse. The typical paper bag (2.62 MJ/bag) has a higher energy footprint than a typical
plastic bag (0.76 MJ/bag), which is much lighter. This reduced weight, also, incurs reduced
footprints elsewhere in the supply chain [38].

4. Scientific Strategies for Mitigating Medical Waste Plastics
4.1. Recycled Polymers for 3D Printing

The worldwide manufacturing of components composed of plastics has risen signifi-
cantly in the recent past, as it has soared as high as 359 million tons in 2019, per PEMRG
(Plastics Europe Market Research Group); a little higher than half of the production is in
Asia, and around 17% is in Europe. The production of virgin plastics requires close to 4% of
the total oil that is manufactured, which is tantamount to 1.3 billion barrels annually [39].
These plastics are composed of polymers, which do not degrade and, instead, stay in the
landscape for several hundred years; thus, the pollution associated with this plastic waste
should be taken very seriously [40]. A maximum of 90% of the plastics can be reused,
however, 80% of the wastes are dumped in the landfill, and a very minute percentage is
being recycled. The primary issue is that plastics composed of PVC, PP LDPE, and HDPE
are dumped, mainly, in landfills and release greenhouse gases [41]. The goods composed
of polymers, such as PLA, have a weaker influence on environmental pollution, however,
the usage is limited due to their low durability. These plastics’ stability declines sharply
upon reusing, causing harmful effects to human beings [42].

The technique of 3D printing has led to the production of complex structures on
a smaller scale. This technique could be used to tackle the increasing amount of post-
production waste [43,44]. Activities, such as selective material separation, decontamination,
purification, grinding, re-melting, and extrusion, determine these polymers’ recycling pro-
cess. The logistics and economic aspects hinder this process, as no profits are gained upon
recycling, and the original’s market cost determines the cost of these recycled products [45].
However, given the increasing environmental restrictions and recycling of plastic waste,
this could be a potential solution, despite the lack of exact economic profitability [45,46]
(Figure 1).

Polypropylene (PP), polyvinyl chloride (PVC), high- and low-density polyethylene
(HDPE, LDPE), polystyrene (PS), polyethylene terephthalate (PET), and the “other” cate-
gory, mostly acrylonitrile-butadiene-styrene (ABS) and polycarbonate (PC), are now being
recycled globally. All of the aforementioned categories have been studied for their possible
application in 3D-printing filaments, according to the literature. PLA’s natural origin was,
primarily, investigated in comparison to other polymers. The impact of repeated material
recycling [47,48], as well as the potential of adding an additional strengthening compo-
nent [49–51], were investigated. The material is separated and cleansed in the primary step,
before being ground. After that, the ground material is extruded at a hot concentration
(subject to the polymer type). This filament material is inserted into the 3D printer, where
various kinds of analysis are carried out, such as mechanical, rheological, and structural
characteristics, to name a few. This tested sample is milled again [48]. If the material
requires any modification, in the primary case, an additional component and a binder, such
as silicone oil, are added to the mixed material, followed by extrusion [52].
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4.1.1. Impact of Recycling on the Material Properties

Mechanical stresses, such as shear stress, are combined with temperature and oxygen
occurrence, while extruding leads to the degradation of the polymers, such as PLA and
resistant P.E. [53]. This change in physical characteristics has a considerable effect on the
production of high-quality extrusion. The multiple extrusion of polymers influences their
change in viscosity, molecular weight, and breaking strength. Changes in properties are
generated by temperature and the amount of extrusion of one material [48].

4.1.2. Mechanical Properties

Filaments composed of polylactic acid (PLA) and acrylonitrile butadiene styrene
(ABS) are the most common thermoplastics available for 3D printing. Their costs are close
to 200 times as much as the raw plastics [43], however, recycling thermo-mechanically
leads to a lower printing cost. Despite its toxicity, ABS synthesised from oil is used for
several applications. PLA, a biodegradable and biocompatible polymer, is sensitive to high
temperatures, so degradation occurs upon exposure [54]. A reduction in PLA chains can
be accomplished, by repeating the number of heating cycles, leading to shorter polymer
chains [50]. The shorter polymer chains can, effectively, reorganise themselves into more
ordered crystals, due to the increased melt flow rate. There was a small decrease observed
in the tensile strength and strain, at break. The largest reduction in strain was recorded
upon the first extrusion, which was 4%, and the largest decline in stress was 8%. The lower
cohesion is responsible for reducing stress at break, whereas the decline of strain resulted
from a reduction in the chain’s length and a higher degree of crystallinity [48,50].

The decrease in the cold crystallization temperature and the decline in the melting
point results in PLA’s heating. A small reduction in the molecular weight is subjected
to one reprocessing step [46,55]. The degradation rises to 30% after three cycles and 60%
after seven cycles [50,56]. The loss of weight, repeatedly, upon extrusion was confirmed
by T.G. analysis, which starts at 320 ◦C and continues until evaporation at 600 ◦C. The
transesterification is encouraged in the presence of free radicals, upon thermo-mechanical
recycling [48]. Furthermore, scientists have, also, discovered that the extrusion cycles
increased water vapour transmission by 40% and oxygen transmission by 20%. Both
activating substances are considered free radical reactions’ antecedents. Hydrolysis and
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transesterification with residual catalysts are two further possibilities for degradation.
There is a minor decrease in the intrinsic velocity, upon hydrolytic degradation without
washing. On the contrary, a significant decline can be seen in the viscosity in washed
PLA wastes, due to elevated temperatures and shear stress while reprocessing polymers.
This degradation during accelerated aging can, also, contribute to this process [57]. The
oxidative stabilisers (quinone) and residual catalyst stabilisers (tropolone) decrease rheo-
logical degradation. Upon recycling, the mechanical strength of the PLA decreases. The
coating of the recycled polymer with polydopamine (PDA) can tackle this issue, where
PDA is adsorbed on the water-repelling surface of PDA, thus, developing cohesive strength
during self-polymerization. The thermal stability of this coated polymer exists up to 200
◦C. It possesses higher tensile strength and strain at break, and its surface exhibits higher
adhesion than uncoated PLA [58].

Another technique was proposed by Anderson et al. (2017) [53], where direct recycling
of the utilised PLA filament was carried out by grounding and re-extrusion into 3D-printing
filament. The material regains the same dimensions and surface finish, after two cycles of
extrusion and one process of 3D printing, but the mechanical properties decline slightly.
This process’s primary limitation is reducing viscosity, due to chain scission, prohibiting the
PLA filaments’ utilization for further printing [51]. The lamellar structure rearranges the
polymer chains’ randomization, due to the reduction in the molecular weight. As a result
of 3D printing, there is an increase in crystallinity as well as the number and average size of
the pinholes, in twice-recycled PLA filament, contrary to the notion that repeated extrusion
was the cause. Due to the thermal process, the shortening of the polymer chains led to
easier crystallization, with a higher crystal population [59]. The recycled and shredded PLA
filament can be enhanced by the virgin PLA addition, where the viscosity, mechanical, and
thermal properties improve [51,58]. Thus, this contributes to the closed-looped recycling of
PLA filament, which can be done in a benchtop machine at home [60].

The combination of a recycle bot and an open-source self-replicating 3D printer [59]
has made recycling of PLA and ABS wastes very promising. Computer wastes were
mechanically cleaned, to remove the impurities affecting the filament consistency. It may,
also, lead to clogging in the nozzle of the 3D printer. The temperature while heating was
regulated, at a temperature lower than the decomposition of structures and higher than the
glass-transition temperature, to ensure that the printout does not degrade [61]. ABS must
be dried and crushed, to ensure no bubble creation on the filament surface. Cruz Sanchez
et al. (2017) [43] reported degradation of the PLA filament in five reprocessing cycles. The
data obtained showed a considerable reduction in tensile strength and breaking strength as
well as nominal deformation at the break. It was reported that the decomposition of the
material correlates to the reduction in the crystallinity, viscosity, and molecular composition.
The degradation mechanism majorly involves the five processes, namely: (1) formation of
oligomers (hydroxyl and carboxyl); (2) esterification; (3) intermolecular transesterification,
including interchanging of ester units between different chains; (4) thermo-oxidation; and
(5) micro-compounding process. Moreover, 3D printing plays a role in the degradation of
filaments, where uneven heating and cooling lead to stress accumulation, thereby affecting
mesostructured and fibre-to-fibre bond strength [62]. Among other factors, one can mention
the neck’s growth between filaments and layers, randomization of the polymer chains on
the contact surface, molecular diffusion, and internal defects (e.g., voids and the staircase
effect) to the material during printing [63].

4.2. Methods to Recycle and Reuse Biomedical Plastics Waste

The 3Rs, namely Recycle, Reduce, and Reuse, have been the significant motto used for
decreasing waste accumulation. The recycling of biomedical wastes is required to avoid
accumulation, as in the case of conventional waste. However, before recycling, these wastes
must be sterilised, to ensure the non-transmission of pathogens. Reports have suggested
that the coronavirus survives on the PPEs for four days after contact [64]. Several methods

235



Sustainability 2022, 14, 6466

of sterilization have been discussed below. The application of these methods on a large
scale is a challenge.

4.2.1. Thermal Processes

Thermal-based systems, involving low heat (93 ◦C to 177 ◦C) generated by steam and
microwaves, are being used. It is widely known that exposure to heat and microwaves
can degrade plastics and lead to more inferior characteristics. Moreover, very high capital
is essential, for such large quantities of waste to be treated by microwaves. Besides, the
contaminant degassing and a release of toxic fumes are highly likely. The pyrolysis occurs
at mid-range temperatures (177 ◦C to 540 ◦C); however, it consumes a lot of energy, and
the products formed are not useful. The processes involving higher heat, such as plasma,
lead to plastics’s incineration into carbonaceous substances, leading to an increase in the
carbon footprint, thus polluting the atmosphere [65].

4.2.2. Chemical Processes

The chemical processes, majorly, involve using compounds generating chlorine, such
as sodium hypochlorite and chlorine dioxides [66], however, it is slower, as the PPEs
must be dismantled, before exposure to chlorine–alcohol-based solutions. PPE’s metallic
components must be safeguarded from corrosive chlorine mists, which are applied along
with alcohol.

Battelle CCDSTM (USA) has developed a concentrated-hydrogen-peroxide system in
the vapor phase, for decontaminating PPEs. They offer complete pickup of contaminated
PPEs and drop off at the healthcare facility after decontamination. They decontaminate
80,000 PPEs at a time [67,68]. This technology has been approved for use by the USFDA
and has already been deployed for use in the US cities of New York, Seattle, Ohio, and
Washington, D.C. [67]. Moreover, Lynntech has perfected the use of ozone for disinfection
of plastics. Although this is a quick method that does not leave behind much residue,
plastics are more susceptible to damage due to ozone use [68]. The mist’s ability to
penetrate through the layer of fabrics, as seen in respirators, has made chemical systems
advantageous, to ensure a greater extent of decontamination. Unlike common plastics such
as LDPE, HDPE, and PP, condensation polymers, such as polyesters, nylon, and a few
others, degrade [68].

4.3. Use of Ionisation and Energetic Radiation

Electron beam radiations and other ionizing radiations can harm any living organism’s
DNA and neutralise it, but these radiations must not be applied in streams consisting of
metals. A containment system, composed of a concrete bunker several feet thick, is required,
making it the most expensive and challenging to construct in a short amount of time [67].
In the recent past, the application of UV rays in PPE’s disinfection has been an area of focus.
In specific, the pulsed xenon ultraviolet light is useful during the removal of worn PPE [69].

The ultraviolet-light spectrum consists of three sub-classifications: UV-A (320–340
nm), UV-B (280–320 nm), and UV-C (200–280 nm), where the UV-C rays have the highest
germicidal properties. RNA and DNA absorb UV-C, leading to structural damage to
the molecules through photodimersation, resulting in virus inactivation. As SARS-CoV-
2 is a recent find, there is not sufficient data to analyse the survival of the virus under
different conditions, however, scientists have treated this virus similarly to SARS-CoV-1 [70].
Although UV-C has been significant, factors such as the inoculum size, culture medium,
geometry, and size of material used in PPEs play a significant role, which leads to incoherent
findings. At 360 mJ/cm2, SARS-CoV-1 had the highest UV D90 among nearly 130 different
types of viruses [71]. It has been reported that the majority of aerosols are captured on the
initial layers of respirators [72]. Their efficacy remains questionable, especially in complex
geometries, despite the lower costs and rapid throughput of disinfection. The mechanical
degradation upon exposure to UV-C deems it unsuitable for use.
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5. Environmentally Sustainable Management of Used Personal Protective Equipment

Face masks, gloves, goggles, gowns, and aprons are examples of personal protective
equipment (PPE) that can help protect people from infections and toxins. PPE used against
pathogens has, traditionally, been mostly in the hospital setting. However, due to the
worldwide COVID-19 epidemic, personal protective equipment (PPE) is, increasingly,
commonly employed in residential circumstances, resulting in supply chain shortages
and a fast accumulation of potentially infected PPE in household-solid-waste streams [73].
Manufacturing, building, the oil and gas industry, transportation, firefighting, and food
production have all been impacted by the enormous domestic need for personal protective
equipment, in reaction to the epidemic. Since the COVID-19 epidemic, there has been a
tremendous surge in the development of plastic-based PPE equipment. For example, the
worldwide market for PPE grew at a compound annual rate of 6.5%, between 2016 and
2020, from around USD 40 billion to USD 58 billion [23].

The World Health Organization, on the other hand, estimates that PPE supplies will
need to grow by 40% monthly, to adequately combat the COVID-19 epidemic. In total,
89 million medical masks, 76 million pairs of medical gloves, and 1.6 million pairs of
goggles are among the needed PPE [74]. PPE demand is not predicted to fall much in the
post-pandemic period, with the supply of face and surgical masks expected to expand at a
compound annual rate of 20%, from 2020 to 2025 [23,73]. The long-term management of
PPE is a major problem.

The lack of a coordinated international strategy to manage the PPE production and
waste lifecycle is threatening to stymie progress, towards achieving key components of the
United Nations’ Sustainable Development Goals (SDGs), such as SDG 3, good health and
well-being; SDG 6, clean water and sanitation; SDG 8, decent work and economic growth;
SDG 12, responsible consumption and production; and SDG 13, climate action [75]. We offer
product lifecycle techniques that should be included into public–private-partnership-based
solutions. Increases in PPE production and distribution result in an increase in waste,
which is exacerbated by health and environmental dangers along the waste treatment chain,
particularly in countries with poor infrastructure (Figure 2).
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At the peak of the pandemic in Wuhan, China produced 240 tonnes of medical waste
per day, which was six times more than before the epidemic. As a result, the city’s waste
management department set up mobile incinerators across the city to dispose of the massive
amounts of abandoned face masks, gloves, and other contaminated single-use protective
equipment. Across the globe, similar increases in the number of abandoned face masks,
hand gloves, and safety eyewear have been reported. Moreover, over seven million Hong
Kong residents, for example, use single-use masks on a regular basis. Discarded masks have
been reported in the water and on Hong Kong’s beaches and nature paths [76]. The outbreak
has had an impact on how solid waste management is handled. Waste management and
resource recycling were declared non-essential and placed on lockdown.

This interruption of normal waste management services has been observed across
the world, and it has been compounded by China’s previous limits on importing “recy-
clable” solid waste, which were imposed in 2019. As a result, several governments have
implemented informal protocols for collecting and recycling discarded PPE, a practise
that may pose a risk, owing to insufficient decontamination [77]. Viral infections can be
transmitted to healthcare and recycling employees, if infected trash is improperly disposed
of or handled. It has been estimated that up to 30% of hepatitis B rates, 13% of hepatitis C
rates, and 0.3% of HIV rates have been transmitted from patients to healthcare workers, as
a result of incorrect medical waste disposal. A higher-than-normal incidence of viral infec-
tion among solid waste collectors may be related, directly, to pathogens in contaminated
wastes, according to studies undertaken in Pakistan, Greece, Brazil, Iran, and India [23].
The Basel Convention on the Transboundary Movement of Hazardous Wastes and their
Disposal, a treaty by the United Nations, has recently urged member countries to treat
waste management as an urgent and essential public service, in the wake of COVID-19,
in order to minimise potential secondary effects on health and the environment. As a
result, safe and long-term recovery as well as treatment of PPEs should be prioritised. It is
essential to clarify the role of informal recyclers in developing countries, where medical
waste has not been, adequately, regulated.

The PPE reaction to the COVID-19 epidemic has had an influence on plastic recovery
and recyclability, as well as landfilling and pollution. PPE materials have polymers as
a main ingredient, accounting for 20–25%of the total weight. If they are not recycled,
they contribute, significantly, to dangerous environmental contaminants, such as dioxins
and toxic metals [73]. Contrary to World Health Organization recommendations, which
encourage safe practises that reduce the volume of waste generated and ensure proper
waste segregation at the source, plastic-based PPEs discarded from households are mixed
with other domestic plastic wastes, such as single-use plastic bags, the use of which has
increased rapidly, since grocery stores prohibited customers from bringing their own
bags for fear of introducing additional virus-transmission routes. PPEs, such as N-95
masks, Tyvek protective suits, gloves, and medical face shields, all include polypropylene.
Polypropylene, also, accounts for a significant amount of the nearly 25 million tonnes of
plastic materials disposed of in US landfills each year, with just 3% of the polypropylene
plastic created being recovered and recycled [13,78–80]. It is difficult to recover polymers
from mixed healthcare waste, which includes PPE. Individuals operating as recyclers
in middle- and low-income countries are constrained in their ability to recycle, without
risking infection, due to the low proportion (15–25%) of healthcare waste that is not
contaminated. Furthermore, poor plastic waste recycling rates throughout the world,
as well as a lack of coordinated government laws requiring minimum recycling content
in new goods, will almost certainly result in an increase in virgin plastic manufacture
in the post-pandemic period. The plastics manufacturing industry in the United States
has asked more than USD 1 billion in emergency financing to deal with the increased
demand caused by COVID-19 [79]. Restriction of emergency funding is necessary to
promote investments in the research and development of used PPE collecting, sorting,
and recycling, to ensure that growing plastic PPE manufacturing does not lead to greater
pollution. Public–private collaborations will help to implement a long-term PPE waste
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management strategy. The importance of artisanal solid-waste collectors and recyclers in
nations in transition is unquestionable. It is difficult to develop safe and sustainable PPE
management, outside of healthcare settings (hospitals and clinics) in emergency situations,
since it necessitates a thorough understanding of best practises, as well as the monitoring
and enforcement of laws and regulations. Thermal, chemical, irradiative, and biological
processes can be applied locally or scaled up in regional facilities, where waste collection
and transportation are viable in healthcare settings. Single-use PPE is not a sustainable
practise, so addressing the PPE pollution problem will need multidisciplinary technical
skills, encompassing biological sciences, environmental science, public health, materials
science, and engineering. PPE disinfection and reuse can be done on a large-scale, using
methods such as infusion of hydrogen-peroxide vapour, ultraviolet or gamma irradiation,
ethylene-oxide gasification, application of spray-on disinfectants, and infusion of base
materials with antimicrobial nanoparticles, according to new research published since the
start of the current pandemic [81–84]. Many disinfection technologies are, still, in the early
stages of development, and they must be calibrated to guarantee that material deterioration
during each disinfection cycle does not jeopardise the fundamental purpose of PPEs, which
is to prevent pathogen penetration and human exposure. During and after the present
epidemic, the circular economy idea of reducing, reusing, and recycling materials should
govern PPE management policy development. Plastic producers should be required to
include a minimum recycling content in new items under national rules, and product price
should reflect environmental and health externalities. Policy implementation, monitoring,
and enforcement should also include public education initiatives, to encourage proper PPE
stewardship. In low-income nations, infrastructure development is critical to ensure the
safety of informal garbage collection and recycling. PPE management policies must be
linked into economic models that encourage the use of green technology and alternative
evaluations, to find and implement safer methods based on thorough material-life-cycle
assessments and customer preferences, if they are to be sustainable. In conclusion, the
COVID-19 epidemic has put pressure on worldwide solid waste management, as well
as emphasising supply chain bottlenecks in PPE manufacturing, demand–supply, usage,
and disposal. PPEs will continue to be in high demand, thus, now is the time to invest in
innovative PPE materials that decrease waste creation and enhance methods for the safe
and sustainable storage of worn PPE, with worldwide policy guidelines [75].

6. Conclusions and Future Perspective

Every country in this globe is, currently, focusing on tackling the COVID-19 epidemic.
This requires consideration of the economic and environmental factors as well. In this paper,
the issues pertaining to PPE disposal and safe disposal strategies have been elaborated.
The precipitous rise in plastic waste, especially for protection and healthcare purposes, has
been one of the significant consequences of this coronavirus outbreak. The measurement of
environmental issues, in terms of footprints as PF and PWF, along with the strategy for safe
disposal, has been discussed in this paper.

Considering the current trend, it is necessary to, immediately, reassess goals and
priorities, without harming the environment, society, or economy. Massive quantities of
plastic waste are landfilled or incinerated. Only a small part is recycled, leading to the
disposal of 4–12 million tonnes/year of plastics into the seas and oceans [85,86]. The health
of our environment and human beings is interdependent. To ensure a future, sustainability
is essential. Scientists must guide world leaders and corporations’ management, to imple-
ment an efficient plastic waste management system for plastic waste recovery, governed
by strict rules and regulations in the manufacture and consumption of plastic products.
It is, also, vital to seek sustainable techniques to reduce plastic waste. One way is to use
biobased plastics; however, more research has to be carried out, to scale up the economic
and environmental aspects. Besides, the manufacture of sustainable products must be
complemented by the producer’s responsibility, and the cost of waste management must
be adopted by the distributors and sellers. Therefore, in every country, it is essential that
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plastics are of primary political concern, to minimise plastic wastage as well as promote a
circular economy and sustainability.

This circular economy principle should centre on reducing, reusing, and recycling
principles for PPE management, throughout the pandemic and post-pandemic situations.
National policies ought to be devised, to ensure that plastic production involves mini-
mum recycling content in new products. However, the cost of the products must reflect
environmental and health externalities. In lower-income countries, the advancement of
infrastructure is necessary, to safeguard informal waste collection. To ensure sustainability,
PPE management policies need be incorporated into fiscal policies, to encourage green
technology as well as find and implement safer practices.
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Abstract: Heavy metal contamination, waste, and COVID-19 are hazardous to all living things in
the environment. This review examined the effects of heavy metals, waste, and COVID-19 on the
ecosystem. Scientists and researchers are currently working on ways to extract valuable metals from
waste and wastewater. We prefer Tessier sequential extraction for future use for heavy metal pollution
in soil. Results indicated that population growth is another source of pollution in the environment.
Heavy metal pollution wreaks havoc on soil and groundwater, especially in China. COVID-19 has
pros and cons. The COVID-19 epidemic has reduced air pollution in China and caused a significant
reduction in CO2 releases globally due to the lockdown but has a harmful effect on human health
and the economy. Moreover, COVID-19 brings a huge amount of biomedical waste. COVID-19’s
biomedical waste appears to be causing different health issues. On the other hand, it was discovered
that recycling has become a new source of pollution in south China. Furthermore, heavy metal
contamination is the most severe ecological effect. Likewise, every problem has a remedy to create
new waste management and pollution monitoring policy. The construction of a modern recycling
refinery is an important aspect of national waste disposal.

Keywords: heavy metals; COVID-19; waste; biotoxicity; SARS-CoV-2; CO2; circular economy

1. Introduction

One of humankind’s greatest issues in the twenty-first century is heavy metal pollution.
In recent decades, fast development, which has happened in the majority of places all over
the world, has increased concern about and attention to soil quality [1]. In China, heavy
metal poisoning of farming soil has been a major problem [2]. Heavy metal bioaccumulation
can harm humans through various routes, such as food intake, particle inhalation, particle
ingestion, and skin absorption [3]. More than 10 million polluted sites are known to exist
worldwide, with heavy metal(loid) contamination found in >50% of sites [4]. By the end of
2000, China had 3.2 million hectares of wasteland, and this number is growing at a rate of
46,700 hectares each year [5]. In China, HMs pollute around 20 million acres of cropland
and 12 million tons of grain every year [6,7]. Toxic heavy metals such as lead (Pb), cadmium
(Cd), chromium (Cr), and arsenic (As) are found in about 82 percent of polluted agricultural
soils in China [8]. Between 2005 to 2013, 1.50 percent of soil samples in China were polluted
with Pb, according to the first National Soil Pollution Investigation [9]. Around 80 million
hectares of soil are contaminated by heavy metals in China [10].

Heavy metals are mainly obtained from natural and anthropogenic origins. Volcanic
emissions, continental dust movement, and the weathering of metal-enriched rocks are all
examples of natural sources [11]. Heavy metals originating from mining operations are
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one of the most hazardous contaminants in surrounding areas [12]. This is especially true
when soils are utilized for the discharge of inadequately treated liquid effluents, solid waste
disposal, and deposition of exhaust gas from enterprises [13]. One of the biggest causes of
heavy metals pollution is atmospheric pollution, notably, dust from zinc and lead industrial
processes. Heavy metals from atmospheric deposition could be accumulated in topsoil by
sedimentation, impaction, and interception [14]. Toxic metals penetrate the environment
via nonferrous metal mining and smelting, through enduring and draining sewage sludge,
discharge of contaminated water, or atmospheric particles from smelter piles [15].

Energy scarcity, pollution, and climate change, all linked to population expansion and
the combustion of fossil fuels, have become key problems that humanity must address in the
twenty-first century [16]. The rapid growth of the world’s population, coupled with urban
growth and technological advancement, has increased the production of complicated waste
materials [17]. China has an important role in almost every aspect of the world economy.
China is the most populous country on the planet. Urbanization and advancements
in current technology, which contain the innovation of electrical and electronic tools,
have a significant impact on a country’s economy. It is common knowledge that all
electronic tools include a variety of toxic metals, such as Pb, Cd, As, mercury (Hg), zinc
(Zn), cadmium (Cd), copper (Cu), and aluminum (Al), which instantly affect public health
and the environment [18].

Apart from heavy metals, landfilling modifications have a considerable impact on
the biota of the ecosystem. China is a developing country, and while the industry is the
main cause of hazardous waste in developing nations, the threats posed by industrial
hazardous waste sources are greater. E-waste recycling utilizing rudimentary technologies
is being removed quite vigorously in limited sites in south China, driven by profitability. It
is rapidly becoming a significant novel source of contamination in these areas [19]. China
has become the world’s leading distributor and recycler of e-waste, accepting more than
one million tons of e-waste each year from the United States and Europe [20]. Hazardous
waste management is given priority because of its poisonous nature. This ensures that such
wastes are controlled to avoid contaminating the environment, which could negatively
affect human, plant, and animal health and biodiversity. In 2015, 191 million tons of
municipal solid waste (MSW) were gathered, with almost 94.1% of it being preserved in
sterile condition, 63.7% of MSW was disposed of in sterile landfills, 34.3% was handled in
furnaces, and 2.0% was preserved through biological procedures [21]. Direct landfilling of
uncooked food wastes has been prohibited in Korea since 1 January 2005, to address a lack
of landfill space, preserve groundwater and soil from pollution, and encourage food waste
recycling as a viable resource [22].

Heavy metal pollution’s toxicity may lead to diseases [23]. The coronavirus disease,
also known as COVID-19, was announced as a worldwide virus outbreak by the World
Health Organization (WHO) on 11 March 2020 [24]. Due to poor respiratory functioning,
chronic inflammation, and decreased resistance to diseases, environmental contamination
has been deemed one of the threat issues for COVID-19 intensity and death rates, with
indirect data from China and Northern Italy supporting this theory [25]. The collapse of
numerous organelles, a weakened immune system, impairment to the central nervous
system, kidney involvement, fracture, and a decrease in children’s IQ are all effects of heavy
metal exposure [26]. Soil risk factors are challenging to decompose and can emigrate to
plants and humans via food chains and water supply systems, posing a direct or indirect
threat to food security and human health [27,28].

This review aimed to highlight the impact of heavy metal and waste on environmental
pollution. While providing a comparative valuation of the COVID-19 pandemic and its
effect on the atmosphere, humans, and economy. Furthermore, a comprehensive review
was conducted on how waste recycling, waste, and biomedical waste management will not
only help in fighting against diseases but will also achieve a more circular economy.
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2. Heavy Metal Extraction in Soil

There are a variety of forms used for soil analysis, and it depends on the goal of the
investigation. In the geochemical investigation and environmental geochemistry, sequential
extraction of components from soil and sediment is commonly used [29]. Sequential
extraction procedures (SEPs) have grown in popularity rapidly since their inception in
the late 1970s [30]. Identifying the primary binding locations, the potency of the bind
among metal and soil mixtures, and the step connections of trace elements in soils can all be
obtained using SEPs [31]. Several studies have employed the sequential extraction approach
with selective chemical agents to partition solid-phase metals in river sediments [32,33].
SEPs, established on the sensible usage of a sequence of additional or particular small
reagents selected to solubilize the various mineralogical particles for maintaining the
more considerable part of metals sequentially, are the most popular and easiest method to
determine the states in which metals are discovered in soils [34]. SEPs have been used to
analyze the physicochemical states of metals and offer a more useful interpretation of the
mechanisms determining their availability and assessing the efficacy of soil remediation
systems and identifying underlying mechanisms [35]. Sequential extraction has recently
become popular for evaluating the environmental impact of human activities such as
mining [30] and smelting. It is critical to distinguish the accessible and inaccessible states
of metals in soil contaminated by metals to assure that the soil is managed to avoid the
inaccessible states becoming accessible [34]. The problem of the partial selectivity of
chemicals used in sequential extraction schemes (SESs) to dissolve one stage emerges in
the assault on other stages, and they may be ineffective in entirely dissolving the stage;
modifications to the experimental conditions, including the extraction period, the extractant
sample fraction, the chemical content, the extraction temperature, the usage of consecutive
extractions with similar chemicals, and so on, can all help to avoid these issues [36].
Although time intensive, sequential extractions provide precise information regarding the
source, method of occurrence, biological and physicochemical availability, mobilization,
and transportation of trace metals [37].

Several SEPs are available, but some are intended to function within exact factors. In
contrast, others are intended for a broader application, such as the Tessier [33], Community
Bureau of Reference (BCR) [38], Short [39], Galán [40], and Geological Society of Canada
(GCS) approaches [41]. Similarly, several researchers have proposed a modified version of
this and applied it to the soil, sediment, and sewage. All sequential extraction procedures
(SEPs) facilitate fractionation [42]. Exchangeable, carbonate bound, Fe and Mn oxide bound,
organic matter bound, and residual were the names given to these fractions by [33,42].
Fractionation patterns have not been consistent, and the consequences of various methods
are not consistently similar due to the deficiency of consistency in the test situations (i.e.,
the number of extractions, chemicals, shaking period) [43]. Even though various protocols
have been described, the Tessier and BCR schemes remain the most commonly adopted [30].
Table 1 shows the operating parameters, including Tessier and BCR schemes [37]. Sequen-
tial extraction studies have proven to be useful for determining the metals linked with
the main cumulative stages in sedimentary depositions [37]. XRD is also effective for
determining silicate clay reactivity during the extraction process [42]. Understanding the
chemical and physical features of heavy metals in soil requires identifying the chemical
states (speciation) and dispersal of heavy metals released, trapped, or adsorbed on soil
particles [44]. To evaluate heavy metal redistribution (Pb, Cd, Zn, and Cu), SEPs were
used by the European Union Bureau of Reference Procedure (EUBCR) [45]. According
to [30], sequential extraction has a bright future in the twenty-first century, but its sustained
utility necessitates researchers’ awareness of its limitations, particularly for environmental
monitoring. The SEPs future is not as bright as initially assumed, but it is still useful [42].
It is crucial to realize that the Tessier and BCR processes will not always produce the
same outcomes. For example, Mn is extracted from agricultural soils primarily by the
reducible fraction of the BCR technique but mostly through the residual fraction of the
Tessier procedure [30]. Tessier’s approach is the most efficient when there is a high soil
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metal content [46]. Still, no extraction procedure is 100% effective, but we have recom-
mended the Tessier sequential extraction method as a suitable method for estimating high
metal(loid) concentrations in soils. Critical problems need critical solutions. In conclusion,
the invention of a suitable extraction method is predicted to revolutionize the field of soil
contamination research in the future.

Table 1. Original Tessier and BCR SESs. (Reprinted from ref [37], with permission of the publisher).

Tessier Scheme a

Stage Operationally-Defined
Phase Reagent Operating Conditions

1 Exchangeable 8 mL of MgCl2 1 mol L−1

(pH = 7)
1 h at 25 ◦C

2 Acid soluble 25 mL of NaOAc 1 mol L−1

(pH = 5)
5 h at 25 ◦C

3 Reducible 20 mL NH2OH·HCl 0.04
mol L−1 in HOAc 25% w/w 6 h at 96 ◦C

4 Oxidizable 3 mL HNO3 0.02 mol L−1 +
5 mL H2O2 30% w/v

2 h at 85 ◦C

3 mL H2O2 30% w/v + 3 h at 85 ◦C
5 mL NH4OAc 3.2 mol L−1 30 min at 25 ◦C
BCR Scheme a

1 Acid soluble 40 mL HOAc 0.11 mol L−1 16 h at 25 ◦C

2 Reducible 40 mL NH2OH·HCl 0.1 mol
L−1 (pH = 2) 16 h at 25 ◦C

3 Oxidizable 10 mL H2O2 30% w/v
(evaporation) 1 h at 25 ◦C

10 mL H2O2 30% w/v
(evaporation) 1 h at 85 ◦C

50 mL NH4OAc 1 mol L−1 16 h at 25 ◦C
a 1 g sample mass is employed for sequential extraction.

3. Pollution Levels in Various Environmental Compartments
3.1. Soil

Toxic heavy metals are deposited in soils from natural and human activities [47].
As a consequence of environmental and health issues, soil heavy metal pollution has a
huge interest [35]. The A horizon is called “topsoil”, in this layer, minerals are present
which are generated from the parent material with the organic matter accumulating. The B
horizon is called “subsoil” or “zone of accumulation”, the mineral seeps down from the
A or E horizons and accumulates in this layer. However, the variation of the elemental
concentrations is higher in the A and B horizons. The B horizon, or the third layer of
soil, contains the majority of heavy metals [48]. This layer comprises components that
were dissolved in the higher layer (the A horizon) and subsequently moved down or
sidelong into the inferior layer, where they were dumped, and heavy metals are drawn
to the B horizon because it has a high content of iron oxyhydroxides and clay, both of
which can absorb cationic aspects [48]. Microorganisms cannot degrade heavy metals in
the soil; therefore, they accumulate, influence the soil’s properties, and are assimilated
and enhanced in biomass [49]. Cadmium (Cd) pollution is a major problem in China’s
agriculture [23]. Pb, Cd, polybrominated biphenyls (PBBs), polybrominated diphenyl
ethers (PBDEs), and polychlorinated biphenyls (PCBs) have appeared in high quantities
in rice and organic contaminants have been found in vegetables growing surrounding
unmanaged e-waste recycling locations [19]. E-waste soil samples frequently contain
persistent organic pollutants (POPs), including polycyclic aromatic hydrocarbons (PAHs)
and PBDEs. In 2011 (0.59 mg/kg) and 2016 (0.40 mg/kg), researchers found high molecular
weight polycyclic aromatic hydrocarbons (PAHs) in paddy soils close to e-waste recycling
areas in Taizhou, China [50]. The principal pollutants of concern in e-waste-affected soil
are Pb and Cd [50]. According to [19], the maximum Pb (629–7720 mg kg−1) and Cd
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(3.05–46.8 mg kg−1) contents found in soils around e-waste combustion operations far
surpassed Chinese farming soil requirements (Pb: 250 mg kg−1; Cd: 0.3 mg kg−1). Metal
concentrations were highest in historic e-waste incineration locations, with an average
of 17.1 mg kg−1 of Cd, 11,140 mg kg−1 of Cu, 4500 mg kg−1 of Pb, and 3690 mg kg−1 of
Zn. Metals in high amounts could seep out of the locations and contaminate pond water
and sediment [19].

3.2. Water

Apart from soil pollution, which can contribute to water quality degradation and vari-
ous negative environmental effects, heavy metal replication across the food supply chain
has serious health impacts [51]. The global demand for freshwater is steadily increasing.
Because arsenic (As) pollution affects such a broad population, the toxicity resulting from
As enrichment in sedimentary aquifers beyond prescribed limits, which causes drinking
water contamination, is a global concern [52]. Because As species are proven carcinogens,
their presence in the environment is a primary public concern and is linked to severe health
hazards [53]. The possible polluting roots from agriculture, including fertilizer, urban (such
as wastewater), and industrial (including spills and leaks), and groundwater contact with
surface water sources including rivers and lakes, are depicted in Figure 1 [54]. This refers
to the spread of new infections due to pesticides, and it is a threat to human health [55].
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Figure 1. Groundwater interactions with contaminant pathways. (Reprinted from ref [54], with
permission of the publisher).

Chronic exposure to harmful contaminants in groundwater has negative health conse-
quences and leads to serious diseases such as cancer, neurological disorders, reproductive
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system damage, congenital malformations, and, more recently, diabetes mellitus [55]. Enor-
mous amounts of wastewater are released during the liquid and solid separation [56].
Pollutants can enter the groundwater system through karstic soils [55]. Karst covers
around 30% of China’s land surface, and karst aquifers provide a quarter of the country’s
groundwater supplies (200 billion m3 per year) [57]. Many karst locations worldwide have
experienced rocky desertification, particularly in southwest China’s karst area, known as
the world’s biggest karst area with constant carbonate rock outcrops [58]. Contamination
in the atmosphere in the karst area is difficult to dissipate before precipitating again due to
its unique geomorphological properties, as the environmental fragility of the karst aquifer
in southwestern China is widely recognized [57]. According to [59], currently, no research
has been done on the impact of karst water with various chemical properties on dissolved
organic matter (DOM) leaching into karst soils. According to the various contaminants,
heavy metals are numerous important and dangerous contaminants for groundwater [60].
The Lianjiang River was found to be polluted by As, Cr, molybdenum (Mo), selenium (Se),
lithium (Li), and antimony (Sb), whereas the Nanyang River had higher levels of Ni, Zn,
Cu, Pb, cobalt (Co), and silver (Ag) [50]. Toxic heavy metals have been found in wastewater
discharged from tailing ponds: Pb, Zn, Cu, Cr, Ni, and As at average concentrations of 4.33,
269.90, 2.40, 1.69, 1.04, 11.40, and 24.62 g/L, respectively [61].

In China, 28% of groundwater examinations surpassed the WHO limit contamination
level (10 mg N L−1) between 2000 and 2012. Up to 36% of the river sectors and 40% of the
main lakes in China did not fulfill the quality standards to be used as drinking water sources
in 2010 [62]. Rainwater, surface runoff, and groundwater in karst environments frequently
have high Ca2+ levels [59]. Surface waters (from springs and streams to rivers and lakes) can
transport heavy metals across long distances, and their chemical structure varies depending
on the geological characteristics through which they travel [48]. Furthermore, surplus
nutrients in rivers are transferred to seas, resulting in nearly 500 instances of hazardous
algae blooms in China’s shore waters between 2006 and 2012, posing a threat to human
health and shore ecosystems [62]. For a sustainable future, technologies that improve the
efficiency of agriculture irrigation are required to grow more food or biomass with less
water [63]. Because of socioeconomic and climate changes, this scenario is predicted to
deteriorate in the future [62]. The hydrological cycle can forecast several climate change
consequences [64]. In e-waste operations, there is still a severe lack of evidence about the
origins and characteristics of heavy metal pollution. Groundwater is quickly depleting due
to global climate change, and this process is threatening to overrun the entire water cycle.
Because the rain cycle follows a four-step procedure in which groundwater is used in the
evaporation and condensation process, the aquifer is an important aspect of the rain cycle.
Unfortunately, global warming has disrupted the entire cycle.

4. COVID-19

COVID-19 has wreaked havoc on the worldwide economy and health system, resulting
in >5 million lives lost [65] and enormous economic and social upheaval. Similarly, an
Ebola epidemic began in middle Africa in 2013 and expanded to neighboring nations in
Western Africa, resulting in 28,652 human infections and 11,325 lives lost between 2013 and
2016 [66]. COVID-19 is a disease transmitted by the recently identified acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) with various clinical symptoms ranging from mild
flu-like symptoms to pneumonia and acute respiratory syndrome [67]. COVID-19 is the
most troubling challenge humanity has ever encountered. This is owing to the fact that its
consequences are both profound and worldwide. Over a couple of years after the financial
crisis, the globe is dealing with the health and economic consequences of the latest crisis
brought by the COVID-19 epidemic [68]. China has already faced viral outbreaks, such
as the SARS outbreak in 2003. The main distinction between COVID-19 and SARS is the
intricacy of the distribution networks in which China is now enmeshed [69].

If heavy metals are found to be a source of COVID-19 vulnerability, we will have
a valuable tool for identifying who is at risk and a technique for proactively reducing
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risk [70]. According to the previous research, Cd and Pb are accountable for the COVID-19
mutation of the influenza virus, whereas As and Hg are responsible for the emergence of
the COVID Beta variation [71]. Compared to other heavy metals, As has a dual role in
viral infections [25]. According to [70], this revelation could save the world economy tens
of trillions of dollars, in addition to saving precious human lives. For example, Zn/ZnO
nanoparticles (NPs) are also employed as disinfectants and integrated into commercial
items, such as food packaging. Furthermore, because the virus can stay active on plastic
and stainless-steel surfaces, using nano-Zn as a disinfection agent could help to limit
SARS-CoV-2 transmission by generating selfsterilizing coatings [65].

COVID-19 susceptibility and severity have been linked to various medical, lifestyle,
and environmental variables (Figure 2) [25]. The novel coronavirus, SARS-CoV-2, has been
recognized in wastewater [72]. The advancement of wastewater-based epidemiology (WBE)
techniques is described as a harmonizing way of tracking the SARS-CoV-2/COVID-19
surveillance system [73]. According to the WHO, viruses such as SARS-CoV-2 mutate over
time and will continue to alter as they circulate. There is also a lack of evidence about
COVID-19 variants. Thus, continuous monitoring of SARS-CoV-2 could have a big effect
on efforts to figure out how the variants change.
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Figure 2. The proposed role of heavy metals as a link between risk factors for COVID-19 severity.
Both particulate (PM2.5) pollution and smoking are associated with heavy metal exposure that at least
partially mediate adverse effects of these factors on the respiratory system. In addition, heavy metal
exposure was shown to be associated with higher incidence of obesity, diabetes, and cardiovascular
diseases (Reprinted from ref [25], with permission of the publisher).

Our greatest concern with COVID-19 is to address the public health implications, but it
is also critical to maintain our economic recovery. According to COVID-19 vaccinations, the
recent findings show that the safety measurement of mRNA COVID-19 vaccinations stands
out as the most thorough of any vaccine in United States record [74]. Such effectiveness
suggests that the vaccines offer significant protection against infection. Further research
should be focused on vaccine safety monitoring. Rapid changes in COVID-19 variants
and future vaccinations will need political commitment, financial support, resource man-
agement, and multisectoral partnership. Furthermore, lack of sufficient funding is a key
obstacle to success for developing countries.
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CO2 Emission

In the global carbon cycle, soil is both an origin and a sink [59]. The fundamental cause
of global climate change is carbon dioxide emissions. Carbon dioxide or CO2 originates
from the burning of fossil fuels and the manufacture of cement and solid, liquid, gas,
and gas flaring. Transportation, factories, refineries, and agricultural activities contribute
to air pollution [60]. Globally, 6 billion tons of CO2 was emitted in 1950. China is the
world’s leading emitter; it emits almost 10 billion tons of CO2 annually [75], accounting
for more than a quarter of worldwide emissions. The worldwide COVID-19 lockdown
reveals a direct link between air pollution levels [60,76]. COVID-19 is expected to pos-
itively influence natural resources and cause a significant reduction in CO2 emissions
globally. The safety measures, which included a travel embargo and the suspension of
most commercial and industrial operations, produced an economic downturn and lowered
CO2 and other pollution emissions while also assisting in controlling the pandemic in
China [77]. Warmer winter temperatures in 2020 contributed to some of the reduction
in China’s power sector discharges [78]. In 337 cities across China, hazardous gas and
other pollution emissions decreased by 25% at the start of 2020, and air quality improved
by 11.4% compared to the start of the previous year; this modification is believed to
have saved 50,000 lives in China [79]. Figure 3 depicts global and regional changes in
daily CO2 discharges. The numbers for other countries in the first half of 2020: global
(−1550.5 Mt CO2 −8.8%), the United States (−338.3 Mt CO2, −13.3%), followed by the
EU27 and the United Kingdom (−205.7 Mt CO2, −12.7%), India (−205.2 Mt CO2, −15.4%),
China (−187.2 Mt CO2, −3.7%), and Germany (−54.0 Mt CO2, −15.1%), with significant
but gradual drops in Japan (−43.1 Mt CO2, −7.5%), Russia (−40.5 Mt CO2, −5.3%), Brazil
(−25.9 Mt CO2, −12.0%), Spain (−23.1 Mt CO2, −18.8%), Italy (−22.9 Mt CO2, −13.7%),
and France (−21.5 Mt CO2, −14.2% ) [78]. NASA (National Aeronautics and Space Admin-
istration) and ESA (European Space Agency) used the Ozone Monitoring Instrument (OMI)
to track the sudden drop in nitrogen dioxide (NO2) content during COVID-19’s initial phase
in China [79]. During the global shutdown, carbon monoxide (CO), NO2, and “particulate
matter with a diameter smaller than or equal to 10 µm” (PM10) all declined dramatically,
but ozone (O3) increased significantly due to the NO2 decrease [76]. The reduction in NO2
concentrations started in China and spread around the world [79]. The pandemic decreased
pollution levels in the United States, but to a lesser extent than in China [78].

According to [80], the observed global temperature is rising faster than the simulated
temperature when natural variables are taken into account alone, with human activity
accounting for the entire difference; the average worldwide surface temperature has risen
by 1.07 ◦C since 1850, with each of the last four decades being warmer than the one before
it. Because soil microorganisms and the activities they facilitate are heat sensitive, global
factors such as heating are instantly affecting microbial soil respiration rates. The function
of increased temperature in microbial metabolism has recently received considerable at-
tention [81]. For example, global warming has already resulted in extensive glacier and
Arctic ice retreat, a 0.2 m rise in sea level, and more frequent and severe heavy precipitation
occasions as well as hot extremes [80]. Since the beginning of industrialization, the world’s
environment has been affected, but it is the path to real development. The same scenario
has occurred in south China as it also affects the middle riparian zone and the two waters
are from the Yangtze River, and Yellow River. Henan Province has many rivers, the terrain
is generally higher in the west and lower in the east, and the majority of the region is low
plains, putting most cities in the province at high risk of flooding [82]. In central China’s
Henan province, the city of Zhengzhou received more than 200 mm of rain in a single
hour on 20 July 2021 (denoted as “Zhengzhou flood”). More than three million people
were affected by the Zhengzhou flood, which claimed the lives of 302 people and left
50 persons missing [83]. The Central Meteorological Observatory of China issued yellow
rainfall signals the next morning (06:00 on 19 July), warning of severe heavy rain in areas
of Henan Province, including Zhengzhou (24 h of precipitation from 08:00 on 19 July to
08:00 on 20 July, with 100–160 mm) [84]. Scientists are predicting that the rapid climatic
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change has had a negative impact on the environment, and these changes will affect the
water resources worldwide because this can be held accountable for drought and flood in
the same year.
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Among the most controversial topics in the global research community working
on waste disposal is the provision of appropriate practical resolutions to developing
and growing countries [85]. Under each region’s waste management standards, medical
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waste and plastics were usually disposed of before the COVID-19 epidemic [60]. As the
epidemic advanced, changes occurred, providing challenges for healthcare facilities, with
the amount of waste generated being the most difficult to control. The constant growth in
the volume of medical waste following the advent of COVID-19 produced severe issues
in managing plastic garbage and even immobilized the waste dumping infrastructure in
several nations [60]. COVID-19 has had a terrible worldwide economic impact, with many
individuals losing their employment and employers finding themselves unable to maintain
their staff as their businesses decline [86]. Climate change is putting the world’s food
security at risk. Climate change is expected to considerably impact agriculture, affecting
crops, soils, livestock, and pests directly and indirectly [87].

Furthermore, the pandemic’s potential effect on food production in major food-
producing nations (including China, the EU, and the United States) might have considerable
impacts on global food availability and costs [88]. The COVID-19 pandemic has added tens
of thousands of tons of extra medical waste to the health care waste management systems
around the globe, posing a significant hazard to the environment and human health and
emphasizing the urgent need to improve waste management approaches according to
WHO. The current pandemic has a good effect on environmental pollution reduction, but
the COVID-19 biomedical waste is a challenging issue for the world. Such waste could be
infected with the virus. Medical waste disposal has become a serious global issue. Medical
waste incinerators, both new and old, must adhere to increasingly stringent emission stan-
dards for a range of contaminants. There are two types of medical waste: special waste and
general waste. All waste items that are not classified as toxic are included in general waste,
even the potentially hazardous, and do not require special management and disposal.
Special wastes require special management, treatment, and disposal, normally restricted
by specialized laws and regulations. Such waste may be hazardous to one’s health, safety,
or the environment, or it may simply be inappropriate for dumping [89]. The climatic
change affects the comparative quantity of soil community components in their physiology,
temperature sensitivity, development rates, and function of the soil community [81]. The
most important step in dealing with climate change is to minimize the use of fossil fuels on
a daily basis.

5. Challenges Associated with Waste
5.1. Waste Management Strategy

Waste management is among the most pressing environmental issues in today’s society.
Waste management has become a big concern in China, as careless disposal of hazardous
materials poses serious damage to the environment. The term “sustainable development”
has gotten much interest in many areas, including scientific debates, daily life activities,
foreign relations, local and national policies, and commercial [90]. The historic sustainable
development summit in 2015 approved the 2030 Agenda, which included 17 sustainable
development goals (SDGs) that would guide countries’ efforts to build a sustainable
world by 2030, and Goal 6 aims to guarantee that everyone has access to clean water
and sanitation [91]. Heavy metal pollution and waste require a strong policy, constant
monitoring, remediation, the media, and the determination to overcome with public
support. As the world is working towards better wastewater treatment, it is improving;
what will happen if the water sources decrease due to global climate change? Due to the
closure of the manufacturing industries, the quality of the water bodies improved during
the COVID-19 lockdown.

5.2. Waste Avoidance and Waste Minimization at Source

China has the world’s leading electronics consumer and producer [92]. E-waste has
become a severe concern in China and other Asian emerging countries since it is one of the
leading causes of heavy metals and organic contaminants in municipal waste and is the
most rapidly increasing waste stream [93]. The establishment of China’s e-waste recycling
system was founded in the early 1990s; transnational flows of e-waste from industrialized to
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poor nations have gotten a lot of attention because of the substantial contamination related
to these recycling activities in some locations in early 2000 [92]. Electronics manufacturing,
a main economic driver in China and one of the most rapidly increasing industries since
the 1980s, is the third source contributing to the massive volume of e-waste [93]. E-waste is
the most rapidly increasing waste source in the industrialized world, expanding at over
4% per year. The Chinese government has tightened its e-waste rules, resulting in a large
amount of e-waste being held in Hong Kong’s New Territories [94].

In recent years, China has created a standard e-waste recycling strategy with 109
accredited recycling manufacturers armed with the finest functional recycling machinery
and supervised by highly stringent environmental safety requirements [92]. Figure 4 shows
the predicted e-waste production, reported proportions of dismantled units by licensed e-
waste recyclers, and the dismantling capacity of authorized recycling factories in provinces
of China in 2004 [92].
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5.3. Reuse, Recovery, and Recycling of Hazardous Waste

According to a report by Toxics Link, 70% of the e-waste accumulated at recycling units
in New Delhi, India, was shipped or dumped by industrialized nations [95]. At the same
time, roughly 50–80% of the e-waste accumulated for recycling in the western United States
is shipped to Asia, with approximately 90% of it going to China for recycling. For about
25 years, the Taizhou area in Zhejiang province, East China, has been e-waste recycling.
It is one of China’s most well-known e-waste processing facilities [96]. E-waste recycling
plants utilizing rudimentary technologies are being removed quite intensively in a few sites
in south China, driven by commercial motives, and in these areas, it is quickly emerging as
a significant new source of pollution [19]. For example, in Tianjin, Taicang, Ningbo, Linyi,
Liaozhong, Taizhou, and Zhangzhou, special resource recovery industrial gardens have
been constructed to facilitate effective and ecologically friendly recycling of original and
imported metal trash. Such operations are particularly common in the suburbs of major
recycling cities, including Guiyu in the Guangdong region and Taizhou in the Zhejiang
region, because of a lack of efficient enforcement and oversight [97]. Nonrecyclable waste
is burnt or dumped directly on the ground. On a national basis, the partitioning between
incineration and landfill is decided for each waste category [98]. In addition, recycling
contributes to the decrease of pollutants and landfills.

Modern waste management has two basic goals: to preserve the environment and
human health and to conserve resources, including materials, energy, and space [98]. E-
waste recycling can provide for at least a portion of the world metal demand, particularly
in areas where resources are scarce. Reuse has been encouraged to extend the life of used
electrical and electronic devices [99]. Although e-waste accounts for just around 5% of
global municipal waste, it is a substantial source of employment in the recycling industries
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of various low- and middle-income nations, including China, Pakistan, India, Malaysia,
Vietnam, Thailand, the Philippines, Ghana, and Nigeria. For example, around 100,000 indi-
viduals are engaged as e-waste recyclers in Guiyu, China, likely the world’s biggest e-waste
recycling center [100]. During the 75th United Nations General Assembly, China declared
that it would reduce carbon dioxide emissions to zero by 2030 and attain carbon neutrality
by 2060. China stipulated producers’ obligations in 2019, demanding them to be in charge
of the logistics activities implicated in recycling and reusing lithium-ion batteries [101].

Time monitoring and applying remediation technology can also be sustainable so-
lutions for pollution reduction. As a result, monitoring is critical for addressing current
pollution most effectively. Furthermore, the world community must take a holistic strat-
egy to address the waste management problem properly. Creating, on a national level, a
pollution-control mechanism. First and foremost, establishing a new strategy based on the
current COVID-19 biomedical waste is critical for environmental pollution; otherwise, it
links with serious problems.

5.4. Lessons Learned from Waste Disposal

The main cause of COVID-19 is earlier waste management strategies that were in-
effective. Insightful research on COVID-19 biomedical waste problems is needed for a
new approach to waste management. Climate policies and action programs need to be
modified from time to time, concentrating on the most contemporary situation and present
necessities and demands. There must be a safe trash disposal system set in place by each
government agency to preserve our natural resources and protect against potential health
risks [102]. Additionally, wastewater is polluted with COVID-19, which has led to a need
to establish a wastewater surveillance system to monitor COVID-19 in wastewater [103].
Such types of waste should be thrown away after being disinfected, according to the WHO
recommendations [104]. Healthcare waste can contain hazardous microorganisms that can
spread easily to other patients, healthcare professionals, or the general public if it is not
properly handled or thrown away [105].

6. The Role of Circular Economy (CE)

Both academics and practitioners are interested in the circular economy notion be-
cause it is seen as an effective implementation for firms to apply the much-debated notion
of sustainable development [106]. This energy flow paradigm of industrial operations
was dubbed “extract-produce-use-dump,” “take-make-waste,” or “take-make-dispose”
by experts [107]. Climate change, sustainable growth, nationwide legislation and policy,
patron knowledge and activism, and business continuity appear to be the five guiding
principles of the circular economy [108]. These three preceding domains, ecological eco-
nomics, environmental economics, and industrial ecology, all played a role in developing
circular economy [109]. The “Circular Economy Promotion Law,” “Solid Waste Pollution
Control Law,” and “Clean Production Promotion Law” are three key legislations on e-waste
management. These rules do not contain specific provisions, but they offer a legal foun-
dation for handling e-waste [97]. In recent decades, recycling, production, and pollution
management have received more attention because of the expanding global population and
improvement in people’s living standards. The ‘Circular Economy Promotion Law of the
People’s Republic of China,’ which was signed on 29 August 2008 and went into effect on 1
January 2009, is the most significant contribution to the Chinese legal system to date [110].
As a result of the COVID-19 pandemic, the world economy has been devastated, though
the online market has risen significantly. Fortunately, the negative impact has diminished,
and the global economy has recovered due to the efforts of developed countries around
the world. Since the COVID-19 outbreak has shut down multiple mines, industries, and
borders, the supply of cobalt and lithium has been interrupted.

Metal recovery from wastewater and its revaluation as precious metals brings the
waste material back into the manufacturing stream, facilitating the transition from a linear
to a circular economy. Invest in what we know, China provides nearly 60% of global
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production and works for modern, clean technologies that are the mainstay of a cleaner
ecosystem. Economic development and population growth are linked. The most important
aspect of this population growth is the rise of industrialization and urbanization. Then,
to produce more opportunities to eliminate poverty and pollution, we must preserve our
environmental sustainability. To the best of our knowledge, it is a very complex and
challenging environment that requires more than a business as usual solution.

7. Conclusions

This review investigated the impacts of heavy metals, waste, and COVID-19 on the
environment. Similarly, population growth is a primary source of contamination in the
environment, and China is the most populous country on the planet. For the study of heavy
metal pollution in soil, the Tessier sequential extraction method has a bright future. The
outbreak of COVID-19 resulted in the close of industries. As a result, there was a drastic
decrease in CO2 emissions. It had a major impact on human lives as well. Millions of
people have been affected, with the majority of people losing their employment, and the
world continues to be plagued by this deadly virus. Because of the long-term lockdown,
the global economy is currently in a perilous scenario. However, COVID-19 biomedical
waste is becoming the most serious side effect. As a result of this ignorance and poor waste
management practices, environmental and health disasters occur. So far, acid deposition
has become a worldwide problem and has become a major issue in agriculture and forestry
production, and water resource utilization. Future studies should concentrate on new
policies for waste management and pollution monitoring as well as waste recycling. If the
issue cannot be countered soon, then the world could face a serious crisis in the near future.
At the same time, China’s environmental management is still relatively weak. There is a
need to conduct a specific investigation on the various factors to gain insight into the future
development direction of the industry, the evolution trend of the industry competition
pattern, and evaluate the degree of benefit and effect. Under the background of global
climate change, the study of heavy metal pollution ecology may go beyond the category of
heavy metals and pollution and conduct research in combination with other adversities.
Scholars from various fields should be encouraged to collaborate on developing a new
treatment approach for the COVID-19 biomedical waste.
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dures” SESs “Sequential Extraction Schemes” BCR “Community Bureau of Reference” GCS “Ge-
ological Society of Canada” XRD “X-ray Power Diffraction” EUBCR “European Union Bureau of
Reference Procedure” PBDEs “Polybrominated diphenyl ethers” PBBs “Polybrominated biphenyls”
PCBs “Polychlorinated biphenyls” POPs “Persistent Organic Pollutants” PAHs “Polycyclic aromatic
hydrocarbons” DOM “Dissolved Organic Matter” NPs “nanoparticles” CO2 “Carbon dioxide” NASA
“National Aeronautics and Space Administration” ESA “European Space Agency” Mt “Metric Ton”
EU27 “European Union ’27 Countries’” SARS “Severe Acute Respiratory Syndrome” SARS CoV-
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2 “Severe Acute Respiratory Syndrome Coronavirus 2” OMI “Ozone Monitoring Instrument” O3

“Ozone” CO “Carbon monoxide” NO2 “Nitrogen dioxide” PM10 “Particulate Matter 10” mRNA
“Messenger Ribonucleic acid” Ca2+ “Calcium ion” Ni “Nickel” Cr “Chromium” Cd “Cadmium” Pb
“Lead” Cu “Copper” Zn “Zinc” As “Arsenic” Hg “Mercury” Mn “Manganese” Mo “Molybdenum”
Se “Selenium” Li “Lithium” Sb “Antimony” Co “Cobalt” Ag “Silver”.
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Abstract: The usance of electric and electronic products has become commonplace across the globe.
The growing number of customers and the demand for these products are resulting in the manufac-
turing of new electrical and electronic products into the market, which is ultimately generating a
plethora of e-waste. The notion of a circular economy (CE) is attracting more researchers to work in
the growing field of e-waste management. Considering e-waste as a prominent menace, the objective
of this study was to undertake a comprehensive review of the literature by analyzing the research
articles published in the MDPI Sustainability journal pertaining to the topic of e-waste in the context
of operations and supply chain management (OSCM). This study was addressed via three research
questions. A total of 87 selected papers from 2014 to 2023 were analyzed, reviewed, and categorized
after data were collected from Web of Science (WOS) and Scopus academic databases with articles
only published in the MDPI Sustainability journal. This entails identifying prominent research themes,
publication trends, research evolution, research clusters, and industries related to e-waste through
descriptive analysis. The field of study and methods employed were analyzed by means of content
analysis by delving into the main body of the published articles. Further, four major research themes
and clusters were identified: (1) closed-loop supply chains; (2) e-waste; (3) sustainable development;
and (4) waste electrical and electronic equipment (WEEE). Consequently, this review can be a founda-
tion for subsequent scholarly pursuits toward e-waste management and fresh lines of inquiry for the
journal. Finally, in the conclusion section, some future research guidelines are also provided.

Keywords: e-waste; WEEE; sustainability; circular economy; electrical and electronic waste;
journal review

1. Introduction

Electric and electronic equipment (EEE) are a part of everyday life. Their significance
is increasing in terms of providing business opportunities, but also as an emerging problem
in terms of waste generation, more commonly known as e-waste or WEEE [1]. E-waste
or WEEE is the generic short term used for electric and electronic devices either disposed
of or discarded, or near their end of life [2]. Electrical and electronic equipment (EEE)
include a wide variety of products, such as PCs, laptops, mobile phones, washing machines,
televisions, and monitors [3]. The usage of such devices has proliferated as household
appliances, in manufacturing, other industries, and services, and simultaneously, the waste
related to such products has proportionally increased, which, as a result, is ravaging the
environment. Amongst such products, mobile phones and computers comprise the most
common form of waste due to their short lifespan, along with their rapid development,
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replacement, and widespread usage. This brings in the notion of the overconsumption of
raw materials, making it a global concern. Moreover, such indulgence of overconsumption
results in waste generation. Such wastes have intrinsic noxious and toxic properties,
which are pernicious in nature. This is evident as e-waste has an abundance of diverse
compounds, presenting opportunities in terms of materials and product reutilizations;
however, concurrently, challenges and risks are associated with it in terms of possible
contaminations and harmful contents. Furthermore, in terms of e-waste, there is a clear
composition differentiation regarding other forms of waste, like industrial or municipal
wastes, containing valuable and toxic materials, which have severe and detrimental effects
on the environment and humans if not properly taken care of [4–6].

Due to the growing subtle and apparent concern about such wastes, the CE has a
vital role in waste recycling and resource efficiency by encouraging circular practices and
closed-loop systems to be a sustainable business model [7]. Certain CE activities, such as
recycling, reuse, remanufacturing, and refurbishment, play a significant role in e-waste
life extension and recovering precious materials from it [8,9]. Such roles and activities
of CE are instrumental in sustainable development [10] and e-waste management [3] by
maintaining utility and value for such products [11]. Therefore, the adoption of such circular
practices is imperative for e-waste management due to its increasing generation of 3–5%
per annum [12]. Hence, the core objective of CE is the promotion of sustainable practices
to safeguard the environment within its natural domain and ensure the healthy life of
living beings.

1.1. Research Motivation

Research regarding e-waste has been growing over the past decades, where researchers
play a significant role in journal publications and conferences. Each journal contributes its
role in minimizing the menace of e-waste and how to circulate the materials and products
associated with it in terms of research through the theoretical framework, results and
discussions, and practical implementations. Recent review studies about e-waste [3,13–15]
present the growing interests of the research community through their studies on the
different aspects of e-waste management.

The purpose of a literature review aims to map and evaluate the extant literature [16]
to identify research gaps [17] and to analyze their contribution to the respective research
field. Therefore, the research objective of this study is to focus on and gather the extant
literature and studies based on the aforementioned Sustainability journal. As Govindan and
Soleimani [16] as well as Nita [17] suggest, some reviews are limited to certain databases or
specific journals to meet the research objectives. Therefore, we have limited this study only
to Sustainability. The notion of focusing only on Sustainability to analyze its role in e-waste
research is a promising one. This journal is working on and publishing research related to e-
waste management. The aim of reviewing a particular publisher and its specific journal is to
steer toward exposing and uncovering the fields and areas where major or minor research
is needed. This is based on the proposition proposed by Webster and Watson in their
article [18]. Therefore, we can draw out more insights by delving into the publications; and
so, in a way, this study will categorize and analyze research themes and trends published
in Sustainability. To our best knowledge, this is the first study to primarily focus on the said
publisher while reviewing the literature and research on e-waste. This was acknowledged
while a search was conducted in the month of December on the MDPI website using the
exact keywords as presented in Figure 1, along with analyzing the spreadsheets obtained
from WOS and Scopus databases. Furthermore, the approach is to analyze the ongoing
research patterns for academics and the management team of the publisher, along with
the overall research community, whilst focusing on one particular field under a journal.
This will provide a thorough overview by presenting the overall research trends and
themes while concentrating on the specific journal and presenting insightful information
and directions for future research. This study contributes to synthesizing past and extant
research findings in the e-waste category, along with presenting a knowledge gap that will
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pave the way for researchers whilst the journal team can focus on critical areas for revision
and improvement.
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1.2. Research Objectives

The main objectives of this study within the purview of the selected journal pertaining
to e-waste management in the context of OSCM are as follows:

1. To examine the extent and magnitude of the extant published research.
2. To explore the key findings, publication trends, themes and topics covered, and

advancements.
3. To find out the area of study and key methodologies employed by authors whilst

pursuing their research.
4. To answer the research question: What are potential areas for future research?

For this purpose, three research questions were proposed to conduct this study under
such pretext.

RQ1: How has the research field of e-waste evolved under Sustainability?
RQ2: What is the currently ongoing research on e-waste in Sustainability?
RQ3: What are the current underlying research themes and trends?
The obtained results illustrate that Sustainability has played a substantial role in

covering the research in the field of e-waste, which is discussed in detail. For this purpose,
the rest of the article is based on the following sections: a brief overview of the past literature
is discussed in Section 2, while methodology is presented in Section 3; and Section 4 covers
content analysis, which is discussed in several parts based on methodologies different
authors have adopted in their studies.

2. Literature Review

The literature review is beneficial in providing a general overview of disparate and
interconnected research fields. The existing literature provides excellent review papers
covering e-waste from several aspects. Cucchiella et al. [19] perform an economic assess-
ment of WEEE recycling based on descriptive and predictive disposed volumes in Europe.
They analyze the economic assessment of 14 e-products. They mention that new products
and technologies and the export of used products to developing countries from developed
countries are prominent forms through which e-wastes are generated. Kiddee et al. [20]
emphasize combining several e-waste management tools instead of using a single tech-
nique. For this purpose, they conducted a study by combining four e-waste management
techniques, Life Cycle Assessment (LCA), Material Flow Analysis (MFA), Multicriteria
Analysis (MCA), and Extended Producer Responsibility (EPR). All four tools are thor-
oughly discussed in their respective sections. Kumar et al. [14] conducted a correlation
study concerning the United States, China, and India based on three variables: e-waste
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generation, gross domestic product (GDP), and population. Their results show that GDP
directly correlates with the amount of e-waste generation, while the population has no
significant impact. One of their crucial identification concerns the shorter life span of spe-
cific small electronic devices, like mobile phones, laptops, and tablets, indicating them as a
significant source of waste generation.

Bressanelli et al. [3] systematically review the WEEE industry under the lens of CE
based on four aspects, reviewing previous studies, the geographical location of focus
studies, materials’ life cycle phases, and 4R strategies of CE. They identify that little
attention is given to the design of the practical solution; Europe is focusing on the WEEE
industry mainly from a geographical perspective, and there is a lack of attention to the
supply chain actors and life cycle phases. In contrast, from the CE lens, the main focus
is on reducing and recycling strategies, whereas little attention has been given to the
remanufacturing and reusing strategies. Bressanelli et al. [21] study 115 articles to identify
CE enablers, levers, and benefits in the EEE supply chain (SC). For this purpose, they
develop a framework for categorization, where enablers, levers, and benefits are discussed
in detail in the findings section. In a recent review paper, Al-Saleem et al. [15] analyze
the implementation process of the CE way of e-waste management based in Kuwait as
a case study. Islam et al. [22] review the sustainable approaches for recovering metals
from printed circuit boards of e-waste. Shittu et al.’s [23] review concentrates on the global
situation regarding policies, legislation making, and WEEE generation. Europe is found to
be leading in WEEE management, while the legislation trend is increasing in China, India,
and Latin America. The authors identify four concern areas for further improvement; for
example, WEEE management needs a formal system at the global level, and the ownership
and production of EEE are rising on a global scale, which tends to generate more waste but
no implementation of regulations. Furthermore, they suggest some measures for improving
WEEE management on a global scale.

In a more recent paper, Ismail and Hanafiah [24] assessed four approaches for man-
aging e-waste in Malaysia based on LCA and MFA. They proposed that energy recovery
could be the ideal way to manage e-waste. Ismail and Hanafiah [25] review the present and
future perspectives on sustainable e-waste generation. They perform descriptive analysis
regarding worldwide e-waste generation and distribution and publication trends, research
practices, and applications adopted in articles through content analysis. They study the
current practices and research applications adapted for e-waste management thus far. For
this purpose, the focus was on the current practices and research applications. They seg-
ment the scope and boundary and methodology of the current practices, where scope and
boundary are defined through the level of analysis on the macro level and research areas.
In contrast, the methodology is split into data sources, whereas the section on research
application is mainly related to management practices. Also, in their previous study, Ismail
and Hanafiah [26] reviewed the opportunities and challenges regarding the Malaysian
recycling system related to e-waste. Their findings suggest that implementing laws on
household e-waste management is still lacking. Gollakota et al. [27] review is related to
studying inconsistencies in correspondence to e-waste management in developing coun-
tries. In such regard, their research identifies ten shortcomings impeding effective e-waste
management pertaining to developing nations. They also analyze the micro, meso, and
macro levels of e-waste management. The study analyzes the approach for recovering
valuable materials from e-waste on the micro level. For addressing meso-level problems,
material compatibility, its use, and reclamation are addressed along with LCA, MFA, and
MCA, while the macro level is related to the role of government, consumers, and EPR.
Furthermore, they have discussed the disproportion in developed and developing countries
for e-waste management.

The aforementioned articles provide an overview in terms of covering various aspects
of the overall research conducted on e-waste management. In addition, findings of past
research are synthesized to elaborate the trends and themes. Moreover, such categorization
paves the way for future research. However, this traditional approach is quite broad and
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comprehensive in synthesizing publications, research findings, and areas. As observed, the
existing review works on e-waste in the Sustainability journal were lacking. Therefore, the
present study was intended to fill and close this gap by gathering and reviewing current
research articles published in the said journal. This will explore the existing publications on
e-waste whilst providing an overview of topical research progress along with recommenda-
tions for future research to fill in gaps and limitations after identification. For this purpose,
87 articles are selected and analyzed, and the discussion is presented in detail.

3. Materials and Methods

The research objective of this study is to focus on and gather the extant literature and
studies based on the Sustainability journal. A review is based on specific steps determined
to address the diversity of knowledge for particular research inquiries [28] by formulating
a research topic, data collection, and analysis [29]. This led us to adopt the methodology
based on the working of [16,17,30] with some adaptations. The methodology part is divided
into three sections, material collection, material filtration, and discussion; each is discussed
briefly in Sections 3.1–3.3, respectively, along with a detailed discussion in Section 4.
Figure 1 depicts the overall flow of this study.

3.1. Material Collection

The material was collected in three stages. First, databases were selected. In the second
stage, data were filtered and exported into a suitable format for analysis. In the last step,
data were cleaned to remove any discrepancies and duplication for overall analysis.

WOS and Scopus are leading database sources of information for scientific research [31,32].
Therefore, both WOS and Scopus platforms were selected to search relevant research articles
based on specific keywords. For this study, the first search was conducted in December
2022 on both databases. The second and final search was conducted on 11 January 2023. As
suggested by Suering and Muller [33], material delimitation and unit characterization is an
important decision for conducting analysis. Under this approach, relevant publications
were selected from both databases while focusing on e-waste. For this purpose, data were
collected in a four-step approach:

• Step 1: A search based on Boolean operators was conducted to search relevant articles
based on the following combination of strings: (“electric* waste*” OR “electronic*
waste*” OR “weee” OR “e-waste*”). Keywords were limited to topics covering their
titles, keywords, and abstract only.

• Step 2a: First search: Specific keywords were applied on both WOS and Scopus databases.
• Step 2b: Results were filtered and limited to: (a) Sustainability journal issued by MDPI,

(b) articles and review articles based on the English language, and (c) articles only
focusing on e-waste.

• Step 3: Relevant articles were extracted for data analysis.
• Step 4: Only articles with the above criteria were analyzed in the final list in both WOS

and Scopus databases.

3.2. Material Filtration

The first search was conducted on 21 December 2022. The initial search resulted in
8977 and 13,128 articles from WOS and Scopus, respectively. A second search was made on
11 January 2023, resulting in 9025 and 13,235 articles from WOS and Scopus, respectively.
The material filtration was performed in two phases. In the first phase, the WOS data were
filtered and cleansed. Only articles and review papers based on the English language
published in Sustainability were included, limiting the result to 137 publications from 2014
to 2023 for WOS. This limitation was performed as publications that were not related to the
domain of this study based on the analysis of keywords and abstract; therefore, they were
removed from the study, reducing the final list.

Afterward, the same method was applied to data obtained from the Scopus database,
limiting the final result to 122 articles from 2016 to 2023. Also, there were no papers from
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2014 and from 2015 on the Scopus database, but the time frame was set from 2014 to 2023,
so both databases have the same time frame per analysis regarding time frame. The process
is presented in Figure 1 for visualization.

In the second phase, duplication was removed, and overall results were analyzed.
Moreover, articles were limited to 87 papers, mainly based on the authors working in the
area of OSCM. The whole process was conducted and analyzed on structured datasheets in
a spreadsheet. By following step 4, in Section 3.1, the final list of the selected 87 articles
was analyzed in detail for this study.

3.3. Content Analysis

Out of 87 papers, only highly cited papers are discussed in Section 4.3; the top 30 papers
are presented in Section 4.1.2, based on citations and average citations per year from both
databases. The content of selected articles is analyzed in terms of the study’s scope,
methodology, subject area of research, their discussion, and results.

4. Discussion

This section is divided into two sub-sections. First, we have discussed the descriptive
analysis followed by the content analysis of selected papers in detail. Descriptive analysis
is regarding publications and citation trends, authors’ affiliations based on location, and
research subjects in Section 4.1, which will focus on RQ1. Section 4.2, on the other hand, is
about research trends and themes, and Section 4.3 is regarding -content analysis, where we
have described and analyzed selected publications concerning RQ2 and RQ3.

4.1. Descriptive Analysis

The overall trend suggests that research on e-waste is gaining momentum among
the scientific community. For this purpose, descriptive analysis shows the publication
and citation trend based on data collected from WOS and Scopus databases. The yearly
publication and citation trends are presented in Table 1. The total number of articles
published on WOS is 137, with a total citation of 1175. Table 1 illustrates the year 2014,
which has only one article published on WOS, while no article was published in 2015. The
year 2016 had only five publications, but it gradually started to increase after 2018, with the
year 2022 having top publications of 41 articles. Also, it is evident that citations gradually
increased after 2018 as well, with a significant portion of citations occurring from 2019 to
2022 (1093 out of 1175), indicating that citation tendency accounts for 93% of total citations
alone in these four years. The h-index is 20. This indicates the inclination and growing
interests of researchers.

Table 1. Publications and citations from WOS and Scopus (11 January 2023).

Year
WOS Scopus

Publications Citations Publications Citations

2014 1 3 0 0

2015 0 3 0 0

2016 5 3 5 1

2017 7 21 7 10

2018 13 46 8 49

2019 16 94 15 99

2020 24 208 21 242

2021 30 369 28 341

2022 41 422 38 488
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Table 1. Cont.

Year
WOS Scopus

Publications Citations Publications Citations

2023 0 6 0 13

Total 137 1175 122 1263

h-index 20 - 21 -

On the other hand, data obtained from Scopus almost show the same trend. However,
the years 2014 and 2015 account for no publications, where the contribution of publications
started from the year 2016 with five publications, which gradually increased with time
progression, and the year 2022 having 38 publications. The citation trends tend to be the
same with a slight hovering above citations based on the WOS dataset. The h-index for the
Scopus dataset is 21.

4.1.1. Authors Based on Locations

All authors’ regional affiliations or geographical dispersion based on selected papers
are presented in Table 2 in descending order. This selection is only based on authors’
affiliations per research paper. It is evident from Table 2 that China is highly contributing,
with 18.8% of the total 106 in such regard, followed by Italy at 8.4%, the USA at 4.71%, and
Germany at 4.71%. In Asia, China is the main most significant contributor with 20 authors
against a total of 41 in all of Asia, while in Europe, it is Italy with 9 affiliations against
a total of 45. The publications are primarily divided globally, with countries from Asia
and Europe playing a significant role in publications and research. Asia corresponds to 41,
Europe to 45, North America to 9, South America to 6, Africa to 3, and Oceania to 2 articles.

Table 2. Authors’ affiliations are based on countries.

Continent Countries Authors’
Affiliations

Total
Authors

Percentage of
Total

Asia

China 20 20 18.8%
Taiwan, Indonesia 4,4 8 7.5%

Malaysia 3 3 2.8%
UAE 2 2 1.8%

Saudi Arabia, Singapore, Philippines, Iran, South
Korea, India, Vietnam, Japan

1,1,1,1,
1,1,1,1 8 7.5%

Total 41 38.6%

Europe

Italy 9 9 8.5%
Germany 5 5 4.7%

Norway, UK 4,4 8 7.5%
Romania, Poland, Ireland, Finland, Denmark, Sweden 2,2,2,2,2,2 12 11.3%

Austria, Lithuania, Belgium, Croatia, Ukraine, Serbia,
Greece, Spain, Slovakia, Malta, EU

1,1,1,1,1,
1,1,1,1,1,

1
11 10.3%

Total 45 42.4%

North America
USA 5 5 4.7%

Mexico, Canada 2,2 4 3.8%

Total 9 8.5%

South America
Brazil 5 5 4.7%

Colombia 1 1 0.9%

Total 6 5.6%
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Table 2. Cont.

Continent Countries Authors’
Affiliations

Total
Authors

Percentage of
Total

Africa
South Africa 2 2 1.8%

Nigeria 1 1 0.9%

Total 3 2.8%

Oceania
Australia 1 1 0.9%

New Zealand 1 1 0.9%

Total 2 1.8%

Grand
Total 106 100%

4.1.2. Citation Analysis

Table 3 presents the details of citations and average citations per year based on the
two academic databases, WOS and Scopus. This table is presented under the notion of
citation reports, which is utilitarian in terms of assessing the impact and influence of
publications as research papers are considered crucial research criteria.

Table 3. Author(s) and citations report on WOS and Scopus (11 January 2023).

Row Author(s)
WOS Scopus

Citations Average Citations Citations Average Citations

1 Nduneseokwu et al. [34] 58 8.29 67 9.57
2 Sverko Grdic et al. [35] 54 13.5 65 16.25
3 Rocca et al. [36] 54 13.5 65 16.25
4 Thi Thu Nguyen et al. [37] 53 10.6 58 11.6
5 Isernia et al. [38] 36 7.2 45 9
6 Popa et al. [39] 34 4.86 45 6.42
7 Shevchenko et al. [40] 31 6.2 39 7.8
8 Cruz-Sotelo et al. [41] 29 4.14 32 4.57
9 Miner et al. [42] 28 7 30 7.5
10 Parajuly and Wenzel [43] 26 3.71 30 4.28
11 Vermesan et al. [44] 25 5 26 5.2
12 Cordova-Pizzaro et al. [45] 25 5 26 5.2
13 Abalansa et al. [46] 23 7.67 26 8.66
14 D’Adamo et al. [47] 23 2.88 30 3.75
15 Delcea et al. [48] 20 5 20 5
16 Yu and Solvang [49] 19 2.38 36 4.5
17 Wang et al. [50] 17 2.83 21 3.5
18 Cao et al. [51] 17 2.83 21 3.5
19 Vieira et al. [52] 16 4 17 4.25
20 Barletta et al. [53] 14 1.75 14 1.75
21 Murthy and Ramakrishna [54] 13 6.5 22 11
22 Corsini et al. [55] 13 3.25 13 3.25
23 Andersson et al. [56] 13 2.6 14 2.8
24 Magrini et al. [57] 10 2 14 2.8
25 Tu et al. [58] 12 2 12 2
26 Maheswari et al. [59] 10 2 14 2.8
27 Liu et al. [60] 10 1.67 15 2.5
28 Sari et al. [61] 9 3 11 3.6
29 Parajuly and Fitzpatrick [62] 8 2 10 2.5
30 Wang et al. [63] 8 2 12 3

The data presented in Table 3 are based on the search provided on 11 January 2023.
Data are presented in descending order only of the top 30 articles; however, citation data
are listed in WOS data order, which the authors initially studied for this study. The highly
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cited article was published by the authors of [34] with a total of 58 citations and an average
citation of 8.29 on WOS, and a total of 67 citations and an average citations per year of 9.57
on the Scopus database.

4.1.3. Research Subjects

Figure 2 presents the categorizations of all 87 papers based on research subjects and
methodologies adopted by authors. The survey-based methodology is the most prominent
one adopted by most authors, with 21 papers, followed by mathematical modeling papers,
with 9 papers. Reviews, evaluation studies, and game theory are found in seven papers.
Interestingly, the authors of all seven game-theory-model papers [60,64–69] are based
in China.
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Table 4 presents the concentration of research fields pursued by the authors. E-waste
management has a significant focus, along with recycling and reverse logistics (RLs). Table 5,
on the other hand, presents the focus of the authors industry-wise. This table illustrates
that a wide variety of studies are primarily based on e-waste, accounting for 68.96% of
total publications, followed by mobile phones at 12.64% of total publications. Various other
industrial items, like waste printed circuit boards and e-devices, have two publications
each, while the rest comprise one publication each.

Table 4. Research fields.

Research Areas Publications

E-waste management [34,39,41–43,45–47,53,54,56,57,70–80]
E-waste [81–84]

E-waste collection [51]
Recycling [35,37,40,44,48,60,63,66,69,69,81,85–99]

Disassembly [36,100]
Reuse [101,102]

Disposal [103–105]
Repair [106]

Consumer behavior [55,107–112]
Life cycle assessment and material flow analysis [113]

Supply chain [114]
Supply chain: reverse supply chain [68,115]

Supply chain: closed-loop supply chain [50,64,67,116,117]
Logistics [62]

Logistics: reverse logistics [38,49,52,59,61,65,118]
Location: vehicle routing [119,120]
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Table 5. Focus of industries.

Industries Publications

E-waste [34,36–43,46,48–57,60,64–73,75,76,78–
81,84,86,87,89,91,92,94–99,103,106,108–111,113,116,118,119]

Various sectors [35]
Waste printed circuit boards [44,47]

Mobile phones [45,58,59,61,63,74,83,85,104,107,120]
Plastic and electronic waste [62]

Washing machine [101]
Notebooks [77,88]
Computers [102]

Car and refrigerator [90]
Home appliances [117]

Televisions and monitors [114]
RFID [82]

End-of-life vehicles [93]
Batteries [100]
E-devices [105,112]

4.2. Research Themes and Trends

Based on RQ3, research themes and trends are discussed in terms of co-occurrence
and research clusters to identify the topics and areas pursued by researchers.

4.2.1. Hotspot Identification Using Co-Occurrence Analysis

Figure 3 illustrates the hotspots of research using authors’ keywords. Co-occurrence
analysis was performed based on the authors’ keywords to identify the main ideas and the
border of research. Using VOSviewer 1.6.18, the minimum number of keyword occurrences
was kept at 2, under which 54 hotspots met the threshold out of 509 keywords. E-waste oc-
currence presented 38 times, WEEE at 21, CE at 18, and recycling at 14, while sustainability
showed 12 occurrences as the top five hotspots and most frequent keywords. All these five
keywords are connected to each other and result in more publications and keywords as
off-shoots. All 54 hotspots are mapped in Figure 3, where larger and thicker spots identify
more occurrences. The purple color in the visualization represents the occurrences of the
authors’ keywords as being that of the year 2019, in contrast to the more recent occurrences
represented in yellow found in the years 2021 and onward.
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4.2.2. Research Themes Map by Identifying Clusters

Prominent research clusters and themes are discussed in Table 6 through content analy-
sis. Among such, CLSC, e-waste, sustainable development, and WEEE comprise the more
influential and discussed ones; therefore, these four clusters are briefly discussed here.

Table 6. Prominent research clusters.

Cluster Cluster
Category Terms Publications

1 Closed-loop supply chain Closed-loop supply chain, remanufacturing, game
theory, Stackelberg game, system dynamics [50,64,65,67,74,94,117]

2 E-waste

E-waste, WEEE, CE, recycling, sustainability, waste
electrical and electronic equipment, extended
producer responsibility, reverse logistics, e-waste
management, theory of planned behavior, consumer
behavior, informal sector, plastics, circularity, design
for recycling, design from recycling, end-of-life
management, environment, legislation, plastic waste,
waste disposal, waste management, repair, industry
4.0, material flow analysis, life cycle assessment,
reverse supply chain

[34,38,40,44,46,47,49,51,52,
54,55,60–62,70–

73,76,77,81,82,85–87,89–
91,93,97,99,103,104,109,

111,114,116,118]

3 Sustainable development Sustainable development, environmental
sustainability [35,80,95,107]

4 Waste electrical and electronic
equipment (WEEE)

Waste electrical and electronic equipment (WEEE),
waste management, repair [39,56,92,101,102]

E-waste and its handling pose concerning issues to the environment. A recent report
estimated that 53.6 million metric tons of e-waste was generated across the globe, and
roughly less than 20% is managed under green environment policies [12]. Also, the circular
transition is limited in this sector [121]. On the other hand, e-waste also has the economic
potential of generating revenues, although it requires meticulous working [47]. Therefore, a
systemic support and green eco-design system for restricting the menace of such wastes and
acquiring economic gains has the potential for circular transition. The building blocks for
such transition and sustainable development are CLSC, RL, health, policies, environmental
protection, awareness, government financing, and digitalization. Such blocks work as
enablers and levers for implementing CE practices.

In addition, under the CE framework, e-waste management activities can be enhanced
for efficient resource usage, recovery, and recycling methods. For this purpose, CLSC
activities for e-waste management operating in a CLSC system play a vital role in achieving
sustainable goals from manufacturing to customer usage, recycling, and the disposal of
such electrical and electronic products and components [122]. In essence, such green
initiative reduces overall waste quantities, forming responsible consumption and well-
designed processes linking forward and backward streams in an environmentally friendly
way. E-waste appears to be one of the leading research themes covering different aspects,
whereby the more prominent ones include WEEE, CE, recycling, sustainability, and RL.
While the authors of [34] worked on consumers’ intention, ref. [38] worked on the reverse
supply chain, ref. [40] studied consumer recycling behavior, ref. [44] worked on recovery
techniques from waste circuit boards, and ref. [47] identified challenges in the profitability
assessment of e-waste. In CLSC research clusters, most studies are based on the game
theory approach as well as on system dynamics.

4.3. Content Analysis

Figure 2 presents the various studies adopted by researchers. The 87 studies are
related to OSCM. In operations management and a typical SC environment, the supplier,
manufacturer, distribution channel, and customers are involved, intertwined, and related

272



Sustainability 2023, 15, 12244

in terms of products, their consumption, collection, recycling, remanufacturing, reusing,
feedback in terms of information, product delivery in the forward stream, and product
flow back in terms of the upstream. Thus, in a way, all of these key stakeholders work
together and are dependent on each other for their objectives, be it profit or end product for
consumption and usage. Furthermore, under CE principles, CLSC, RL, and waste collection
systems play their roles. Table 4 depicts the overall picture for a better understanding.

This review also identified the critical methodologies adopted by researchers and
authors, as presented in Figure 2. According to the analysis, 21 out of 87 papers are based
on survey methodology, followed by mathematical models with 9 papers, and finally,
reviews, evaluation studies, and game theory models with 7 papers each. It is evident from
Table 4 that the majority of papers are based on e-waste management (26.43%) and recycling
(27.58%) subjects, while the rest are distributed on other aspects, such as: consumer behavior
(10.3%); RL (8.04%); CLSC (5.74%); e-waste (4.46%); disposal (3.34%); disassembly, reuse,
reverse supply chain, and vehicle routing (each with 2.29%); and e-waste collection, repair,
SC, logistics, LCA, and MFA (each with 1%). It can be concluded that most studies are
based on the management, SC, and R-framework of CE, like recycling.

On the other hand, Figure 2 illustrates that most of the studies are based on the quali-
tative type of research compared to quantitative studies. For instance, survey corresponds
to 24.13% of studies; mathematical model, 10.34%; review, 8.04%; evaluation study, 8.04%;
game theory, 8.04%; design, 6.89%; general, 4.59%; structural equation modeling, 4.59%;
decision making, 4.59%; planning, 3.44%; mix mode, 3.44%; conceptual framework, 2.29%;
financial/economic management, 2.29%; statistical model, 2.29%; economic model, 1.14%;
social welfare model, 1.14%; and simulation, 1.14%. This comparative analysis shows that
more research and work are required and are imperative in terms of quantitative studies.

The content analysis of 87 papers is presented below; the papers are categorized based
on methodologies and publications based on Figure 1 to answer RQ2 and RQ3.

4.3.1. Survey-Based Studies

A survey gathers information and data from the sample size of people through ques-
tionnaires, phone calls, interviews, or using any web-based platform [123]. Some of the
critical articles based on the survey are discussed here.

Nduneseokwu et al. [34] developed a theoretical framework based on the theory of
planned behavior (TPB) to identify the influencing factors on consumers’ intentions to
participate in an e-waste collection system through conducting an empirical survey in Nige-
ria. Through studying customers’ intentions for participation, the authors identified that
consumer participation is vital for e-waste collection management due to the interrelation
of both traits. Their research was limited to one metropolitan city, however, rather than
focusing on multiple cities.

Miner et al. [42] surveyed 228 respondents about their awareness level and knowledge
of e-waste management based in Nigeria. Their results indicate that cell phones and
television sets are prominent devices. Also, open space dumping is the most predominant
method for disposing of e-wastes, followed by storing at home and selling it, in that order.
The authors only focused on household citizens in a specific city in Nigeria. Cordova-
Pizarro et al. [45] analyze the economic and technical situation in Mexico by surveying the
e-waste generation of cell phones using MFA. They perform fieldwork to quantify e-waste
processing through personal interviews in selected twelve companies. They only address
repair and recycling in terms of closing the loop for achieving circularity. Cao et al. [51]
present an existing framework based on the survey to identify problems associated with
the WEEE collection system in China by conducting an explorative study. They proposed
four WEEE collection modes. This study, however, has focused on specific modes while
ignoring the economic benefits participants can achieve form recycling systems in such
different modes. Magrini et al. [57] studied the application of digital technologies, like
IoT and blockchain, for the prevention of WEEE based on interviewing five companies.
They performed a survey and presented a framework for enabling and using digital
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technologies for a better management of electrical and electronic products. Tu et al.’s [58]
study analyze the critical factors from a consumer perspective of purchasing smartphones
based on the Taiwanese market. They analyze and compare the demographic differences
and the associations between such factors. Their study had limitations in terms of uneven
demographic online questionnaire distribution, where most respondents were university
students under the age of 30 years. Also, the focus of the study was on one specific brand
of mobile phone.

Maheswari et al. [59] perform an interview-based study to analyze the Indonesian
mobile phone market by engaging with government and intermediary businesses. For
this purpose, they employ the sustainable RL theory using the customer value chain as an
analysis parameter. They divide mobile phone waste into two categories, (1) household, as
an informal group, and (2) industrial, as a formal group. Furthermore, their respondents
for interviews consist of international and national waste management companies, whereas
dealers, stalls for electronic goods, exporters, local smelters, retailers, and service and repair
come under the informal group. They note that those in the informal group mostly ignore
safety procedures for RL activities. Sari et al. [61] surveyed smartphone users located
in Indonesia. They developed 324 valid questionnaires. They applied the TPB as a base
framework, mainly focusing on the consumers as they play the suppliers’ role in terms of
waste. Therefore, the authors used RL drivers along with facility accessibility to explore
consumer intention to participate in programs related to e-waste. Their study shows
that the government can drive consumers’ intention to participate in e-waste collection,
followed by facility accessibility and personal attitudes. The main limitation of their study
is the use of only RL as a variable. Blake et al. [70] investigate a case study using an online
survey module to analyze households about e-waste management in the Whangarei district
of New Zealand. They suggest that e-waste management should be made mandatory for
achieving sustainability. Also, their study shows that cost is the main barrier associated
with recycling services to perform appropriate disposal. Moreover, their local authorities
reported an intention level of up to 26.9% in recycling their e-waste, but the municipal
recycling services reported only 1.8% in 2017.

Johnson et al. [101] perform a trial base study to assess the reusing of washing machines
in Ireland. They use the terminology “preparation for reuse”. They collect data on a
business-to-consumer (B2C) basis for re-use trials. Their study accepted 23,129 appliances
for inspection, and 1134 machines were selected for the trial study phase. Only 327 washing
machines were sold back to the market after successfully converting them through reuse.
This is merely 1.5% of the overall reuse rate.

4.3.2. Modeling-Based Studies

Some of the critical papers based on a variety of modeling approaches are discussed here.
Servko Grdic et al. [35] apply an econometric model to determine the relationship

between economic development and the circular economy (CE) concept while using GDP
and the production and recycling rates of wastes as variables for their statistical analysis.
The results showed that the CE concept could pave the way for economic growth.

Rocca et al. [36] perform virtual testing through simulation for a practical demonstra-
tion of supporting CE practices through I4.0-based technologies for WEEE management.

Thi Thu Nguyen et al. [37] work on the public perception of e-waste recycling in Da
Nang city in Vietnam under TPB by employing structural equation modeling (SEM). Their
analysis showed that awareness and attitude about environmental factors toward recy-
cling, pressure from society, laws and regulations, inconvenience, and the cost of e-waste
recycling directly contribute to residents’ behavioral intentions. Their results showed that
the inconvenience of e-waste recycling had a negative impact on their recycling behavior
intention. Delcea et al. [48] studied consumer behavior about recycling, the influence of
determinants toward e-waste recycling intentions, and behavior in Romania. They gath-
ered data through a survey for which they generated 54 questions, which decreased to
41 questions after validation, and performed structural equation modeling for the analysis.
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They observed that consumer intention has a direct positive impact on their behavior
toward e-waste recycling. One of the limitations they mention is the sample size, as their
respondents were only social media users.

Wang et al. [50] investigated competition between retailers and third-party recyclers
in a CLSC model using the principle-agent theory without the government’s reward and
penalty mechanism (RPM). One assumption they adopted was that new and remanufac-
tured products had no differences between them. Isernia et al. [38] study the RL cycle
for WEEE management by focusing on waste collection centers located in Italy on the
provincial level. They employ a stochastic matrix model for their analysis to study the
correlation between the collection rate of WEEE and collection centers across different
provinces using data provided by the Italian national clearinghouse. This study only fo-
cuses on the collection part in terms of the WEEE management system rather than the whole
treatment process for WEEE. Yu and Solvang [49] developed a model based on stochas-
tic mixed-integer programming to analyze an RL network under uncertainty for WEEE
management. Their model for the RL system includes: (1) locations of local and regional
collection centers, (2) recycling plants, (3) market, (4) disposal, and (5) hazardous waste
management. Stochastic parameters for their model are (1) WEEE generation and (2) the
price of recycled products and materials. They adopt and utilize numerical experiments
along with sensitivity analyses to support and validate their results.

The most prominent model adopted regarding e-waste research is based on game
theory. Hence, some of the critical papers are discussed here. Liu et al. [60] analyze the
WEEE disposal fund policy in the Chinese e-waste market to optimize the formal and
informal recycling market for recycling fees and subsidies based on the game theory model.
First, they construct a game model to study the competition between the formal and
informal markets for dismantling and refurbishing processes. They identify the trade-offs
between subsidy and its marginal effect and setting up recycling fees. They suggest that
the government set up appropriate recycling fees and subsidy levels to have a better social
welfare and a balance of disposal funds. Gong et al. [64] analyze the SC actors in terms of
manufacturing- and retailer-led scenarios, considering choices and profits for each actor.
The results show that a hybrid-led strategy of manufacturer and retailer is more beneficial
against large firms regarding the recycling rate of the products and their demand.

D’Adamo et al. [47] analyze challenges in recycling WEEE for waste printed circuit
boards (WPCBs). They develop an economic model for identifying profitability in recovering
WPCBs as a tool for profitability assessment. They identify critical constituents from waste
recoveries like gold, palladium, and copper that play a significant revenue-generation role.

4.3.3. Review-Based Studies

Below is a summarization of critical review articles. The authors performed review
papers based on different aspects that are briefly summarized and discussed.

Shevchenko et al. [40] perform a literature review of extant articles studying consumer
behavior regarding e-waste recycling. They suggest that an electronic bonus card system
(EBCS) based as an economic incentive is beneficial for consumers in terms of: (1) com-
pensating the cost for e-waste collection and (2) satisfying consumer perception that value
can be generated from e-waste at their end of life and that this is a valuable resource. They
identify that consumer recycling behavior varies between countries. For instance, the causal
factor in western European countries is an increased level of awareness and knowledge,
while American consumers prefer convenience, for which convenient infrastructure is
developed. On the other hand, Asian and African countries are facing challenges, mainly
due to financial attributions. Vermesan et al. [44] focus on recycling techniques such as
disassembly, treatment, and refinement for waste printed circuit boards. They identify
some critical problems related to the recycling process, such as: (1) the aggregation of waste
items, (2) transportation, and (3) the heterogeneous nature of such wastes. They propose
that one way to achieve CE through recycling techniques is by adopting chemical and
electrochemical processes. Murthy and Ramakrishna [54] perform a review based on global
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e-waste management to highlight key factors, such as policies, technology requirements,
and social awareness. Corsini et al. [55] explore and analyze consumer behavior related
to (1) purchasing, (2) life extension, (3) recycling, and (4) the take-back participation of
EoL electrical and electronic equipment by conducting a review. They adopt the TPB as a
base theory.

4.3.4. Designing

Two papers primarily focused on designing a new waste collection system and
consumer participation in an online recycling platform, respectively, and both of which
are summarized.

Popa et al. [39] designed an IoT-based cloud platform for waste collection systems
intending to develop and implement a smart system to identify and collect wastes like
plastics, glass, aluminum, WEEEs, papers, cans, batteries, etc. They also propose further
research in terms of virtual modeling and simulation. Wang et al. [63] perform two exper-
iments to analyze how green information can influence the respondents participating in
online recycling websites. Their study is based on the situational experiment method; how-
ever, a real-environment scenario can yield far different results, considering the seriousness
level and subjects’ understanding related to the experiment.

4.3.5. Frameworks

Some authors attempt to develop, adopt, and approach framework-based studies
concerning an issue to pursue a solution for the said challenge. Two such approaches are
discussed here.

Parajuly and Wenzel [43] propose a conceptual framework to alleviate the challenges
posed by the diversity of e-waste. They investigate the quantities and management of
electric and electronic products (e-products), product and material flow in the overall
recovery chain, information exchange, and characteristics of e-products. They identify
three aspects for improvements in the recovery chain: (1) “improved collection system”,
(2) “presorting and testing platform”, and (3) “family-centric processing of EoL products”.
Andersen and Jager’s [116] study is about manufacturers’ ability to make their products
more circular. Their findings suggest that they must explicitly bear the responsibility of all
stakeholders in their product networking, from its conception up to its disposal, by creating
a circular system for handling the products and their components. The authors focused on
the technical parts of their model. However, encouraging actors for information sharing
can be focused on through incentives and regulations.

4.3.6. Planning

Cruz-Sotelo et al. [41] suggest a planning model for the e-waste supply chain in
Mexico. They analyzed actors in the WEEE recovery chain, public policies, legal regulations,
existing practices for handling e-waste, opportunities, and challenges regarding waste flow
management and proposed a management model. They identified one limitation and
future prospective research in terms of applying uncertainty methods.

4.3.7. Decision Making

Decision-making is a fundamental process to maximize a firm’s capability, resources,
profits, operational capabilities, and optimality [124]. Two articles are summarized below.

Vieira et al. [52] use a multicriteria decision aid approach (MCDA) for small and
medium-sized companies’ (SMEs) prioritization of barriers for implementing RL for e-
waste collection in Brazil. They perform the study in two steps; first, they identify the main
barriers through a literature review and then apply MCDA application. The results show
that the internal barriers of organizations are the main barrier to RL implementation from
the government and SMEs’ perspective, while consumers consider the managerial level
as the main barrier. One limitation was the non-identification of e-wastes purchased by
customers, as such information has the potential to shed light on the intention of reselling

276



Sustainability 2023, 15, 12244

or repairing them. Barletta et al. [53] propose a novel methodological framework using
several methods, like discrete event simulation, LCA, and stakeholder mapping, to access
the sustainability dimension of e-waste management. They test their methodology using a
case study.

4.3.8. Evaluation Study

Parajuly and Fitzpatrick [62] use e-waste and plastic waste as case fractions to evaluate
the policy impact and assessment regarding transboundary waste movement. They rec-
ommend that policymakers should be aware of environmental and socio-economic issues.
They also state that public involvement is imperative for improving the validity of any
policy, as the public is ultimately one of the significant stakeholders.

4.3.9. Finance/Economic Management

Extended Producer Responsibility (EPR) is a built-in cost function for the protection
of the environment as a whole from the manufacturing point of view. The background is
related to producers who have to take responsibility for their post-consumer products in
terms of environmental protection. For this purpose, a study is discussed here.

Cheng et al. [86] investigate the cost management functions for the recycling fee
equation while considering environmental costs. Their study is based on Taiwan’s EPR
version for WEEE recycling. They suggest that the pricing mechanism for e-waste recycling
cost has helped us by considering all perspectives, like labor, administration, and the
environment itself. Their study has four players: (1) household communities generate
waste, (2) the recycling industry is for processing, (3) municipalities collect e-waste, and
(4) the recycling fund is for supporting incentives. They identify that the government
is the most concerned authority regarding the recycling system and environmental cost
compared to private authorities.

5. Conclusions

The research implications of conducting a review paper for investigating e-waste
centering exclusively on a single selected journal are multifaceted and possess substantial
value for involved stakeholders. This can be argued from different angles. For instance, this
study primarily aimed to provide a comprehensive and confined examination of the extant
literature and research activities contained precisely in the MDPI Sustainability journal
rather than the copious literature from different sources. As a result, it offered insight-
ful information pertaining to the progression of research on e-waste in the said journal
discussed through bibliometric and content analysis in Section 4. Moreover, this review
can stem from academic contribution in terms of e-waste awareness, existing techniques,
approaches, and dominant research methodologies, implied along with research trends
and tendencies. Hence, it could act as a reference point for researchers, scholars, and
decision-makers of the said journal, sweeping for prospective research paths regarding
e-waste management. Furthermore, this study could pave the way for unexplored domains
concerning e-waste management within this journal or outside of its premises by stimulat-
ing multidisciplinary collaboration among researchers. In addition, such encouragement
can work for both theoretical and practical contributions aiming at mitigating economic,
societal, and environmental impacts posed by e-waste.

For this purpose, a thorough review is performed in this paper to analyze the selected
87 papers based on the Sustainability journal of MDPI in the famous research field of e-waste.
Two forms of search were made based on specific keywords on WOS and Scopus databases,
the first on 21 December 2022 and the second on 11 January 2023. The final list of 87 papers
is examined, reviewed, and categorized based on the proposed research questions. This
study aims to aid academics in the field of OSCM in understanding and analyzing the
published papers under the prospect of potential future investigation. It will also help the
publishers and policymakers of the said journal to assess and evaluate their publications.

277



Sustainability 2023, 15, 12244

Overall, this review paper has certain limitations. Firstly, we could not focus on the
overall extant literature regarding e-waste, as the study was confined to MDPI’s Sustain-
ability journal only. This way, we could not work on the entire breadth of the available
literature. This is the trade-off we had to perform in order to confine this study. The
second focus was within the purview of OSCM potentially limiting the inclusivity and
exhaustive examination. However, prospective researchers can work on other domains for
more exploration by incorporating multiple databases and journals.

The review has provided some ideas for future research as well:

• Figure 3 presents a digitalization that was less focused. Future studies and exam-
inations in a digital era with advanced applications can explore strategies for an
effective and efficient e-waste management against the challenges and opportunities
posited by e-products. E-learning platforms, big data, analytics, and subsequent digital
technologies can be exploring strategies.

• Another aspect is that most underdeveloped countries have an informal market in
terms of recycling, remanufacturing, and reusing. More studies on e-waste man-
agement whilst focusing on informal e-waste management processes, recycling, and
remanufacturing facilities is an exploration to ponder and work on. Therefore, in such
regard, the social and environmental aspect of CE practice has huge potential.

• Figure 3 illustrates that most papers are related to e-waste management and recycling,
whilst other subject areas are less considered. For instance, disposal, disassembly,
repair, and CLSC are crucial elements for effective e-waste management as the envi-
ronmental performance of an SC affects sustainability [125].

• On the other hand, an e-waste collection center plays an essential role in the effective-
ness of the SC and logistics network. We can see only one paper adequately dedicated
to the collection of e-waste [51]; one paper on collection systems from an RL perspec-
tive [118]; and two papers on location problems [119,120]. Therefore, more research
is needed from such a perspective, as e-waste management is very much related to
collection and location centers for properly and effectively handling e-waste, as it
cannot operate independently.

• Another aspect is the role of the consumer in e-waste management, as they act as
a network function to supply such products. Consumer behavior and intention are
the intangible aspects of sustainability. This study accounts for only 10.3% of papers;
hence, more investigation is crucial and imperative.

• Only one article based on CE and I4.0 regarding e-waste, by Rocca et al. [36], and
three IoT-related articles by the authors of [39,57,84] are found for this review paper
during analysis. Further, this subject area can be considered by researchers for future
studies based on the notion that I4.0 is the critical driving force in transforming the
linear economy to a more circular method [126], which, as a result, will have profound
effects on the production process and the whole SC.

• Table 5 suggests that various electronic items like computer parts, televisions parts,
and end-of-life vehicle parts could be a significant future research area. Therefore,
such areas need more attention from researchers for future intake.

• Another additional study is in assessing the risk management and operational capacity
of such operations in terms of resource sharing and industrial symbiosis, in more
generic terms, fostering a better industrial ecological system.

• The process of material and study categorization is another angle to ponder and look
upon since this study is mainly focusing on the OSCM side of the research.
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Abstract: Effective product design strategies play a crucial role in promoting sustainable production,
consumption, and disposal practices. In the literature, many such practices have been proposed
by various researchers; however, it is challenging to understand which is more effective from the
design point of view. This study employs bibliometric analysis and visualization software, CiteSpace,
to comprehensively assess the literature on sustainable product design methods (SPDMs) from
two major citation databases, namely, China National Knowledge Infrastructure and Web of Science,
covering the period between 1999 and 2022. The objective of this review is to identify the latest
research trends, progress, and disparities between China and the rest of the world in the field of
SPDMs. The findings reveal that the development of SPDMs is characterized by a combination of
multi-method integration and expansion, as well as qualitative and quantitative hybrids. However,
research processes differ between China and other countries. Chinese studies focus on digital-driven
development, rural revitalization, and system design, while research from other countries emphasizes
a circular economy, distribution, additive manufacturing, and artificial intelligence. Nevertheless,
both Chinese and international studies lack quantitative research methods in relation to socio-cultural
sustainability. Future research should aim to deepen sustainable design methods and standards
for specialized products, as well as to incorporate quantitative methods that address cultural and
social sustainability dimensions. Open-source and shared SPDMs should be encouraged to promote
methodological innovation that prioritizes multidimensional and systematic sustainable benefits,
leveraging the strengths of new technologies.

Keywords: sustainability; design method; product design; CiteSpace; bibliometric analysis;
comparative study

1. Introduction

The global population has significantly increased from three billion in 1960 to approxi-
mately eight billion in 2022, leading to an enhanced human impact on the ecosystem in
pursuit of products and services necessary for production and life [1]. The unprecedented
use of natural resources during this process exerts enormous pressure on the ecosystem,
pushing the planet to its limits. Furthermore, the recent environmental and climate cri-
sis, increasingly severe regional conflicts, complex and volatile international market, and
the outbreak of COVID-19 have heightened the volatility and vulnerability of the socio-
economic system that supports people’s lives and development. Consequently, achieving
sustainable socio-economic development has become a critical concern for academia. Sus-
tainable design, first proposed during the environmental movement in the 1980s, has
emerged as an effective strategic solution to this challenge [1]. Over the past four decades,
scholars, designers, and engineers across the world have widely used sustainable design
to guide the design of various products, services, buildings, environments, and social
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systems [2]. According to research, approximately 80% of sustainability is determined at
the product design stage [3]. Therefore, designing and producing sustainable products is a
critical strategy for achieving the sustainable development goals outlined in Transforming
our World: The 2030 Agenda for Sustainable Development [4].

Product sustainability refers to the ability to maintain a product’s sustainable service
life while minimizing environmental impacts and providing socio-economic benefits for
stakeholders. Sustainable product design methods (SPDMs) play a crucial role in achieving
sustainability goals [5]. The widely accepted definition of sustainability is the triple-
bottom-line approach, which assigns “equal importance to economic stability, ecological
compatibility, and social equilibrium” [6]. The World Design Organization (WDO) updated
its definition of industrial design in 2015 to emphasize its role in creating a better world
through sustainable development, addressing socio-economic, environmental, and ethical
issues. Sustainable design methods broadly address these issues and have become vital and
increasingly focused on social innovation and cultural inheritance projects [7]. Tsinghua
University, Tongji University, and Hunan University have made significant contributions in
this regard [7]. In recent years, numerous research projects have been launched to explore
how to guide, improve, and optimize the production and supply of sustainable products
and services. Sustainable design methods are critical and involve all sectors, fields, and
disciplines. To better understand these methods, we must therefore thoroughly understand
past methods, which is possible only through a comprehensive literature assessment. In
line with this, some researchers have already conducted literature assessments, and to
move forward, we must understand how these past review assessments were done to set a
path for this research.

Recent literature reviews on sustainable product design methods (SPDMs) conducted
by scholars in China and beyond have identified several areas for improvement. Firstly,
previous reviews have primarily focused on introducing theoretical progress in sustainable
design research rather than systematically presenting the evolving trends and dynamic
processes of SPDMs in recent years. Secondly, the existing research scope does not in-
corporate knowledge graphs or visualization regarding SPDMs from the China National
Knowledge Infrastructure (CNKI) database search results, while qualitative research has
been conducted on relevant literature in the Web of Science (WOS) database regarding
sustainable design and relevant systems. Although some scholars have conducted biblio-
metric analyses and literature reviews considering WOS-based data samples on sustainable
product design and production systems [8,9], the latest analysis of sustainable product
design tools was performed in 2017 [10], failing to present the overall progress in SPDM
research in China and around the world. Thirdly, existing review research has mainly
focused on the impact of SPDMs on the environment, with little comprehensive analysis
of the current status, focused topics, and dynamic evolving trends in design methods that
influence environmental, socio-economic, and cultural sustainability.

In response to the above-highlighted challenges, this paper adopts a bibliometric
analysis approach to visually analyze the SPDM literature from the WOS and CNKI
databases over the past 24 years (1999–2022). This approach systematically explores the
current status, focused topics, and research trends in China and around the world on
product design methods that respond to multiple sustainability challenges. Moreover, this
analysis identifies differences in research between China and other regions, providing a
reference for future theoretical and practical research in sustainable design.

2. Methods and Data Sources

We used CiteSpace, a type of visualization software developed by Professor Chen
Chaomei at Drexel University, to carry out a metric analysis of the scientific literature and
visualize the knowledge structures [11]. The collaboration network and co-occurrence
network modules in CiteSpace 5.8. and R3 were employed to conduct a visual metric
analysis of global research on SPDMs. By creating the maps of collaboration networks of
authors, institutes, and countries and the co-occurrence, burstness, clustering, and timeline
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evolution maps of keywords, the research content, movement, and focused topics in this
field were comprehensively and directly presented, and relevant research progress was
sorted out, which will lay a foundation of the literature and provide a methodological
reference for research and practice in this field.

The Chinese literature used in this paper was sampled from CNKI, with three cate-
gories of keywords, namely, (product OR product design) and (method OR methodology
OR tool OR approach OR theory OR framework OR guideline) and (sustainable OR sus-
tainability OR green OR ecological) as the query pattern. Moreover, the Chinese literature
sampled was mainly published between 1 January 1999 and 18 July 2022 in the Chinese
Social Sciences Citation Index (CSSCI), Chinese Science Citation Database (CSCD), EI,
and A Guided to the Core Journals of China. The literature irrelevant to this research
was excluded by the following standards: (a) product design works; (b) literature with
incomplete information and paper solicitation information of periodicals and magazines;
(c) papers and interview articles; and (d) articles irrelevant to this research (including arti-
cles containing sustainable product design information but not design methods). Finally, a
total of 531 papers was adopted. The reference in WOS was mainly sourced from the core
datasets of WOS, and the time range for literature sampling was the same as that for the
Chinese literature. Additionally, the language of the articles and reviews to be sampled
was English, and the theme of the query was “sustainable product design method”. It was
ensured that the inclusion and exclusion criteria were consistent across the two databases.
After the literature data were cleaned and deduplicated in CiteSpace, a total of 829 pieces of
literature was sampled. This process is summarized and illustrated in an adapted PRISMA
flow diagram for systematic reviews (see Figure 1).
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3. Bibliometric Analysis
3.1. Analysis of Publication
3.1.1. Analysis of the Annual Number of Papers Published

A statistical graph of the number of papers published can present the dynamic evolv-
ing process of research in this field. According to the distribution and linear prediction
of the publication year of the literature on SPDMs from WOS and CNKI (Figure 2), the
annual number of both China and the rest of the word published in these years has leapt
forward and can be divided into three phases. In the first phase, the number of annual
publications in the two databases is similar between 1999 and 2007, averaging approxi-
mately eight every year, which is a preliminary exploration into this field. Then, between
2008 and 2014, this field witnessed rapid development and promotion. Accordingly, the
annual number of worldwide publications increased dramatically, with the increase of
the number of published papers in the WOS database being significantly higher than
that of the CNKI. Statistically, the average annual number of CNKI and WOS paper s
published during this period reached 21 and 32, respectively. Nevertheless, the annual
number of papers published in this phase fluctuated significantly. In 2009, Ezio Manzini
at the Polytechnic University of Milan established the “Design for Social Innovation and
Sustainability Network (DESIS Network)” [12], which drives international cooperation
and global promotion concerning research in this field. In the third phase, driven by the
17 sustainable development goals of the UN since 2015, the number of publications in
these two databases has increased rapidly. Moreover, the number of WOS publications
peaked in 2020, reaching 82, which surpassed the entire number of publications in these
two databases in the first phase. Concurrently, the number of articles published gained
constant and rapid growth in China. In December 2016, the State Council introduced the
Program for the Promotion of Extended Producer Responsibility System, which specified that
“the producer responsibility in resource consumption and environmental protection should
be extended to product design [13]”. Since then, the number of publications has soared in
the CNKI database. In 2021, 66 references were published in CNKI, approximately eight
times as many as the average annual number of papers published during the first phase.
Overall, the research in this field both in China and the rest of the world is rich in content
and plentiful in achievements, showing a booming trend.
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3.1.2. Analysis of Author Collaboration Network Map

The author co-occurrence module in CiteSpace was used to create the author collabo-
ration network maps (Figure 3) of these two databases, respectively. On the map, the nodes
represent the number of published papers of authors, and the lines connecting the nodes
imply the collaboration among authors. Moreover, the thickness of the lines means the
degree of the collaboration, and the color indicates the time of the collaboration.
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Among the collaboration networks of Chinese scholars, five were quite distinct
(Figure 3a). The largest author base formed through the connection between the new
collaboration network with Ji Tie at the core and the sub-network led by He Renke; the
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author base consisting of Zhou Daowei, Sun Gang, and Sheng Lianxi, who started their
research earlier; the author base led by Yu Dongjiu, whose node is the biggest; and the
author base consisting of Yu Senlin, Liu Xin, and Xia Nan, whose nodes are connected
by only one line, indicating that though they have had quite a few published papers, the
collaboration network is not formed, and the collaboration among them is not deep. There
are many separate units on the map that are not connected by networks, implying that
cross-unit, multidisciplinary collaboration is required for Chinese research in this sector.
Scholars from the WOS database outperform CNKI scholars in terms of the number of
collaboration networks. Moreover, the collaboration networks of scholars in WOS are
distributed rather than centralized (Figure 3b). The author base led by Brissaud Daniel
and Fabrizio Ceschin connecting nine nodes is the largest, followed by the author network
with Stevels Ab at the core, and then the collaboration networks led by McAloone Tim C.
and Pigosso Daniela, respectively. Except for the networks mentioned above, networks on
the map connect mainly two or three nodes, indicating that despite the deep intra-base
collaboration, the linkage among networks remains to be strengthened and that no large,
stable author base has been formed.

Further investigation reveals that there are five scholars who have more than six pub-
lications, namely, Yu Dongjiu (15), Yu Senlin (10), Liu Xin (8), Karl Haapala (8), McAloone
Tim C. (8), Pigosso Daniela (7), and Daniel Brissaud (7). Yu Dongjiu explored the ap-
plication of strategies and methods for social value-oriented sustainable innovation [14]
and design to the design of elderly-oriented [15] and children-oriented products [16]. Yu
Senlin proposed that the focus of the methods for the innovation of sustainable product
design should be extended from production to consumption, from physical products to
product-service systems, and from material culture to spiritual culture [17]. Liu Xin em-
phasized the understanding of the sustainable design for products and services from a
systematic perspective [18] and proposed creating a sustainable design assessment system
based on Chinese conditions [19,20] and developing teaching tools for sustainable design
of the product–service system. Karl Haapala focused on the relationship between product
design and sustainable manufacturing [21] and developed a method for assessing the
environmental factors behind the product design and manufacturing based on the life cycle
approach [22,23] as well as a modeling method [24] that would facilitate decision-making
regarding sustainable design. McAloone Tim C. and Pigosso Daniela have a tight close
collaborative relationship regarding the development and implementation of multiple
ecodesign tools and methods [25,26] to measure sustainability performance in product
development [27], such as the ecodesign maturity model [28,29], guidelines for evaluating
the environmental performance through life cycle assessment [30], and a generic process
model for the early stages [31]. Daniel Brissaud, from the perspective of remanufacturing,
brought forward the sustainable design method and practice [32] for redesigning products
and developing new products, the product cycling strategy [33], and the multi-criteria
assessment method [34] that take into consideration technological, economic, environmen-
tal, business, and social factors, and the method for the transformation [35] toward and
creation [36] of a design value-driven and sustainable industrial product–service system. By
Price’s Law, authors with at least three papers published in this field can be defined as core
authors, and when the total number of published papers of core authors represents 50% of
the total number of papers in this field [37], a core author base is formed. According to the
available statistics, there are 17 core authors in the CNKI database and 46 core researchers
in the WOS database, and the total number of their published papers represents 17.1% (91)
and 21.4% (177) of the total, respectively, neither of which has reached 50% of the total
number of sampled papers published in this field. Therefore, no core author base has been
formed in this field. Moreover, compared to Chinese authors, researchers contributing to
WOS are more willing to carry out research through collaboration. Overall, worldwide
research on this issue demonstrates the characteristics of a large number of researchers,
scattered cooperative relations, and a lack of connectivity.
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3.1.3. Analysis of the Academic Influence of Institutes with Papers Published

The Institution module in CiteSpace was used to illustrate the institutions that con-
tributed to the research, and the institutions with no fewer than three published papers on
this research are marked (with the threshold value being three) in Figure 4. Moreover, the
top 10 institutes in China and around the world by the number of published collaborations
are summarized (see Table 1). According to Table 1, the top 10 research institutes in China
and around the world are dominated by universities, indicating that universities are the
mainstay of global research on SPDMs. Nonetheless, the centrality values of universities
are zero, which means no core team has been formed in this field worldwide.
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Table 1. Summaries of the top 10 global institutes by the number of published papers.

a. CNKI Database

Number Institute Number of
Published Papers Centrality Publication Year of

the First Paper

1 School of Art and Design, Guangdong
University of Technology 21 0 2014

2 Academy of Arts and Design,
Tsinghua University 17 0 2003

3 School of Design, Hunan University 16 0 2004
4 School of Design, Jiangnan University 15 0 2002

5 School of Art and Design, Wuhan University
of Technology 11 0 2008

6 School of Art and Design, Nanjing University
of Technology 10 0 2011

7 School of Arts, Nanchang University 10 0 2001

8 School of Art and Design, Hubei University
of Technology 9 0 2016

9 School of Fashion, Beijing Institute of
Fashion Technology 7 0 2019

10 College of Furniture and Industrial Design,
Nanjing Forestry University 6 0 2016

b. WOS Database

Number Institute Number of
Published Papers Centrality Publication Year of

the First Paper

1 Delft University of Technology (the
Netherlands) 28 0.01 2001

2 Oregon State University (the US) 13 0 2012
3 Polytechnic University of Milan (Italy) 10 0 2010
4 Technical University of Berlin (Germany) 9 0 2008
5 Pennsylvania State University (the US) 8 0 2012
6 Blekinge Institute of Technology (Sweden) 8 0.01 2017
7 Hefei University of Technology (China) 7 0 2004
8 Brunel University London (Britain) 7 0 2014

9 National Cheng Kung University
(Taiwan, China) 6 0 2003

10 Imperial College London (Britain) 6 0 2017

In terms of the number of published papers in Chinese institutes, as shown in Table 1
(a), the School of Art and Design, Guangdong University of Technology tops the table
with 21 published papers. The school has designed green design-oriented curricula for
undergraduates, such as Sustainable Design Overview, Methods for Sustainable Innovation,
and Upcycling-Based Low-Carbon Design. The Academy of Arts and Design, Tsinghua
University; the School of Design, Hunan University; the School of Design, Jiangnan Univer-
sity; and School of Art and Design, Wuhan University of Technology rank second, third,
fourth, and fifth in the table, respectively. They have jointly established a core team, which
developed the Learning Network on Sustainability-China (LeNS-China) in 2011. So far,
19 Chinese universities and research institutes have joined LeNS-China [38] to increase
local awareness, information and resource exchange, and practical engagement around
sustainable design.

Figure 4a is a map of the distribution of and collaboration among Chinese research
institutes with 398 nodes, 148 lines, and a network density of 0.0019. According to the map,
a total of 398 Chinese organizations conducted research on SPDMs between 1999 and 2022,
during which the institutions collaborated with each other 148 times. Nevertheless, the
collaboration network map also indicates that no clustering phenomenon has been formed
in the Chinese sustainable product design field. Although a large inter-university collabora-
tion network led by the School of Art and Design, Guangdong University of Technology; the
Academy of Arts and Design, Tsinghua University; the School of Design, Hunan University;
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and the School of Art and Design, Nanjing University of Technology has been created to
explore the methods for designing a sustainable product-service system, develop relevant
tools, and disseminate relevant knowledge, it has only a few light-colored lines, implying
that the universities have not carried out frequent, long-term, and in-depth collaboration.
Moreover, the Academy of Arts and Design, Tsinghua University; the School of Fashion,
Beijing Institute of Fashion Technology; and the School of Mechanical Engineering, Beijing
University of Science and Technology have jointly established a small, regional network
and proposed strategies for sustainable design by learning from nature [39] and sustainable
design approaches for culturally innovative products [40]. Moreover, an intra-university
collaboration has been formed between the College of Furniture and Industrial Design and
the College of Art and Design, Nanjing Forestry University, to propose a coupled approach
for furniture and product packaging design based on sustainable use [41]. In addition to
the above-mentioned collaboration networks, few networks have been created among other
institutes, so the institutes are not obviously linked to each other. Moreover, as research is
dominated by universities, there is much room for improving academic collaboration and
exchange among research institutes in this field.

In terms of the number of published works of institutes from the WOS database, as
shown in Table 1 (b), the Delft University of Technology in the Netherlands leads its peers
with 19 published papers. Moreover, the Faculty of Industrial Design Engineering at Delft
has made sustainability its top three design research topics. As a classic in the design
research field, the Delft Design Guide: Design Strategies and Methods, published in 2013, has
systematically clarified the design methods for products and other design-related fields.
Oregon State University comes second in the table with 13 papers published, most of which
are contributed by its College of Engineering and focus on the development of quantitative
and modeling methods for sustainable product design and manufacturing. Polytechnic
University of Milan in Italy ranks third with ten published papers, all from its School
of Design. The Lab of Sustainable Design and Systems Innovation (Polimi-DiS) in 2002,
the Learning Network on Sustainability (LeNS) in 2007, and the international Learning
Network on Sustainability (LeNSin) [42] in 2015, which were all launched by the School of
Design, have led 155 universities and institutes in Europe, Asia, Africa, and South America
to participate in sustainable design-related research and practice, delivering a range of
cases, methods, and tools about sustainable product design. Among the top 10 institutes in
WOS by the number of published papers, 2 are from the US; 2 are from Britain; 1 each are
from the Netherlands, Italy, Germany, and Sweden; and the remaining 2 are from China,
namely, the Hefei University of Technology and the National Cheng Kung University, with
seven and six published papers, respectively. Moreover, only the research carried out by
the two Chinese universities was later than that by the Delft University of Technology.

On the collaboration network map of research institutes in WOS database (Figure 4b),
there is a total of 411 institutes and 202 lines, and the network density is 0.0024. Among
the networks, five are quite distinct. Specifically, there is a European university collabo-
ration group consisting of only universities, including the Delft University of Technology,
Polytechnic University of Milan, Blekinge Institute of Technology in Sweden, Brunel Uni-
versity London, Aalto University in Finland, and the Chalmers University of Technology
in Sweden. Moreover, Imperial College London, Loughborough University, Cranfield
University, and Coventry University have formed a British university collaboration net-
work. Additionally, American universities, including Pennsylvania State University and
Oregon State University, have jointly built a US collaboration group. There are another
two research institute–university collaboration networks. One consists of the University
of California, Berkeley; the National Institute of Standards and Technology; and the In-
dian Institute of Science; and the other comprises the Technical University of Berlin in
Germany, KU Leuven in Belgium, and Fraunhofer Institute for Production Systems and
Design Technology in Germany. Except for the above-mentioned collaboration networks,
there are 12 distributed small collaboration teams, displaying the “overall dispersion and

292



Sustainability 2023, 15, 12440

small concentration” feature that characterizes the institutes contributing to WOS that have
been exploring SPDMs.

3.1.4. Analysis of the Distribution of Institutes in WOS by Country and Region and of
Collaboration Networks

In the country co-occurrence map (Figure 5), there are 66 countries and regions, and
they have collaborated 189 times. Moreover, the network density is 0.0881. Specifically,
14 countries and regions have at least 20 published papers. Table 2 is a ranking of the top
10 countries by the number of published papers, in which China (156 published papers)
ranks first, followed by the US (124), Britain (80), and then Germany (57) and Taiwan, China
(51). Although China has the most published papers, it comes fifth in terms of betweenness
centrality (0.13). This indicates that even though China is internationally active in SPDMs,
its academic influence remains to be improved. The US (0.53) and Britain (0.24) feature
high centrality, indicating that their international academic influence is significant, so they
serve as a medium and propel this field forward.
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Table 2. Summary of top 10 countries in WOS by the number of published papers.

Number Country Number of
Published Papers Centrality Publication Year

of the First Paper

1 China 156 0.13 2000
2 The US 124 0.53 1999
3 Britain 80 0.24 2000
4 Germany 57 0.09 1999
5 Italy 48 0.17 2003

6 Taiwan
(China) 46 0.15 2008

7 India 36 0.09 2010
8 Brazil 30 0.01 2006
9 Sweden 30 0.06 2003

10 France 29 0.07 2007
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3.2. Analysis of Research Trends and Frontiers
3.2.1. Analysis of Research Evolution Process

The temporal knowledge evolution process on SPDMs can be described as three-
phase by the timeline map generated in CiteSpace’s Keyword Co-occurrence Module. The
horizontal axis of Figure 6 is the timeline, which is divided into multiple 1-year slices.
Each slice indicates the keywords of the year, and the size of the keyword node is in direct
proportion to each keyword’s appearance frequency. However, the importance of the
nodes in the research depends on the centrality. The higher the centrality value, the more
important the nodes are. Keywords with high centrality values of no less than 0.1 represent
the focused research issues in the field to some extent [43]. After the three subject terms
for retrieval are excluded, in the CNKI database, “TRIZ (theory of inventive problem
solving) (0.35)” is the supporting point of the keyword network and the main focused
research issue concerning SPDMs, followed by “life cycle (0.34)”, “innovative design
(0.23)”, “mechanical product (0.19)”, “sharing economy (0.18)”, “redesign (0.12)”, “green
manufacturing (0.11)”, and “QFDE (0.11)”, which play significant liaison and transition
roles in the entire network. Specifically, keywords including “green design”, “green
product”, and “environment” are the focused research issues appearing in the early stage,
and the focus of research in recent years has shifted to “sustainable”, “sharing economy”,
and “service design”. Over the years, the focused research issues have changed significantly.
The focused issues in the WOS database emphasize factors such as “environmental impact
(0.19)”, “barrier (0.17)”, “consumption (0.16)”, and “cost (0.15)” in the process of design
of sustainable products, as well as the “integration (0.13)” methods employed, design
“framework (0.12)” supporting sustainable strategies, the “QFD (0.11)” method, and the
“LCA (0.10)” method. “Environment” is the earliest, followed by “ecodesign tool”, and
then “strategy”, “sustainability”, and “implementation”.

The first phase, spanning from 1999 to 2007, is foundational for Chinese research on
SPDMs. In this phase, keywords such as green design, product design, product packaging,
green manufacturing, mechanical products, TRIZ, life cycle, and material selection were
spawned. Research in the product design field back then mainly adhered to the green
design methods and green manufacturing philosophy and focused on the R&D of green
mechanical products, green mechatronic products, and green industrial products. Moreover,
Chinese research between 1999 and 2007 paid attention to the environmental impacts
and evaluation of the materials, structures, and functions of products, which has been a
fundamental issue, namely, how to understand and cope with the influences of product
design on the environment, facing the product design field since the theory of sustainable
development was introduced into this field in 1987 [1].

Moreover, a review of the results of the WOS database shows that other regions of
the world are also in their infancy in terms of academic research in this sector. It mainly
concentrated on the analysis of environmental impacts, product performance, green product
management, life cycle, and the efficiency and feasibility of product dismantling. Moreover,
QFD and AHP began to be used in sustainable product design, and exploration into the
tools used to support design decisions commenced.

The second phase, which lasted from 2008 to 2014, witnessed the rapid development
of research interest in this field in China. In this phase, keywords such as service design,
sharing economy, emotional experience, bionic design, and forms emerged. In terms of
design objects, scholars paid more attention to the application of sustainable design meth-
ods in the design of shared products, furniture, children-oriented furniture, and tourism
products. In terms of methodological innovation, Chinese scholars started their research
from the perspectives of emotional factors, user experience, bionic appearance [44], and
user-friendliness. On the other, they combined service design methods and SPDMs and
explored sustainable product-service design. Nevertheless, the advancement of the rest
of the world in this regard during this period was explosive. Specifically, high-frequency
keywords constantly emerged and were densely connected, and focused research issues
such as the LCA of products, product design, system, model, design framework, ecode-
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sign, optimization, design decision, integration, material selection, and innovation kept
emerging, deepening the research and broadening the themes.
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Drawing on the cost–benefit analysis method after 2007, scholars developed the LCC
method, improving the role of economic factors in SPDMs. Moreover, driven by the
guide to the evaluation of social methods formulated by the UN Environment Program in
2009, keywords from both CNKI and WOS in the second phase demonstrated the rapid
development and application of SPDMs in the economic and social dimensions. The
design optimization of energy-saving products, shared products, and small household
equipment, which are expected to achieve economic and social sustainability benefits in
low and middle-income areas, was widely discussed.

The third phase, since 2015, is the booming period of Chinese research on SPDMs,
during which the number of articles published gradually recovered. In this phase, the
emerging research subjects in the second phase were explored in depth and thoroughly.
China has been prioritizing the role of cultural confidence in developing a strong socialist
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culture since the 18th National Congress of the Communist of China. Accordingly, research
on SPDMs laid great emphasis on carrying forward intangible cultural heritage and de-
signing cultural and creative products. How to better incorporate cultural elements into
sustainable product innovation became one of the principal research issues in this phase,
and culture was introduced into SPDMs. Moreover, keywords including rural revitalization,
system design, AI, data-driven, and bio-inspired emerged.

Research outputs available in WOS after 2015 appeared in the form of small and
numerous nodes, and the number of publications rose significantly. This indicated that
research in this phase was scattered and diversified and was in the phase of stable and
deepening development. In this period, new, targeted hot topics such as circular econ-
omy, distributed, sustainable indicator, innovation tools, AM, AI, remanufacturing, and
ant colony optimization (ACO) were spawned, in addition to the in-depth practice and
research on the research themes that emerged in the second phase. The construction of
sustainability standards gradually improved in more subdivided categories of products in
the innovation of sustainable products, and more and more health and medical products,
wearable products, personalized devices, smart products, and complex products were
studied to maintain both environmental and economic and social sustainability.

3.2.2. Analysis of Method Clustering and Research Trends

To systematize the identified methods and enable their analysis, a classification frame-
work including five main categories was iteratively developed through previous literature
reviews, and especially the additional categories of purpose were derived from an inductive
content analysis. Figure 7 shows how the sub-classification dimensions are related to one
another; the classification has a transversal emphasis that does not typecast procedures
in only one category, and it offers a spectrum of possibilities. The cultural sustainability
dimension is identified separately based on the literature content analysis of the CNKI and
WOS databases, on the basis of three pillars of sustainability, to further clearly understand
the development of different attitudes and design methods of Chinese and foreign scholars
in achieving the goal of cultural sustainability development. Analyzing the development
level and nature of data allows it to be evident how the method is employed, as well as to
identify the purpose of the focus when proposing the method.
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In particular, throughout the methodological analysis, the cases or specific product
concerned are highlighted, which may enhance and optimize future design practice. The
methods used in the articles were systematically reviewed according to the co-citation re-
sults of the literature and the keyword frequency and centrality. There are 79 representative
methods from these two databases in total, which are listed and specified in Table 3.

296



Su
st

ai
na

bi
lit

y
20

23
,1

5,
12

44
0

Ta
bl

e
3.

Li
st

of
79

re
pr

es
en

ta
tiv

e
su

st
ai

na
bl

e
pr

od
uc

td
es

ig
n

m
et

ho
ds

ba
se

d
on

th
e

lit
er

at
ur

e
fo

un
d

in
C

hi
na

N
at

io
na

lK
no

w
le

dg
e

In
fr

as
tr

uc
tu

re
an

d
W

eb
of

Sc
ie

nc
e

da
ta

ba
se

s
be

tw
ee

n
19

99
an

d
20

22
.

D
ev

el
op

m
en

tL
ev

el
N

at
ur

e
of

D
at

a
Pu

rp
os

e

Sustainability
Dimension

RepresentationStyle

M
et

ho
ds

Theoretical

Experimental

Consolidated

Qualitative

Quantitative

Consolidated

C
as

e/
Ex

am
pl

e

Ideation

Evaluation

Decision-Making

DesignProcess
Development

Time

Reference

Environment

pr
in

ci
pl

e
Pr

in
ci

pl
es

an
d

pr
oc

ed
ur

es
fo

r
th

e
ec

o-
de

si
gn

en
er

gy
-u

si
ng

pr
od

uc
ts

20
09

[4
7]

Ec
ol

og
ic

al
Pa

ck
ag

in
g

pr
in

ci
pl

e
en

er
gy

-u
si

ng
pr

od
uc

ts
pa

ck
ai

ng
20

13
[4

8]

gu
id

el
in

e

Te
n

G
ol

de
n

R
ul

es
no

ne
20

06
[4

9]
En

vi
ro

nm
en

ta
lly

co
ns

ci
ou

s
gu

id
el

in
es

by
co

m
bi

ni
ng

re
ve

rs
e

en
gi

ne
er

in
g

w
it

h
LC

A
el

ec
tr

ic
ke

tt
le

s
20

10
[5

0]

LC
A

gu
id

el
in

e
di

gi
ta

lp
ro

du
ct

s
20

14
[5

1]
bi

on
ic

de
si

gn
m

et
ho

d
sp

ri
nk

lin
g

ca
n

20
14

[4
4]

T
R

IZ
-B

as
ed

G
ui

de
lin

es
fo

r
Ec

o-
Im

pr
ov

em
en

t
m

ec
ha

ni
ca

lb
al

l
20

20
[5

2]
Su

st
ai

na
bl

e
de

si
gn

gu
id

el
in

es
fo

r
ad

di
ti

ve
m

an
uf

ac
tu

ri
ng

ap
pl

ic
at

io
ns

no
ne

20
22

[5
3]

fr
am

ew
or

k
re

de
si

gn
m

et
ho

d
Ba

se
d

on
Ec

ol
og

ic
al

Et
hi

cs
in

du
st

ri
al

pr
od

uc
t

20
10

[5
4]

A
n

In
te

gr
at

ed
A

pp
ro

ac
h

fo
r

Ec
o-

D
es

ig
n

LE
D

Li
gh

ti
ng

20
20

[5
5]

m
od

el

in
te

gr
at

io
n

of
EC

Q
FD

an
d

LC
A

ap
pr

oa
ch

es
el

ec
tr

on
ic

s
sw

it
ch

es
20

10
[5

3]
Ec

od
es

ig
n

m
at

ur
it

y
m

od
el

ec
o-

pr
od

uc
t

20
13

[2
8]

R
es

ou
rc

e
Ef

fic
ie

nc
y

A
ss

es
sm

en
to

fP
ro

du
ct

s
m

et
ho

d
liq

ui
d

cr
is

ta
ld

is
pl

ay
te

le
vi

si
on

20
14

[5
6]

m
od

el
of

fa
ct

or
s

af
fe

ct
in

g
en

vi
ro

nm
en

ta
ls

us
ta

in
ab

ili
ty

pe
rf

or
m

an
ce

of
PS

S
of

o
sh

ar
in

g
bi

cy
cl

es
20

19
[5

7]
G

re
en

Pr
od

uc
tO

pt
im

iz
at

io
n

m
od

el
Ba

se
d

on
Q

FD
E

m
ec

ha
tr

on
ic

pr
od

uc
ts

/h
ob

bi
ng

m
ac

hi
ne

20
19

[5
8]

F-
M

C
D

M
ho

tr
un

ne
r

sy
st

em
s

20
21

[5
9]

lif
e

cy
cl

e
im

pa
ct

as
se

ss
m

en
tb

y
op

en
LC

A
di

sp
os

ab
le

fa
ce

m
as

k
20

22
[6

0]

to
ol

Fu
zz

y
A

H
P

an
d

m
od

ul
ar

it
y

an
al

ys
is

M
et

ho
d

di
sc

re
te

el
ec

tr
om

ec
ha

ni
ca

lp
ro

du
ct

20
00

[6
1]

co
m

pr
eh

en
si

ve
an

d
si

m
pl

ifi
ed

in
de

xe
s

de
ve

lo
pe

d
ba

se
d

on
a

lif
e

cy
cl

e
ap

pr
oa

ch
en

er
gy

-u
si

ng
pr

od
uc

ts
/w

as
hi

ng
m

ac
hi

ne
20

14
[6

2]

de
ci

si
on

ta
bl

es
of

gr
ee

n
de

si
gn

kn
ow

le
dg

es
by

ro
ug

h
se

ts
m

ec
ha

ni
ca

lp
ro

du
ct

20
19

[6
3]

PE
P

in
di

ca
to

r
sm

ar
tp

ho
ne

s
20

20
[6

4]

Environment-Economic

pr
in

ci
pl

e
TR

IZ
an

d
ca

se
-b

as
ed

re
as

on
in

g
pr

in
ci

pl
es

di
sh

w
as

he
r

20
12

[6
5]

de
si

gn
gu

id
el

in
es

to
m

ee
tt

he
ci

rc
ul

ar
ec

on
om

y
pr

in
ci

pl
es

sm
al

lh
ou

se
ho

ld
el

ec
tr

on
ic

eq
ui

pm
en

t
20

18
[6

6]
pr

in
ci

pl
es

of
5R

Ba
se

d
on

th
e

Fr
ac

ta
lS

tr
uc

tu
re

pa
ck

ag
in

g
20

18
[6

7]
9R

pr
in

ci
pl

es
no

ne
20

19
[6

8]

gu
id

el
in

e
gu

id
el

in
es

ba
se

d
on

C
on

ce
pt

-K
no

w
le

dg
e

de
si

gn
th

eo
ry

su
pp

or
ti

ng
au

to
m

ot
iv

e
20

09
[6

9]
de

si
gn

st
ra

te
gi

es
fo

r
pr

od
uc

tl
if

e
ex

te
ns

io
n

el
ec

tr
ic

an
d

el
ec

tr
on

ic
pr

od
uc

ts
20

14
[7

0]
ET

R
IZ

m
at

ri
x

th
at

co
m

pi
le

d
ex

is
ti

ng
gu

id
el

in
es

fo
r

re
m

an
uf

ac
tu

ri
ng

an
d

A
M

re
m

an
uf

ac
tu

ri
ng

pr
od

uc
t

20
21

[7
1]

fr
am

ew
or

k

A
fr

am
ew

or
k

of
in

te
gr

at
io

n
of

LC
A

an
d

LC
C

di
es

el
en

gi
ne

20
08

[7
2]

a
co

nc
ep

tu
al

fr
am

ew
or

k
to

as
se

ss
en

er
gy

co
ns

um
pt

io
n

m
ec

ha
ni

ca
lp

ar
t

20
13

[7
3]

A
de

si
gn

fr
am

ew
or

k
fo

r
su

st
ai

na
bl

e
PS

S
cu

st
om

iz
at

io
n

el
ev

at
or

20
17

[7
4]

sy
st

em
at

ic
m

et
ho

do
lo

gy
fo

r
da

ta
-d

ri
ve

n
pr

od
uc

tf
am

ily
gr

ee
n

re
de

si
gn

pr
od

uc
tf

am
ily

20
20

[7
5]

7
R

s
su

st
ai

na
bl

e
pa

ck
ag

in
g

fr
am

ew
or

k
pa

ck
ag

in
g

20
22

[7
6]

m
od

el

no
ve

ld
es

ig
n

m
et

ho
ds

of
“D

es
ig

n
fo

r
En

er
gy

M
in

im
is

at
io

n”
ap

pr
oa

ch
si

m
pl

e
pa

rt
/a

n
el

bo
w

pi
pe

20
10

[7
7]

a
m

at
he

m
at

ic
en

er
gy

m
od

el
ba

se
d

sy
st

em
at

ic
ap

pr
oa

ch
en

er
gy

-s
av

in
g

pr
od

uc
t/

co
m

m
er

ci
al

bl
en

de
r

20
10

[7
8]

Q
FD

E
an

d
M

od
ul

ar
de

si
gn

in
do

or
ai

r
co

nd
it

io
ne

r
20

13
[7

9]
in

no
va

ti
ve

m
od

el
In

te
gr

at
io

n
of

EC
Q

FD
,T

R
IZ

,a
nd

A
H

P
au

to
m

ot
iv

e
pa

rt
s

20
14

[8
0]

In
te

gr
at

io
n

of
gr

ee
n

qu
al

it
y

fu
nc

ti
on

de
pl

oy
m

en
ta

nd
fu

zz
y

th
eo

ry
gr

ee
n

m
ob

ile
ph

on
e

20
15

[8
1]

a
co

m
pr

eh
en

si
ve

ev
al

ua
ti

on
m

od
el

of
LC

C
an

d
en

vi
ro

nm
en

ta
li

m
pa

ct
s

ba
se

d
A

H
P

au
to

m
ot

iv
e

do
or

20
15

[8
2]

297



Su
st

ai
na

bi
lit

y
20

23
,1

5,
12

44
0

Ta
bl

e
3.

C
on

t.

D
ev

el
op

m
en

tL
ev

el
N

at
ur

e
of

D
at

a
Pu

rp
os

e

Sustainability
Dimension

RepresentationStyle

M
et

ho
ds

Theoretical

Experimental

Consolidated

Qualitative

Quantitative

Consolidated

C
as

e/
Ex

am
pl

e

Ideation

Evaluation

Decision-Making

DesignProcess
Development

Time

Reference

Environment-Economic

a
hy

br
id

op
ti

m
iz

in
g

m
et

ho
d

na
m

ed
ch

ao
s

qu
an

tu
m

gr
ou

p
le

ad
er

al
go

ri
th

m
dr

iv
e

de
vi

ce
20

16
[8

3]
an

en
er

gy
flo

w
m

od
el

lin
g

ap
pr

oa
ch

ba
se

d
on

C
ha

ra
ct

er
is

ti
cs

-P
ro

pe
rt

ie
s

M
od

el
lin

g
ha

ir
dr

ye
r

20
16

[8
4]

Q
FD

an
d

C
as

e-
ba

se
d

R
ea

so
ni

ng
ai

r
co

nd
it

io
ne

r
20

18
[8

5]
A

H
P

an
d

G
re

y
R

el
at

io
na

lA
na

ly
si

s
A

pp
ro

ac
he

s
no

ne
20

19
[8

6]
en

er
gy

-a
w

ar
e

di
gi

ta
lt

w
in

m
od

el
en

er
gy

-s
av

in
g

pr
od

uc
t

20
20

[8
7]

LC
A

an
d

m
od

ul
ar

de
si

gn
st

ro
lle

r
20

20
[8

8]
a

us
er

re
qu

ir
em

en
ts

-o
ri

en
te

d
m

et
ho

d
in

te
gr

at
ed

fu
si

ng
K

an
o,

Q
FD

an
d

FA
ST

ba
by

st
ro

lle
r

20
20

[8
9]

de
si

gn
pr

oc
es

s
pr

oc
es

s
of

su
st

ai
na

bl
e

pr
od

uc
td

es
ig

n
ba

se
d

on
Q

FD
E

w
at

er
pu

ri
fie

r
20

17
[9

0]
de

si
gn

pr
oc

es
s

ba
se

d
on

T
R

IZ
an

d
lc

a
an

al
ys

is
fu

rn
it

ur
e

20
18

[9
1]

to
ol

re
m

an
uf

ac
tu

ra
bl

e
pr

od
uc

tp
ro

fil
es

re
m

an
uf

ac
tu

ra
bl

e
pr

od
uc

t
20

08
[3

2]
Pr

od
uc

td
es

ig
n

sc
en

ar
io

s
fo

r
ES

FP
s

en
er

gy
-s

av
in

g
fa

sh
io

n
pr

od
uc

ts
20

13
[9

2]

co
nc

ep
tc

ir
cu

la
ri

ty
ev

al
ua

ti
on

to
ol

(C
C

ET
)

fu
rn

it
ur

e/
tr

am
po

lin
es

/e
rg

on
om

ic
m

ob
ili

ty
ai

ds
/p

la
st

ic
co

m
po

ne
nt

s
20

20
[9

3]

Environment-
Economic-Social

pr
in

ci
pl

e
D

es
ig

n
Pr

in
ci

pl
es

of
R

es
ou

rc
e

R
ec

yc
lin

g
C

on
ce

pt
sh

ar
in

g
bi

cy
cl

es
20

20
[9

4]
Su

st
ai

na
bl

e
D

es
ig

n
St

ra
te

gy
fo

r
C

re
at

iv
e

Pr
od

uc
ts

in
C

ul
tu

ra
lC

on
su

m
pt

io
n

cu
lt

ur
al

an
d

cr
ea

ti
ve

pr
od

uc
ts

20
22

[9
5]

gu
id

lin
e

co
m

pr
eh

en
si

ve
sc

en
ar

io
of

su
st

ai
na

bl
e

di
m

en
si

on
s

pa
ck

ag
in

g
20

15
[9

6]
ne

w
cl

as
si

fic
at

io
n

sy
st

em
of

PS
S

ap
pl

ie
d

to
D

is
tr

ib
ut

ed
R

en
ew

ab
le

En
er

gy
en

er
gy

pr
od

uc
t-

se
rv

ic
e

sy
st

em
20

16
[9

7]
Ev

al
ua

ti
on

C
ri

te
ri

a
of

D
es

ig
n

fo
r

Su
st

ai
na

bi
lit

y
su

st
ai

na
bl

e
liv

in
g

La
b

20
17

[2
0]

de
sg

in
th

eo
ry

ba
se

on
Ec

ol
og

ic
al

Ph
ilo

so
ph

ic
al

fu
rn

it
ur

e
20

17
[9

8]
gu

id
el

in
es

fo
r

ev
al

ua
ti

ng
th

e
en

vi
ro

nm
en

ta
lp

er
fo

rm
an

ce
th

ro
ug

h
lif

e
cy

cl
e

as
se

ss
m

en
t

bi
ke

-s
ha

ri
ng

sy
st

em
/l

aw
nm

ow
er

PS
S/

hu
ll

cl
ea

ni
ng

PS
S

20
18

[3
0]

fr
am

ew
or

k

D
es

ig
n

di
re

ct
io

ns
to

th
e

em
po

w
er

m
en

to
fe

nd
us

er
s

to
be

co
m

e
co

-p
ro

vi
de

rs
sm

ar
te

ne
rg

y
sy

st
em

20
13

[9
9]

sy
st

em
de

si
gn

m
et

ho
d

ba
se

d
on

se
m

io
ti

cs
fu

rn
it

ur
e

20
13

[1
00

]
A

fr
am

ew
or

k
of

a
lif

e-
cy

cl
e

fo
cu

se
d

su
st

ai
na

bl
e

ne
w

pr
od

uc
td

ev
el

op
m

en
t

no
ne

20
15

[1
01

]
a

co
m

pr
eh

en
si

ve
se

to
fp

ro
ce

ss
-r

el
at

ed
ke

y
pe

rf
or

m
an

ce
in

di
ca

to
rs

no
ne

20
16

[2
7]

4D
sy

st
em

of
pr

od
uc

ts
us

ta
in

ab
le

de
si

gn
no

ne
20

20
[1

02
]

PS
S

m
od

el
an

al
ys

is
ch

ild
re

n’
s

le
ar

ni
ng

de
sk

20
21

[1
03

]
fr

am
ew

or
k

D
at

a-
dr

iv
en

su
st

ai
na

bl
e

de
si

gn
no

ne
20

21
[1

04
]

A
tr

ad
e-

of
fn

av
ig

at
io

n
fr

am
ew

or
k

fu
rn

it
ur

e
20

21
[1

05
]

m
od

el

fu
zz

y
in

fe
re

nc
e

ap
pr

oa
ch

fo
r

ev
al

ua
ti

ng
su

st
ai

na
bi

lit
y

el
ec

tr
ic

al
po

w
er

ge
ne

ra
ti

on
20

13
[1

06
]

a
su

st
ai

na
bl

e
pl

at
fo

rm
ba

se
d

gr
ey

re
la

ti
on

al
an

al
ys

is
/

ba
ye

si
an

ne
tw

or
k/

Fu
zz

y
co

ff
ee

m
ak

er
s

20
17

[1
07

]

a
D

ec
is

io
n

flo
w

ch
ar

tf
or

bi
o-

ba
se

d
pr

od
uc

ts
de

si
gn

ed
to

be
re

ci
rc

ul
at

ed
bi

o-
ba

se
d

pr
od

uc
ts

20
17

[1
08

]
A

dd
it

iv
e

m
an

uf
ac

tu
ri

ng
/3

D
pr

in
ti

ng
au

to
m

ot
iv

e
co

m
po

ne
nt

s
20

22
[1

09
]

de
si

gn
pr

oc
es

s
de

si
gn

st
ra

te
gy

ba
se

d
on

LC
A

in
ta

ng
ib

le
cu

lt
ur

al
he

ri
ta

ge
pr

od
uc

t
20

20
[1

10
]

a
ge

ne
ri

c
pr

oc
es

s
m

od
el

no
ne

20
23

[3
1]

to
ol

Su
st

ai
na

bl
e

de
si

gn
-o

ri
en

te
d

pr
od

uc
tm

od
ul

ar
it

y
co

m
bi

ne
d

w
it

h
6R

co
nc

ep
t

ro
to

r
la

bo
ra

to
ry

be
nc

h
20

14
[1

11
]

A
M

et
ri

cs
-B

as
ed

M
et

ho
do

lo
gy

fo
r

Es
ta

bl
is

hi
ng

Pr
od

uc
tS

us
ta

in
ab

ili
ty

In
de

x
el

ec
tr

on
ic

s
co

m
po

ne
nt

20
14

[1
12

]
Th

e
C

he
ck

lis
tf

or
Su

st
ai

na
bl

e
Pr

od
uc

td
ev

el
op

m
en

t
au

to
m

ot
iv

e
20

17
[1

13
]

a
so

ci
al

im
pa

ct
ch

ec
kl

is
tt

ab
le

co
rr

ug
at

ed
ca

rd
bo

ar
d

20
20

[1
14

]
an

A
H

P-
ba

se
d

EL
EC

TR
E

Im
et

ho
d

fu
rn

it
ur

e
20

21
[1

15
]

an
O

pe
n-

So
ur

ce
To

ol
fo

r
So

ci
al

Im
pa

ct
s

A
ss

es
sm

en
t

no
ne

20
22

[1
16

]
pr

od
uc

ts
us

ta
in

ab
ili

ty
as

se
ss

m
en

tt
oo

l(
PS

A
T)

w
in

d
tu

rb
in

e
ge

ne
ra

to
r

20
23

[1
17

]

298



Sustainability 2023, 15, 12440

In summary, sustainability in the environmental and economic dimensions shows
the characteristics of easy measurement of quantitative data and mature application of
methods, which have been widely implemented in a large number of practical cases. For
example, a typical hair dryer is used to demonstrate the systematic approach via energy
flow modelling to reduce epistemic uncertainty in the design process in the early stages
of a design [84], lowering the managing complexity for designers. Duran et al., proposed
a new sustainability index, namely, “potential embedded power (PEP)”, determining the
influences of product disposal on the product design life. By doing so, the environmental
impacts of resource waste resulting from design decisions can be evaluated [64]. How-
ever, the impact of environmental sustainability is frequently associated with economic
sustainability indicators, for instance, products with higher energy efficiency are better for
the environment. Diverse design approaches help lessen the drawbacks of existing prod-
ucts’ energy intensity and help achieve the objective of energy conservation and emission
reduction (ESER). Ardente and Mathieux presented the Resource Efficiency Assessment
of Products method for liquid crystal display televisions [56] and introduced a general
index and a simplified index tested for the environmental assessment of durability of
energy-using products, such as washing machines [62]. However, the contradictions and
trade-offs between the impacts of environmental and economic sustainability will hinder
designers from producing more sustainable solutions; certain design principles can help
investigate how a product may be both economical and environmentally friendly through
creative design, for example, guidelines based on Concept–Knowledge design theory [69];
enhanced TRIZ matrix [71] support solving the contradiction between environmental and
economic factors; principles of sustainable energy-saving fashion products [92]; design
strategies for product life extension of electric and electronic products [70]; and a concep-
tual framework to aid in the derivation of realistic energy consumption values from a
product design perspective, allowing for an improvement of product manufacturing energy
efficiency at both design and manufacturing stages [73]. Bovea and Pérez-Belis identified
design guidelines for small household electrical and electronic equipment that allow for an
improved product design from a circular economy perspective and convert it into a circular
product design [66].

The analysis of social sustainability is mostly manifested by qualitative guidelines in
the early stages of product development and design, such as eco-philosophical ideas [98],
modular analysis [118], data-driven sustainable design frameworks [104], packaging design
dimensions [96], principles of resource recycling design [94], and systematic frameworks
for children’s product [119]. The toolkit involved 15 archetypal models of PSS applied
to distributed renewable energy [97] that were created to support innovative design in
the energy sector while taking into account environmental, economic, and social benefits.
Furthermore, methods covering quantitative and qualitative questionnaires have been
gradually implemented recently, such as the checklist tool of PSAT [117], a checklist table
involving eleven social impact categories [112] and tested in the automotive industry [113].
In general, social sustainability is linked to how the system benefits customers [107], with
customer rights and satisfaction as essential measures that may have a beneficial impact on
social sustainability. Three design directions are suggested in regard to the empowerment
of end users to become co-providers as an addition to complement the ongoing develop-
ment of products and services in smart grid deployment [99]. The product sustainability
index (ProdSI) [114] was used to evaluate the quantitative sustainability indices of the envi-
ronment, economy, and society at the product design and manufacturing stages. However,
social sustainability is primarily measured by employee-related indicators such as working
conditions, health, safety, training, and education [120], and applications measuring social
sustainability performance in the context of various products and industrial manufacturing
lack consistency [121]. For example, Kim selected the easily measurable indicator of toxic
substances to represent worker health status in measuring the social sustainability of coffee
machines [104], and Shin selected sedentary behavior and physical activity to analyze
human-powered products [105]. Simultaneously, uncertainty of what data to utilize for
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social sustainability assessment and data quality [122] adds to the complexity of sustainable
product design, evaluation, and decision-making. Although social sustainability indicators
have been enriched and expanded in different fields and applications in recent years, such
as green buildings [123] and food supply-chains [124], there is still a lack of clear definition
of quantitative indicators that can be used to perform social sustainability assessment [125].

Achieving cultural sustainability is an important goal of product design. Among
CNKI scholars, cultural sustainability is seen as a crucial fourth perspective for assessing
product sustainability in order to support the sustainable design of intangible cultural
heritage. Mou et al. analyzed the path to sustainable development of Chinese intangible
cultural heritage with the life cycle method [110] and held that the incorporation of cultural
factors was critical to improvements in the sustainability of intangible cultural heritage
brands. Zhou proposed the 4D systematic view of sustainable product design [102], which
consisted of load reduction design, persuasive design, fair design, and cultural and creative
design. In recent years, China has seen a significant increase in research and practice on the
cultural sustainability of product design as a response to how to shift from “going global
culturally” to “cultural confidence” in the face of the contradiction between endemicity
and globalization [126]. Design can serve as a vehicle and means of achieving cultural
sustainability. Through design works, it can dynamically, specifically, and sustainably carry
forward and internationally promote excellent traditional Chinese cultures and intangible
cultural heritage, aiding in China’s progress toward the establishment of a socialist culture.
However, the literatures included in WOS demonstrate that the cultural sustainability
dimension tends to be regarded as a minor subset of the social dimension in the field of
sustainable product design [8,127]. Although Moalosi et al. proposed a culture-oriented
product design method [128], they did not extend it to sustainable design methods. Ji and
Lin proposed six design strategies to improve the emotional durability and lead consumer
behavior toward more sustainable use of products [129], but the impact of the design
practice guided by such design strategies on the ecological environment is difficult to
estimate precisely. Through the analysis of sustainable design models discussed in the
literature between 2000 and 2009, Rocha et al. pointed out that research on the social
sustainability of sustainable design was far behind that of environmental and economic
sustainability [130]. After analyzing the policies for material cultural heritage utilization,
regional development of culture, and participation in art performances, Sabatini argued
that culture could be fully deemed the fourth pillar of sustainable development [131], on
which, however, researchers in the field of product design have not reached a consensus.

Moreover, the proposing trends can be represented visually and can be seen in Figure 8;
it shows the precision and depth of the methodological development in the vertical dimen-
sion, suggesting a more accurate consolidated approach for inspiring, detailing, evaluating,
and optimizing sustainable solutions. It also shows the integration and extension of the
method in the horizontal dimension, signaling broader implementation and multilateral
efforts between academics and industry. SPDMs are also trending toward an increasingly
systematic, open-source, and sharing approach.

SPDMs are becoming more systematic, as evidenced by the expansion and deepening
of sustainable design standards, such as the expansion of environmental indicators [10];
5R [67], 6R [111], 7R [76], and 9R [68] sustainability principles; guidelines such as the top
10 golden rules [49]; and a more perfect product design process [50,132]. On the other
hand, it emphasizes multi-method integration. TRIZ [65], LCA [72], LCC [82], QFD [85],
QFDE [79,90], ECQFD [53], fuzzy inference [106], AHP [61], the data packet network,
KANO, gray relational analysis (GRA), MCDM, F-MCDM [59], and other quantitative
methods are increasingly used. They can be used to aid in design comparison, function and
structural optimization, material evaluation, and decision-making. To attain more accurate
environmental, economic, and social sustainable benefits, it is essential to systematically
develop and employ many of the strategies mentioned above concurrently. The integration
of the QFD-based method into the KANO model and function analysis system technique
could bring a more sustainable stroller design [89]. Applying the combination of ECQFD,
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TRIZ, and AHP in automotive parts design could lead to innovative and sustainable product
design [80]. The incorporation of ECQFD into the fuzzy theory reduced the semantically
subjective judgments on user demand at the product design stage [81], thereby making
product design environmentally and economically sustainable. Considering environmental
benefits and market value, Tan et al. used GRA and AHP [86] to optimize their decisions
on the implementation of sustainable plans during the design of new products. Energy
consumption is a key factor in the design of sustainable products [87], which necessitates
the use of multiple strategies to calculate both environmental and economic benefits. The
novel design methods of the “Design for Energy Minimization” approach [77], a systematic
approach with an energy factor [78], and an energy-aware digital twin model [87] have
been proposed to optimize energy-saving product design within entire product life cycles.
Moreover, a hybrid optimizing method named chaos quantum group leader algorithm [83]
is designed to obtain an optimal energy-consumption solution in designing products with
various complexity, such as the drive device.
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Additionally, current research separates product sustainability evaluation and product
design [5]. It is vital to develop holistic methods and tools that enable product design
and sustainability evaluation simultaneously in an effort to produce more sustainable
design concepts across the entire design stage. Covering a wide range and inconsistency
of environmental, economic, and social sustainability assessment indicators is expected
to be resolved by increasing accessibility and the sharing of methods and tools. Open
data and open-source make it possible for anybody to freely duplicate research results,
and the open-source philosophy holds that communities of study and practice should
collaboratively construct and share tools rather than developing individual ad hoc scripts
that produce incomparable indications [133]. For example, an open-source tool for social
impact assessment [116] can be freely accessible to support open sharing with consistent
data standards, allowing consistent measures to be produced and evaluated over time
with little obstacles to participation. Simultaneously, collaboration between academics
and industry is encouraged to promote the development and application of consistent
indicators through multiple stakeholder participation.

In the hybrid design approach, the systematic framework that integrates multiple
design tools and methods has positive significance in realizing interdisciplinary collabora-
tion, developing holistic tools, and promoting the dialogue between designers and people
from multiple industries. The systematic framework that incorporates various design
tools and processes has an effective impact on realizing multidisciplinary collaboration,
to generate holistic tools, and facilitate dialogue between designers and individuals from
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other industries. A customized design framework included ten various techniques and
tools that were put to the test in elevator design [74]. Sherwood et al. presented a deci-
sion flow chart for bio-based products designed to be recirculated [108], promoting the
rational circulation and utilization of biomass energy. The integrated product life cycle
framework [101], comprehensive utilization of product life cycle management, LCA, social
life cycle assessment (S-LCA), and LCC covering the environmental, economic, and social
dimensions can realize more accurate and efficient design process management. Moreover,
additive manufacturing (AM) has been increasingly leveraged to produce human-centered
products in different fields to minimize material and energy spent to realize sustainabil-
ity [134], such as sustainable automotive components [109], orthoses and prostheses, as
well as therapeutic helmets, finger splints, and other personalized devices [135].

4. Conclusions

A bibliometric analysis of the SPDM literature indexed by CNKI and WOS from 1999
to 2022 reveals that Chinese academic interest in this field primarily focuses on TRIZ, green
design, redesign, green products, sustainable philosophy, shared products, and service
design. Additionally, numerous research issues and extensive themes reflect academic
interest in this area. Articles indexed by WOS concentrate on environmental impacts, eco-
design tools, sustainable barrier analysis, cost estimates, integration methods, QFD, and
LCA. Furthermore, the centralized focused research hotspots and in-depth themes suggest
a steady and advanced research stage in this field. However, SPDM research is marked
by a constant expansion and enrichment of sustainable design principles, sustainability
indices, and sustainable frameworks, with the integration of QFD, AHP, LCA, TRIZ, fuzzy
inference, and MCDM. A single quantitative approach is no longer sufficient to adapt to
increasingly complex and broadening sustainability indicators. As a result, researchers are
using combined qualitative and quantitative analytic approaches and exploring how to
incorporate more specific, readily quantifiable, and comprehensive sustainability indicators.

To facilitate more detailed, deep, and long-term research and provide methods and
theoretical guidance for practice in the field of SPDMs, collaboration and communica-
tion between researchers and institutes in China and worldwide should be strengthened.
Furthermore, researchers should widen their research subjects, construct more effective
sustainability criteria, and investigate improved design approaches for various products.
For example, a product design characteristic-oriented energy-accounting methodology
could be developed to achieve more effective sustainability benefits, contributing to design
improvement and the sustainable promotion of household and distributed energy products,
such as distributed solar equipment, drip irrigation planting equipment, and water filter
purifiers [136]. In the sector of health-oriented and medical care products, sustainable
design guidelines and approaches have not received timely attention, and sustainable
standards, methods, and design tools for diverse groups have not been successfully iden-
tified and tailored. Alfarisi et al. [60] offer a new perspective on a product’s life cycle
impact and highlight the nature of efforts to improve the eco-design of future facemask
designs by analyzing the disposable facemask production process. Multidisciplinary and
multi-stakeholder design approaches can be created and utilized to produce more sys-
tematic sustainability advantages. As the social and cultural sustainability of sustainable
design methods is not well-proven, more attention should be paid to suggestions and
conceptual frameworks proposed. Additionally, more quantified, practical, and standard
design methods that enable sustainability across all dimensions will be needed in the future.
For instance, design methods for developing culturally sustainable products based on
design computation may provide designers with a new perspective. Finally, a broader and
more diverse output of sustainable design solutions can be encouraged by enhancing the
systematic, open-source, and sharing of design approaches in the promotion of SPDMs.
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6. Gończ, E.; Skirke, U.; Kleizen, H.; Barber, M. Increasing the rate of sustainable change: A call for a redefinition of the concept and

the model for its implementation. J. Clean. Prod. 2007, 15, 525–537. [CrossRef]
7. Huan, Q.; Chen, Y.; Huan, X. A frugal eco-innovation policy? Ecological poverty alleviation in contemporary China from a

perspective of eco-civilization progress. Sustainability 2022, 14, 4570. [CrossRef]
8. Jiang, P.F.; Dieckmann, E.; Han, J.; Childs, R.N.P. A bibliometric review of sustainable product design. Energies 2021, 14, 6867.

[CrossRef]
9. Jasti, N.V.K.; Jha, N.K.; Chaganti, P.K.; Kota, S. Sustainable production system: Literature review and trends. Manag. Environ.

Qual. Int. J. 2022, 33, 692–717. [CrossRef]
10. Ahmad, S.; Wong, K.Y.; Tseng, M.L.; Wong, W.P. Sustainable product design and development: A review of tools, applications,

and research prospects. Resour. Conserv. Recycl. 2018, 132, 49–61. [CrossRef]
11. Chen, C.M. CiteSpace II: Detecting and visualizing emerging trends and transient patterns in scientific literature. J. Am. Soc. Inf.

Sci. Technol. 2006, 57, 359–377. [CrossRef]
12. Pei, X.; Gong, M.S. Status and trends of European social innovation design exploration. Packag. Eng. 2017, 38, 22–26.
13. General Office of the State Council of the People’s Republic of China. Notification of the General Office of the State Council of the

People’s Republic of China on the Issuance of Program for the Promotion of Extended Producer Responsibility System; Gazette of the State
Council of the People’s Republic of China: Beijing, China, 2017; Volume 3, pp. 84–89.

14. Yu, D.J.; Wang, X. Social value-driven strategies for sustainable innovation and design. J. Nanjing Arts Inst. (Fine Arts Des.)
2016, 2, 171–176.

15. Yu, D.J.; Wang, X. Sustainable product design for elderly based on humanistic care. Packag. Eng. 2015, 36, 92–94, 99.
16. Yu, D.J.; Zhang, H. Sustainable design of children furniture based on usability. Packag. Eng. 2016, 37, 109–112.
17. Yu, S.L.; Yu, J. Innovative methods and case analysis of sustainable product design. Packag. Eng. 2018, 39, 15–19.
18. Liu, X.; Vrenna, M. Study on systemic design based on sustainability. Zhuangshi 2021, 12, 25–33.
19. Liu, X.; Zhu, L.; Xia, N. Study on developing a sound public health culture: Innovative design of an ecological public toilet

system. Zhuangshi 2016, 3, 26–29.
20. Lv, M.Y.; Liu, X.; Xia, N. A study on evaluation criteria for sustainable design: Taking the evaluation of the “Lettuce House:

Sustainable Living Lab” project as a case. Ecol. Econ. 2017, 33, 185–189.
21. Haapala, K.R.; Zhao, F.; Camelio, J.; Sutherland, J.W.; Skerlos, S.J.; Dornfeld, D.A.; Jawahir, I.S.; Clarens, A.F.; Rickli, J.L. A review

of engineering research in sustainable manufacturing. J. Manuf. Sci. Eng. 2013, 135, 041013. [CrossRef]
22. Bohm, M.R.; Haapala, K.R.; Poppa, K.; Stone, B.R.; Tumer, Y.I. Integrating life cycle assessment into the conceptual phase of

design using a design repository. J. Mech. Des. 2010, 132, 091005. [CrossRef]

303



Sustainability 2023, 15, 12440

23. Eastlick, D.D.; Haapala, K.R. Increasing the utility of sustainability assessment in product design. Am. Soc. Mech. Eng. Digit.
Collect. 2013, 5, 713–722.

24. Eastwood, M.D.; Haapala, K.R. A unit process model-based methodology to assist product sustainability assessment during
design for manufacturing. J. Clean. Prod. 2015, 108, 54–64. [CrossRef]

25. Pigosso, D.C.A.; McAloone, T.C.; Rozenfeld, H. Characterization of the state-of-the-art and identification of main trends for
Ecodesign Tools and Methods: Classifying three decades of research and implementation. J. Indian Inst. Sci. 2015, 95, 405–428.

26. McAloone, T.C.; Pigosso, D.C.A. From ecodesign to sustainable product/service-systems: A journey through research contribu-
tions over recent decades. In Sustainable Manufacturing: Challenges, Solutions and Implementation Perspectives; Springer: Cham,
Switzerland, 2017; pp. 99–111.

27. Rodrigues, V.P.; Pigosso, D.C.A.; McAloone, T.C. Process-related key performance indicators for measuring sustainability
performance of ecodesign implementation into product development. J. Clean. Prod. 2016, 139, 416–428. [CrossRef]

28. Pigosso, D.C.A.; Rozenfeld, H.; McAloone, T.C. Ecodesign maturity model: A management framework to support ecodesign
implementation into manufacturing companies. J. Clean. Prod. 2013, 59, 160–173. [CrossRef]

29. Pigosso, D.C.A.; McAloone, T.C. Maturity-based approach for the development of environmentally sustainable product/service-
systems. CIRP J. Manuf. Sci. Technol. 2016, 15, 33–41. [CrossRef]

30. Kjaer, L.L.; Pigosso, D.C.A.; McAloone, T.C.; Birkved, M. Guidelines for evaluating the environmental performance of
Product/Service-Systems through life cycle assessment. J. Clean. Prod. 2018, 190, 666–678. [CrossRef]

31. Sarancic, D.; Pigosso, D.C.A.; Pezzotta, G.; Pirola, F.; McAloone, T.C. Designing sustainable product-service systems: A generic
process model for the early stages. Sustain. Prod. Consum. 2023, 36, 397–414. [CrossRef]

32. Zwolinski, P.; Brissaud, D. Remanufacturing strategies to support product design and redesign. J. Eng. Des. 2008, 19, 321–335.
[CrossRef]

33. Alamerew, Y.A.; Brissaud, D. Circular economy assessment tool for end of life product recovery strategies. J. Remanufacturing
2019, 9, 169–185. [CrossRef]

34. Alamerew, Y.A.; Kambanou, M.L.; Sakao, T.; Brissaud, D. A multi-criteria evaluation method of product-level circularity strategies.
Sustainability 2020, 12, 5129. [CrossRef]

35. Brissaud, D.; Sakao, T.; Riel, A.; Erkoyuncu, J.A. Designing value-driven solutions: The evolution of industrial product-service
systems. CIRP Ann. 2022, 71, 553–575. [CrossRef]

36. Salazar, C.; Lelah, A.; Brissaud, D. Eco-designing product service systems by degrading functions while maintaining user
satisfaction. J. Clean. Prod. 2015, 87, 452–462. [CrossRef]

37. Sun, D.; Li, Y.; Chen, J.J. Hot spots and frontiers of international educational technology research: Bibliometric analysis of five
SSCI journals (2000–2019). Mod. Distance Educ. Res. 2020, 32, 74–85.

38. LeNS China. Available online: http://lenscn.net/ (accessed on 16 August 2022).
39. Song, J.J.; Liu, X. Learning from nature: Source, type, and case. Ecol. Econ. 2021, 37, 220–227.
40. Qin, J.Y.; Liu, X.; Zhang, Y.Y. A study on the relationship between sustainable design and cultural and creative industry

development. Mod. Commun. (J. Commun. Univ. China) 2011, 5, 165–166.
41. Shi, A.Q.; Guan, H.Y. A study on the coupling design integrating furniture and packaging based on sustainable use. Ecol. Econ.

2016, 32, 220–224.
42. LeNSlab. Available online: https://www.lenslab.polimi.it/ (accessed on 16 August 2022).
43. Chen, C.M.; Chen, Y.; Horowitz, M.; Hou, H.Y.; Liu, Z.Y.; Pellegrino, D. Towards an explanatory and computational theory of

scientific discovery. J. Informetr. 2009, 3, 191–209. [CrossRef]
44. Jin, H.M. A study on the bionic design of product appearance. J. Mach. Des. 2014, 31, 123–125.
45. Pigosso, D.C.A.; Rozenfeld, H.; Seliger, G. Ecodesign Maturity Model: Criteria for methods and tools classification. In Advances in

Sustainable Manufacturing: Proceedings of the 8th Global Conference on Sustainable Manufacturing, Abu Dhabi, 22–24 November 2010;
Spinger: Cham, Switzerland, 2011; pp. 241–245.

46. da Costa Fernandes, S.; Pigosso, D.C.A.; McAloone, T.C.; Rozenfeld, H. Towards product-service system oriented to circular
economy: A systematic review of value proposition design approaches. J. Clean. Prod. 2020, 257, 120507. [CrossRef]

47. Gao, D.F.; Lin, L.; Huang, J.; Chen, J.H. A Brief Analysis of Environmental Conscious Design Model Standardization for Energy
Using Products. Stand. Sci. 2009, 12, 32–36, 51.

48. Dai, H.M.; Dai, P.H.; Zhou, J. Design principles and methods of ecological packaging. Packag. Eng. 2013, 34, 117–120.
49. Luttropp, C.; Lagerstedt, J. Ecodesign and the ten golden rules: Generic advice for merging environmental aspects into product

development. J. Clean. Prod. 2006, 14, 1396–1408. [CrossRef]
50. Telenko, C.; Seepersad, C.C. A methodology for identifying environmentally conscious guidelines for product design. J. Mech.

Des. 2010, 132, 091009. [CrossRef]
51. Guo, Y.C.; Liu, M. Application of sustainable design of consumer digital products. Packag. Eng. 2014, 35, 42–45.
52. Russo, D.; Spreafico, C. TRIZ-based guidelines for eco-improvement. Sustainability 2020, 12, 3412. [CrossRef]
53. Wang, J.; Yu, S.; Qi, B.; Rao, J. ECQFD & LCA based methodology for sustainable product design. In Proceedings of the 2010 IEEE

11th International Conference on Computer-Aided Industrial Design & Conceptual Design 1, Yiwu, China, 17–19 November 2010;
IEEE: Piscataway, NJ, USA, 2010; Volume 2, pp. 1563–1567.

54. Wang, R.; Gu, X.S. A study on product redesign based on ecoethics. Packag. Eng. 2010, 31, 22–24.

304



Sustainability 2023, 15, 12440

55. Su, D.; Casamayor, J.L.; Xu, X. An Integrated Approach for Eco-Design and Its Application in LED Lighting Product Development.
Sustainability 2021, 13, 488. [CrossRef]

56. Ardente, F.; Mathieux, F. Identification and assessment of product’s measures to improve resource efficiency: The case-study of
an Energy using Product. J. Clean. Prod. 2014, 83, 126–141. [CrossRef]

57. Shang, H.; Chen, R.F. Factors influencing environmental sustainability performance of product-service systems: A dual case
study. J. Manag. Case Stud. 2019, 12, 93–107.

58. Wang, L.M.; Li, L.; Fu, Y.; Li, F.Y.; Peng, X.; Wang, G. Green performance optimization of mechatronic products based on green
features and QFD technology. China Mech. Eng. 2019, 30, 2349–2355.
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Abstract: Adopting a circular economy (CE) has rapidly emerged among policymakers and business
community stakeholders to promote material circularization and ensure sustainable development.
While the inclination for a paradigm shift away from the linear economy is evident, many challenges
have been quoted in the literature regarding its implementation. Lately, it has become common to
propose Information and Communication Technologies (ICT)-based approaches to address these
challenges. However, they do not question the practicality of the solutions in the context of CE. This
paper aims to find an appropriate digital solution for CE implementation, which is not possible without
a complete understanding of the existing challenges. A thorough literature review broadly classified
the challenges under five barrier categories: Technological, Financial, Infrastructural, Institutional, and
Societal, which was followed up with an investigation into the failure of ICT solutions to address CE
challenges. Among the various technologies, blockchain and smart contract technologies show some
promise as data-driven decision-making tools; however, they are not without their limitations when
applied in the context of CE. This perspective explores the role of blockchain smart contract technology-
scape in overcoming CE challenges and presents a circular economy blockchain (CEB) architecture
development. The findings suggest that CEB may enable CE business models that improve trust and
transparency in supply-chain networks, shared and performance economy platforms, stakeholder
participation, and governance and management of organizations. Ultimately, this study highlights
critical areas for research and development for the blockchainification of CE.

Keywords: circular economy; circular economy limitations; circular economy barriers; digital circular
economy; ICT in circular economy; blockchain architecture for circular economy; circular economy
blockchain; digital circular economy architecture

1. Introduction

The circular economy (CE) paradigm is key to the life extension of products, compo-
nents, and materials (PCMs). It has been viewed and understood differently by various
stakeholders across the value chain [1]. For instance, while some understand it as a concept
(i.e., theoretical), many others say that it is a framework (i.e., systematic and potentially
a quantitative one) aimed at promoting the circularity of the PCM [2,3]. However, Ellen
Macarthur defined the CE as “Looking beyond the current take-make-dispose extractive
industrial model, the circular economy is restorative and regenerative by design . . . ” [4]
and designed a framework for implementation. Though it has varied interpretations, the
potential of this paradigm shift from a linear economy to CE is evident.

In early 2011, the European Commission developed a strategic roadmap for imple-
menting a low-carbon economy in the European Union (EU) [5]. This strategic roadmap
aims to minimize waste generation that characterizes the linear economy model (LEM)
and maintain the continuous flux of materials [6–8]. Meanwhile, the policy initiatives
by countries such as China, Japan, and Germany for CE implementation have increased
attention to this concept [9–13]. Moreover, recently, the EU has explored convenient options
with varying degrees of success in CE implementation, giving utmost importance to CE
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in meeting the sustainable development goals (SDGs) [11,12,14]. According to the Ellen
Macarthur Foundation and the EU, implementing CE in the EU can create EUR 1 trillion in
net economic benefits with 2 million new jobs by the end of 2030 [14–16]. Furthermore, it
anticipated a 48% carbon dioxide emissions reduction. Another study from the seven Euro-
pean countries, called the club of Rome, has explored the options of reducing greenhouse
gas emissions by up to 70% in each country by implementing CE [17]. It also concluded
that the CE implementation measures could increase their workforce by 4% [3,17].

Even though traction towards CE is gaining, and many businesses and policymakers
proclaim their support, its implementation seems to be in the early stages, and the reasons
are many. The primary challenge that CE faces for implementation is the involvement of
various stakeholders across the supply chain with different dynamics in their operations
and attitudes [1,18,19]. So far, the CE implementation approach depends on various ‘R’
frameworks (R0-Refuse, R1-Rethink, and R2-Reduce are the strategies for improving the
circularity for “smarter product use and manufacture”; R3-Reuse, R4-Repair, R5-Refurbish,
R6-Remanufacture, and R7-Repurpose are the strategies in improving the circularity for
“extended lifespan of the PCMs and their parts”; and R8-Recycle and R9-Recover are the
strategies in improving the circularity for “useful application of materials”). The prac-
titioners have used these ‘R’ frameworks in different applications based on a systems
perspective [1,20,21]. Many have noted that due to the barriers and challenges associated
with the CE concept, the stakeholders in the value chain could not achieve the real bene-
fits [20–23]. This is due to the complexities seen in the technology evolution, organizational
capabilities, regulations, working strategies, and market influence [24–26]. Since then,
researchers in the CE field have started discussing how to overcome these barriers and
challenges. Lately, some have said that digitalizing the CE implementation framework can
address these barriers and challenges [27,28]. As a result, CE digitization has emerged as an
active area of investigation using information and communication technologies (ICT) [29].
Although this move has facilitated the digital transition of CE stakeholders, it has failed to
question the practicality of the ICT-enabled digital solutions across the CE network and for
involved stakeholders when maintaining the continuous flux of resources [30]. Therefore,
based on the above-highlighted issue, we need a digital solution that is more promising
than conventional ICT.

Hence, this perspective aims to find an appropriate digital solution for CE implemen-
tation. The integration of ICT is challenging without a complete understanding of the
existing challenges. Thus, this perspective first explored the challenges CE is currently
facing; second, the role played by ICT and the reasons for its failure to enable CE transition,
followed by recent trends in ICT that support CE. Considering this research scope, a critical
review was conducted to find an appropriate digital solution for CE implementation.

The key contributions of this perspective include a critical review and a broad classifica-
tion of CE challenges under five barrier categories: Technological, Financial, Infrastructural,
Institutional, and Societal, followed by evidence on how ICT failed to focus on ensuring
traceability, transparency, durability, privacy, security, and process integrity across the CE net-
work and involved stakeholders. Other contributions include exploring the new ICT trends,
i.e., blockchain and smart contracts. Blockchain is the trending disruptive technology based
on distributed ledgers; it seems to be a potential solution [31]. With its features, blockchain
technology (BCT) may enable data-driven decisions for implementing CE. Furthermore,
using smart contract technology (SCT) coupled with BCT may enable the stakeholders
to work as per the pre-approved rules of engagement in a CE network in an automated
way. Therefore, in the quest to implement CE using these two new digital solutions, BCT
and SCT, this perspective came up with a new concept called circular economy blockchain
(CEB), where we thoroughly discussed the architecture development followed by CEB’s
potential benefits and challenges that need to be further researched.
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2. Barriers and Challenges While Implementing Circular Economy

The literature on CE suggests that considerable information exists regarding the
barriers and challenges to CE implementation. The first class of challenges is related to
stakeholder collaboration. Cooperation of external partners and partner restrictions are critical
challenges due to the lack of proper control over the circular business model (CBM). For
instance, imagine the shift from a throw-away of electrical and electronic equipment, where
a clear understanding of each stakeholder or partner is necessary. Accordingly, incentives
can be granted to those who effectively attract electrical waste from consumers. In such
cases, cooperation between the partners may not exist [32].

The second class of challenges can be described as being related to market dynamics.
Fashion change and fashion vulnerability are challenges that depend on the aesthetic of the PCM,
place of remanufacturing, circular PCM design, and modularity [32]. The challenge of capital
tied up is raised as it would create risks when the financial transactions happen between the
stakeholders. For example, when the infrastructure for implementing CE is considered on a
rental basis, the financial inflows and outflows are shared between the investors. Another
situation is that the financial transaction between the customer and producer would result
in tied-up capital. However, the risk of capital tied up can be addressed by focusing on the
customer types and their specific interests, as suggested in [32,33].

Another class of challenges can be seen as being related to demand-side issues. It
is also suggested that customer type restriction is one of the challenges for CE where the
customers may not show much interest in the remanufactured PCM [34]. While in another
study, the challenge of product category restrictions is reported [35]. The remanufacturing
requires technological expertise in redesigning the PCM to match the current demands as
per the customer types and needs, which is another challenge for CE [36]. A challenge of
operational risk due to the use of second or lower-grade technical solutions is highlighted
in [37]. Many other studies in the literature highlighted the return flow challenges in CE,
describing the problem of return flows to the investment and challenges of predictability
and reliability of return flow while planning the CE solution [38–41]. The return flow issue
challenge is assumed to have a solution when the stakeholder or customer relationships
become closer [35,39]. The challenge of “risk of cannibalization” was reported, where the
introduction of the CBM over the traditional LEM could decrease sales, as highlighted
in [42,43]. Few other studies stress the challenges such as “lack of awareness” and lack of
support from related policy, laws, and regulations as they could restrict the CE shift [37,44].

Various studies were built upon the above-discussed literature. In one study, six
significant challenges that a CE is facing are highlighted; they include complex international
supply chains, high up-front costs, failures in company cooperation, lack of consumer enthusiasm
and limited dissemination of innovation, and resource-intensive infrastructure lock-in [45]. Later, a
literature survey on CE challenges concerning policy options highlighted a few key factors
limiting CE progress. These factors include the economic signals that do not encourage efficient
resource use, lack of awareness and information, limited sustainable public incentives, insufficient
investment in technology, pollution mitigation or innovation, and minor consumer and business
acceptance [46]. On the other side, the managing director of Acceleratio conducted a litera-
ture survey specifically concerning the barriers and drivers towards CE implementation
in a multidimensional approach and highlighted the 22 barriers [47]. Focusing on the
case studies of small and medium enterprises (SMEs), the CE challenges are explored
in [48]. These include environmental culture, financial barriers, limited government support, lack
of adequate legislation, information deficits, administrative burdens, and relatively low technical
skills [48]. The CE challenges in the view of Spanish SMEs are more or less similar to the
above-discussed ones [26,49].

However, the most recent studies started exploring these challenges to better under-
stand the CE implementation process. In line with this, a study explored the CE challenges
in four categories: cultural, regulatory, market, and technological [16]. After four categories,
they further listed them in 15 sub-barriers based on the extensive literature review by
referring to the research articles and semi-structured interviews [16]. However, the one new
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challenge of CE, which is less stressed by many of the researchers, highlighted in [25,50–52],
is the inadequate information management systems (IMS).

Despite increasing efforts by various countries, sectors, and organizations (both in-
dustry and academic institutions) toward CE implementation, certain limitations must
be considered and explored further to find a solution. For that reason, we followed the
new trend of categorical classification to classify the explored challenges under five barrier
categories. A summary of the various challenges CE is facing is given in Table 1.

Table 1. Challenges in circular economy categorized into five barriers.

Barrier Category Challenges Reference

Technological

-Limited consideration in the present product design for the EOL phase [47]
-Limited recycled material availability [47,52,53]
-No proper evidence on the quality of recycled PCMs [47,53]
-Lack of experience, especially the proven and demonstrated CE projects and lack of
technical framework on product redesign as the linear technologies are deeply rooted [47]

-Existing inefficiencies to develop new business strategies and sustainable footprint (e.g., eco-design,
circular design, design for reuse-repair-refurbish remanufacture- recycling, design for services
instead of ownership)

[47]

-Lacking the manufacturing ability to deliver high-quality remanufactured PCMs [16]
-Operational risk due to the use of cheap or lower-grade technical solutions [37]
-Lack of tools and data models the define the efficiency of CE projects, thermodynamic limitations [54–58]

Financial

-High or significant upfront investment costs [16,45,47,54]
-Low virgin material prices and recycled materials tend to be even more costly than fresh materials [16,54]
-Limited funding for CE business models [16]
-Challenges in the predictability and reliability of return flow [40]
-Environmental costs [47]
-A shareholder with short-term agendas dominates the company governance [47]
- Increased management and planning costs of CE projects [47]
-Capital tied up between the stakeholders [47]

Infrastructural

-Limited applications of new business models [47]
-Lack of secure information exchange system (IES) [47]
-The capacity of reverse logistics limits-Exchange of materials [47]
-Inadequate information management system (IMS) [47]
-Lack of qualified professionals in environment management [47]
-Limited dissemination of innovation [45]
-Resource-intensive infrastructure lock-in [45]
-Very few large-scale demonstration projects [16,53]
-Lack of technical resources or facilities [36,47,48]

Institutional

-Lack of global consensus [16]
-Obstructing laws and regulations [16]
-Lack of supportive policy frameworks [16]
-Lack of smart regulations [16]
-Limited circular procurement [16]
-Effective integration of circularity principles into policy innovation is still lacking [47]
-Financial governance incentive support for the linear business models still exists [47]
-Recycling policies to obtain high-quality material flows are inefficient [47]
-Governance concerns related to duties, obligations, and ownership [47]
-Lack of support from the public institutions [25,45,50]

Societal

-Hesitant culture of the organization [16]
-Lack of awareness of benefits and readiness to work together throughout the value chain [16]
-A secure attachment to a linear system [16]
-Lack of visionary leadership for CE transition [7]
-The difference in attitudes and behavior of employees [8]
-Changing consumer preferences [16]
-Lack of awareness among consumers [16]
-Consumers prefer new products [10]
-The dynamic mindset of the consumers [16]
-Customer type restriction [13]
-Cooperation of external partners [32]
-Challenges in collaborating with other companies due to partner restrictions [32,54]
-Lack of willingness to contribute to sustainability [16]
-Lack of confidence and trust is hampering the exchange of information [47]
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3. Role of Information and Communication Technologies

Researchers have tried to identify possible solutions to many of the listed challenges
in Table 1. They mentioned that it is difficult to address each challenge. The critical issues
they would encounter are the lack of support infrastructure and the data availability [59,60].
Indeed, digital technologies such as ICT may enable CE progress [27,61]. In the first
European Circular Economic Summit, held in Barcelona, Ellen MacArthur introduced a
report on “Intelligence Assets”, highlighting the Internet of Things (IoT) role in CE. In
her talk, Ellen MacArthur said, “IoT will allow the CE to develop at a much faster pace
than it ever could without ICT and the IoT in telemetry” [28]. These IoT and ICT systems
enable the fusion of digital innovation with CE by allowing features such as sense, store,
communication, and decisions. Box 1 is provided with a brief case study showing the
ICT and IoT role in electric vehicle (EV) battery charging. As said by Ellen MacArthur,
the data-informed decision determines the cyclical process (e.g., repair, refurbish, and
so on). By nature, CE has many interconnected cycles, which can be seen only when
we visualize CE from a system perspective; these interconnected cycles are responsible
for generating massive data [29]. Another study reported that using ICT to digitalize
CE would help us collect data from every interconnected cycle [62]. The collected data
would help the stakeholder make decisions related to the PCM life cycle. The decisions
related to logistics and end-of-life (EoL) management of PCM can also be taken if the
data is available [29]. The white paper by IBM highlighted that the growth of the CE is in
the hands of disruptive digital innovations. According to IBM, the five key technologies,
namely mobile technology (ubiquitous mobile access rules), M2M connectivity (the rise of
the machines), cloud technology (dematerializing in the cloud), social media (sharing the
social revolution), and big data analytics (by the numbers applying data analytics) would
help in transforming the CE [63]. It is also suggested that the digitalization of CE may add
intelligence to the PCM, thereby allowing the records of PCM’s attributes such as location,
conditions, quality, and others over the complete life cycle in line with CE [63].

Box 1. Role of ICT and IoT in EV battery charging.

Consider the concept of battery charging in EVs. Here, the EV’s owners are provided with an option of renting or leasing the batteries
where the manufacturer or the service provider’s responsibility is to provide the fully charged battery. In this example, ICT and IoT
systems help us monitor the performance of batteries very clearly; when their performance falls below a threshold, the EV owners
are given an option to replace the battery on the specific condition of recovering the old battery. Once the old batteries are received,
they can be put under EoL management options to recover the valuable materials. In some cases, the EV charging concept can be
implemented in a community where everyone owns the EVs with a pick and drop facility for the battery. In such a business case, it is
quite challenging to assess the performance, e.g., who owns the responsibility for battery failures. To address this, ICT, combined with
data analytics, can be used to identify how the decrease in battery performance varied between the first and last users. Monitoring
and analytics will help the service providers make appropriate decisions regarding the user and service provider compliances. On
the other side, combining numerous ICT techniques, such as big data, predictive analytics, data analytics, IoT, cyber-physical systems,
data mining, artificial intelligence, and others, would lead to intelligent business models. These ICT techniques bring new ways to
monitor and control the CE cycles and allow optimizations, which would help improve the performance of CE practice.

The European Policy Centre (EPC), after 18 months of critical investigation on “how
digitalization can boost the circular economy?” stated that, with digitalization, the CE
could get benefit in terms of better use of resources, increase the efficiency of processes, stakeholder
partnership facilitation, behavior of stakeholder, and knowledge on materials [64]. Although
ICT and IoT facilitate the CE, few concerns regarding digitalization exist, namely lack of
resources, legal certainties, data security, and others [63,64]. On the other side, the scope of
ICT for sustainability beyond efficiency is suggested by focusing on the three primary
digital optimizations for sustainability in CE [64]. Recently, the information technology
giant ‘Deloitte Finland’ came up with a study connecting the CE and the current digital
innovations [65]. Their study shows that the digitalization of CE will help only in certain
aspects. For instance, connecting the data centers, stakeholders, or partners with devices
and customers in individual/separate parts of the value chain [65]. As stated in [64,65], the
CE will boost or create value for companies by selling the services rather than PCM. Even
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though the hype of ICT techniques adds value to the CE, there exist numerous challenges;
for example, Pardo from the EU’s EPC raised concerns regarding how to enable the free flow
of data across borders, fostering trust in the data economy, and maximizing synergies between the
digital and circular economy agendas [66]. However, in the digitalization process, many still
follow the centralized databases where data-related challenges are given more importance.
However, with the current digital technologies, ensuring access to data, data ownership, data
sharing, ensuring trust and transparency between the competitors, ensuring privacy, and property
rights are more crucial. This would become much more challenging when the marketplace
is created where multiple actors will be involved in managing both the flow of information
and the physical flows of PCM. However, the challenges can be addressed by shifting to
decentralized systems, for example, blockchain technology. Here, blockchain adoption in
the CE could improve data-driven decisions by overcoming the challenges related to trust,
traceability, privacy, and transparency.

4. Blockchain in General and Scope for Circular Economy Blockchain Implementation

Blockchain, the underlying technology of bitcoin initially designed for the financial
sector, has revolutionized distributed ledger technology (DLT). Regardless of its origin,
blockchain has become a buzzword and started gaining attention from other sectors [67].
The popularisation and continuous attempts to explore the BCT implications in various
sectors are due to “decentralized architecture, fault tolerance, and cryptographic security
benefits such as pseudonymous identities, data integrity, and authentication,” which are
essential in CE’s digital transition [31,68]. As a result, BCT has identified its technical
space in various sectors beyond its original application of cryptocurrency transactions.
Across the globe, many have declared that they have been engaged in BCT for various
applications [69].

4.1. Blockchain Features and Implementation Steps

Blockchain is a new form of data storage formed out of distributed software archi-
tectures and computational infrastructures. It enables decentralization and a distributed
nature for the data [70]. With its distributed nature, blockchain keeps track of transactions
between the parties in the CE network and protects them from tampering. It also allows
peer-to-peer (P2P) interactions from any device (for instance, smartphone operation in an
energy-efficient manner compared to conventional desktop systems) and helps improve
their trust by providing a verification facility [71,72]. In BCT-based applications, transac-
tions signed between two or more peers or stakeholders will typically happen, and these
transactions denote the type of agreements defined between the peers. Mostly, the agree-
ments are signed using SCT [73]. Depending on the agreements, the transactions might
involve a physical flow of PCMs or digital assets and sometimes the task execution alone.

In any situation, at least one of the participants or the peer in the CE network must
sign this transaction to circulate within the defined network of participants in CE. In a
blockchain network or functionality structure, we have a variety of terminologies, out
of which a node (small or complex) is essential. Any entity or participant connected to
the blockchain in a defined CE network is considered a node. Generally, it is referred
to as a small node. A few nodes are needed to verify the rules whenever a transaction
happens between such entities, as per the SCT-based agreements. Such nodes are referred
to as complex nodes. The function of these complex nodes is to group the transactions
into blocks [74]. These complex nodes manage the endorsement and decisions regarding
the transaction validity and its inclusion in the blockchain. Overall, the blockchain keeps
the list of completed transactions in the form of a ledger typically synchronized across
the network of nodes while ensuring security. On the other side, blockchain also ensures
the ledger update, which is generally based on the participant or peer approval. These
approvals by the complex nodes are only implemented through the reliable consensus
algorithm or protocols depending on the blockchain platform types (see list mentioned
under Step 2 of Figure 1) [75].
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To understand BCT and its implementation, one can consider the blockchain system
governance shown in Figure 1. We have shown the implementation process grouped into
five steps. It is a set of interconnected mechanisms formed by integrating the software and
hardware infrastructures with numerous cryptographic features. Details of each step are
given below.

Step 1 is based on the BCT functionality and SCT-based agreements; the user can opt
for one of the blockchain categories (as shown in the first step of Figure 1). As per the
current literature [72,76,77], blockchain is categorized as public, private, or federated. This
classification is based on the network’s management and the permissions defined by the
users in most cases. In general, the public blockchains are permissionless, where anyone
can join as a node and can involve in performing the blockchain operations. Some of the
well-known public blockchain implementations are Bitcoin, Ethereum (in Ethereum, both
public and private are possible), Litecoin, and other digital currencies [78,79]. In a public
blockchain, the overhead management cost and activities will be reduced for the user,
mainly due to the self-maintained public node infrastructure. Other sets of blockchains
are private and federated, which belong to the permission category. In the permission
category of blockchains, only the specific nodes defined, or the nodes part of the consortium,
can be involved in blockchain operations. Some well-known permissioned blockchain
implementations are Hyperledger, Multichain, Cardano, and others. The applications
of private and federated blockchain include “database management, auditing, banking,
industrial sectors, and other service-oriented sectors” [70,75].

Step 2 allows the blockchain platform selection depending on the network category
type, as mentioned in Step 1. Under those categories, many blockchain platforms exist.
Some well know platforms are Bitcoin, Ethereum, Multichain, HydraChain, Open Chain,
Chain, IOTA, Hyperledger, IBM Bluemix, and others. However, their selection should be
appropriate and based on the functionality and other requirements that are bought by each
involving node in the network [77].

Step 3 is the blockchain data characteristics. In blockchains, each transaction between
the participants is stored with cryptographic features. For storage, numerous options exist,
including the ledgers, cloud, cache, peer-to-peer (P2P) nodes, servers, and others. All such
data storage options can broadly be classified under local and network storage. Depending
upon the availability, users can opt for one from the wider availability. However, the most
suggested one for blockchain applications is network storage. Cloud storage is an ideal
network storage option mainly used for commercial applications where flexibility and easy
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access to data retrieval is needed. When a transaction is initiated between the nodes, as
per the agreements, such a process represents the state change in the blockchain. A group
of such initiated transactions which are not yet approved represents the block. The data
handling capacity of a block entirely depends upon the type of blockchain platform; for
example, the Bitcoin blockchain has a block size of 1 MB, which can accommodate a large
number of transactions [77]. A typical block has the block header indicating the transaction
time, a previous block’s hash, blockchain version number, and the random nonce. These
blocks are distributed over the network based on the defined agreements, which happens
when the minor nodes validate the transaction. The process of transaction/block validation
and its addition to the blockchain network is called mining. The mining process varies
depending upon the blockchain platforms. For instance, in the case of the Bitcoin blockchain,
this process is conducted by solving the complex cryptographic hash puzzle, which is
generally referred to as the digital signature for the block. Here, the nodes in the network
compete and solve the hash puzzle, and then the block will be added to the blockchain
network. When a new block is added to the blockchain, the transaction is considered
approved or completed. This approval process again varies depending on the blockchain
platforms, as they are governed by different consensus protocols [80].

Step 4 is the block validation using consensus protocols. This step decides whether
the blockchain is functioning according to the agreements or not, as it is responsible for
maintaining the process of transactions and their approval. As shown in Figure 1, there are
different consensus protocols, which mainly depend on the blockchain types and platforms.
However, the most famous consensus protocol is Proof-of-Work (PoW), used in the Bitcoin
blockchain. In PoW-based consensus protocol, the nodes in the network compete to solve
the cryptographic hash puzzle and submit the proof to the rest of the nodes in the network
and the block for validation. Attaining a solution to the cryptographic hash is difficult
as it is a complex digital signature most sensitive to minor changes. Hence, it requires
substantial computational power where the wealthiest person can be dominant in terms of
computational power. The PoW is responsible for splitting the blocks about the available
computational power needed for solving the hash (power for hash rate) [81]. Another
famous consensus protocol is the Proof-of-Stake (PoS); in this, the minor nodes that help
approve the transaction are selected based on splitting the available stake of blocks. The
PoS consensus ensures fairness in the network of nodes rather than just being dominant
based on computational power [82]. Apart from these two, there are other consensus
protocols among them; a few are Byzantine Fault Tolerance (BFT)-based. In BFT-based
consensus protocols, block validation is completed when an elected validator gets a two-
thirds majority of votes. Then, the block is added to the blockchain. Here, the validator is
elected using the round-robin approach [77,83]. In other consensuses such as Tendermint
and ripple, the electing node-validator is conducted based on the elections and where
two-thirds majority votes are needed. In practice, the blockchain stores the state change of
something based on the consensus protocol of respective blockchain platforms, representing
the final confirmation of transactions. In many blockchains, the time taken for transaction
confirmation varies depending upon the type and category. In a Bitcoin-based blockchain
and other public types, the transaction approval would take up to 60 min. In contrast, in
the case of some private and consortium blockchains, such as Hyperledger, Tendermint,
Algorand, and others of similar types, the transaction gets approved instantly [77,80].

Step 5 is the network structure functionality where the blockchain system of interest
extends to cover the interactions with the physical world as per the defined agreements.
For example, the smart contracts, where the system uses the nodes (either small or complex
nodes) to execute a specific task based on their set agreements. Even in the P2P network, a
similar strategy of smart contracts is adopted. When the blockchain is extended to human
interactions, the state change of transactions would become much more complex, which
essentially has to be stored and updated dynamically. These transactions in the network
can only be updated using distributed computing.
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Therefore, the blockchain system of interest shown in the five steps deals with select-
ing blockchain types, platforms, consensus, and how these come together to make up a
blockchain system for specific applications.

4.2. Circular Economy Blockchain: Scope, Architecture, and Implementation Steps

Based on the brief study in Section 4.1, it can be understood that the scope for
blockchain is very high in applications that need data-related security and privacy support.
Currently, CE suffers numerous challenges, and many are related to data. Blockchainification
of CE may ease certain implementation-related challenges as it ensures ‘access to data’,
‘data ownership’, ‘data sharing’, ‘traceability, trust, and transparency between the competi-
tors’, ‘privacy’, and ‘property rights’. Considering this, we proposed a seven-step system
architecture for implementing CE, calling it a circular economy blockchain (CEB), as shown
in Figure 2.
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This architecture identifies the key functionalities involved in practicing CE. It then
helps in categorizing the decisions based on the CE stakeholder roles. While implementing
CEB, the proposed architecture is expected to be influenced by two types of decisions: CE
decisions and blockchain system of interest decisions. Among the seven steps, the first four
are framed based on the CE decisions, where the critical functions of CE practice and roles
played by the involved stakeholder are given more importance. The next three steps are
based on the blockchain system design decision for CE implementation. These three steps
are essential in defining software architecture with cryptographic features.

The CEB architecture implementation steps are thoroughly explained below:
Step 1 is identifying the CE services and the type of transactions between stakeholders

in the CE network. The transactions include the records of every activity of PCMs respective
of the life cycle stage in a circular network. Such transactions are executed as needed by
stakeholders’ operation, and they form the agreements resulting in decisions for SCT
implementation in CE. In most cases, the stakeholders’ operations are defined as per the
CBMs, for example, product as service, product life extension, and others.

Step 2 is the identification of the stakeholders concerning the CE implementation
process. For any CE practice, the general stakeholders include raw material suppliers,
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manufacturers, sales and marketing, consumers, EoL management team, supply chain,
and logistics. However, depending on the CBMs, the stakeholders mentioned above might
change. Therefore, this step allows us to identify the stakeholders specific to CE practice.

Step 3 is defining the circular flow model (CFM) depending upon the CE application.
For example, the CFM for solar photovoltaics application in the context of CE follows the
below-mentioned life cycle stages [84].

Mining → Industrial silicon smelting → Silicon production → Ingot casting and
wafer slicing → Photovoltaic cell processing → Module assembling → Marketing and
use phase→ EoL for material recovery→Market for recovered materials→ Reuse in the
manufacturing of the same product or other.

Step 4 is defining the circular data models and access rights. This step in the CEB
architecture allows the data flow between the stakeholders, and the access rights were
defined according to the transactions between them so that it allows privacy.

Step 5 is about the decision related to blockchain platform selection, which usually
happens after considering CE decisions (as shown in Steps 1 to 4). Here, we will have various
blockchain platforms, for example, public, private, consortium, or federated. Alternatively,
options based on the blockchain evolution category are also possible. However, for a CE
network with a defined stakeholder, private and consortium or federated would be better.

Step 6 is essential in the blockchain decisions, where it involves the selection of
appropriate consensus mechanisms from the available list, PoW, PoS, BFT, and others,
to name a few. However, this consensus mechanism depends again on the blockchain
platform chosen in Step 5.

Step 7 generally deals with maintaining the digital records of CE transactions and
services. By nature, blockchain allows cryptographic features to store the transaction and
service data in the cloud. However, users will also have privileges of selecting the storage
option at the node itself as per their requirements but only after a thorough discussion with
the stakeholders. Sometimes, the option of on-chain and off-chain storage is also possible.

5. Benefits and Challenges of Circular Economy Blockchain
5.1. Benefits and Promises of Circular Economy Blockchain

Blockchains are, theoretically, disruptive and strongly believed to aid the CE imple-
mentation. CEB’s ability of information sharing facilitates the relationship between the
stakeholders involved in CE. Furthermore, the CEB enables information sharing more
reliably, allowing traceability, transparency, authenticity, and trusted agreements. These CEB
features help the CE prevent the fraud and falsification of compliance-related information
and reduce both direct/indirect risks [85]. Finally, this addresses the CE challenge by
improving the cooperation of external partners and reducing the partner restrictions. Blockchain
can even support disruptions in the CE supply chain [86].

CEB records the information of PCM, mainly their origin, supply chain-related, in-
volved stakeholders at every stage of CE and the PCM life cycle. The recorded information
is made visible to all the CEB stakeholders with individual access rights. Conversely, the
information in CEB will be highly secure as it is time-stamped with cryptographic features.
This enables P2P with more visibility, verifiability, and authenticity, where each stakeholder
in CE can track the status of imports and exports of PCM [78,87,88]. Many contracts or
agreements exist among the CE stakeholders, which can be compensated with blockchain-
based smart contracts. In general, the smart contract refers to the digitally signed contracts
related to PCM or any other between the stakeholders (agreements might include financial
transactions, monitoring, information exchange, payment transfers, payment tracing, and
others) [89].

With its analytics features and predictive capabilities, blockchain can show the PCM
circulation related to fashion changes and fashion vulnerability information. It keeps
recording the information related to PCMs aesthetic, manufacturing place, design quality,
modularity, etc. Furthermore, the challenge of capital tied up and other supply chain issues
always affect firms and limit market services. In this situation, most firms are interlocked.
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This is further extended into the CE network (for example, the suppliers, the government,
employees, consumers, EoL management team, and others). Privacy is the concern here;
many try to tamper with the data, but with CEB, this privacy issue may be resolved, and
the same can be seen from a study focused on privacy-preserving of healthcare predictive
modeling as shown in [90].

With its traceability feature, CEB can allow the firms to share and track the PCM flow
in the CE network and hence can address the challenge of capital tied up. On the other
side, the tied-up capital would create risks when the financial transactions happen between
the stakeholders, for which a smart contract would be the solution. On the other hand,
blockchain also enables us to build a strong relationship between CE participants and
bring them closure on digital agreements. Mostly in CEB, the closed-looped PCM activities
between stakeholders are essential [86].

Blockchain as a technology has the potential to contribute and show few benefits
in creating more wealth by allowing the CE stakeholder to be a part shared economy
platform. The only possibility of making that is to allow the stakeholders to monetize
their transactions on a safe and secure platform [91]. On the other side, the blockchain-
based value system that supports social sharing and enables the transition of the industrial
economy to the information economy is also discussed in [92].

Blockchain also has the potential to contribute to the digital manufacturing of PCM.
As per industry 4.0, many manufacturing industries are currently looking to automate
their maintenance and control operations even with the facility of query verifications
blockchain [93]. Blockchain technology, along with edge computing features, seems to have
great potential. This blockchain-based distributed ledger architecture ensures the product
design that is suitable for CE [94].

Blockchain can also contribute to the PCM sustainability assessment in the manufactur-
ing stage. This is possible with the creation of a decentralized manufacturing network. In a
study, ‘FabRec’ is proposed, where the decentralized network of machines and computing
nodes are created with the capabilities of allowing transparency, verification facility, and
others. These applications in PCM manufacturing will allow us to assess the PCM life cycle
assessments to quantify sustainability [95].

In CE practice, due to compliance issues, many firms try to tamper with the data
related to PCMs that are not sustainable (for example, the PCM deletion) [96]. Such issues
can be easily traced if the manufacturing sectors are adapted to the blockchain service [86].

Even though the blockchain seems to be a very advanced technology, it could offer
its promises and solutions to only a few CE challenges. Overall, it is understood that
blockchain provides a unique and adequate information management system that can
provide many solutions to CE digital transition and ensures access to data, data ownership,
and data sharing, ensuring trust and transparency between the competitors, ensuring privacy and
property rights.

5.2. Challenges with Circular Economy Blockchain

This perspective brings essential insight for CE practitioners in transiting from classic
ICT-based to blockchain-based CE. Even though blockchain offers many benefits, some
limits and challenges that need serious attention exist. This section explores the possible
limitations of the circular economy blockchain, questioning its practicality and scalability.
While identifying the limitations, the focus was made mainly on policy aspects, industry,
and environmental regulators. On the other side, the technical aspects of blockchain inte-
gration with CE are also investigated to explore the challenges. Overall, its implementation
will not be easy due to the issues shown in Figure 3.
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5.2.1. Scalability, Data Storage Capacity, and Management Challenges

In the circular economy blockchain, the involved stakeholders in the network would be
large in number. The transaction handling capacity of the blockchain is mostly varied depend-
ing on the chosen blockchain platform and the involved number of CE stakeholders. As the
number increases, there are chances of slowing down the rate of transactions happening [97].
Considering the two popular public blockchain platforms: Bitcoin and Ethereum, where the
transaction time is very slow, and in public blockchains, the transaction approval charges
may go high as the involved stakeholders are high. Whereas in the private or federated
blockchains, it is not the case; however, the question of scalability is still debatable [97]. An-
other critical concern is the data storage capacity and management; generally, the blockchain
has very minimal capacity for storing transactions [87]. However, most circular economy
applications are integrated with sensor systems (for example, RFID and IoT devices in the
supply chain and other industrial processes) where the continuous track of information is
possible. It is stated that these sensor devices can generate more than gigabytes of data on
average for a real-world application [87,98]. Blockchain in current situations may not be
able to handle this storage capacity and continuous transaction approval unless a minimum
number of stakeholders exist on the CE network with a private blockchain platform. Some
have suggested using on-chain and off-chain data storage options, but still, the question of
storage capacity is debatable and needs further research [99].

5.2.2. Data Privacy, Anonymity, and Security

Data privacy and protection are concerning for most stakeholders while using
blockchain [100]. However, the blockchain’s main feature is data privacy and identity
management. Many stakeholders in the network worry due to the anonymity that is not
guaranteed in the public blockchain platforms [98]. The concerns related to data privacy,
anonymity, and security could be addressed, to some extent, in a private blockchain, and it
is also suggested to handle data loads [101]. However, when it comes to the CE network,
where the involvement of other devices may not ensure privacy and security, we never know
whether the data before feeding onto the blockchain ledgers have been tampered with or
not [102–104]. Data integrity techniques, public verification, and restricted access control are
suggested to ensure privacy and security [105]. It is also quite easy to hack the IoT devices
that are connected to the CEB network, especially the supply chain-related ones [102].

5.2.3. Consensus, Smart Contracts, and Platforms

In the context of circular economy applications where it involves numerous sensing
devices, it is quite unsuitable for some of the consensus mechanisms and some practical
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issues with the execution of smart contracts [98]. At present, there are many consensus
mechanisms or protocols for blockchain. Among them, most of them seem to be immature,
and some have not been tested in all aspects related to performance (say, for example, energy
consumption, transaction approval rate, and security level). The majority of the existing
consensus is on proof-of-work (PoW), which is the most energy-intensive. However, it is
always advised for CE applications to opt for a private blockchain where the computational
power would be less [87,98,100]. In the context of CEB, smart contracts have few challenges
while modeling the logic of IoT or other sensing devices [98]. For example, the product
performance assessment over its lifetime involves real-time data from multiple sources and
accessing this data would overload the execution of smart contracts. On the other hand,
implementing smart contracts mostly using the Oracle platform and leveraging smart
contract capabilities with big data and cloud computing platforms would be difficult [98].

There are currently many blockchain platforms, and it is quite challenging to investigate
their performance specific to the CE applications. Only a few platforms have smart contracts
and token development features. In the context of CEB, data analytics, payment options, and
integration with IoT devices are essential, and these features are not possible in all blockchain
platforms. Furthermore, in CEB, stakeholders need additional functionalities related to
command line control for interaction, which may not be possible in all the platforms. In the
current market, many claim to have blockchain applicability, but there might be a difference
in actual execution, which is the major challenge in choosing the right technology [98].

5.2.4. Cultural and Organizational Challenges

In the context of CEB, the cultural and organizational challenges hinder blockchain
adoption. For example, suppose an organization wishes to transform into a blockchain-
based CE. In that case, they need to embed this practice into its vision and mission [106].
Moreover, they should be ready to accept the alternation possible with blockchain adoption.
However, organizations may not be ready to do so. When they are converting to a new
system, organizational changes in terms of culture and individual hesitations may be seen
as most common. Limited technical expertise in the new system and well-established
knowledge and the market for the current system may not allow them to change to a new
system [107]. Fear of market down and financial instability due to transition seems to be
a challenge in adopting CEB. Regarding the cultural aspect, the CEB represents an entire
digital shift and demands a considerable change in the way of handling work. This shift
mostly changes the work culture and values and demands behavioral changes from both
employees and customers.

In the context of CEB, some business model’s execution involves the collaboration
of two or more stakeholders, where the issues such as work culture, relationships, and
information sharing issues as per the organization’s policies and rules might limit CEB
progress [108]. Lack of understanding of these cultural and organizational rules is a definite
challenge, eventually affecting the entire CEB network. There is a lack of awareness
related to this technology and how it works. This mainly hampers the investors and top
management who plan to invest in developing CEBs.

5.2.5. Policy and Regulatory Challenges

Both of the discussed concepts, CE and Blockchain, are individually facing challenges
related to policy and regulations. In the context of CEB, similar challenges that limit
the practical implementation exist. Government laws and regulation are still unclear
on the use of blockchain for various applications where concerns related to market and
organization arises. Considering Bitcoin blockchain alone, it has faced many transaction-
related issues due to adverse policies implemented by several regulatory and government
groups [100,109]. Due to the lack of policies, the willingness to direct and support the CEB
implementation will be limited [110]. Thus, governments need to ensure that the policies
and regulations they frame promote technological growth more sustainably.
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5.2.6. Financial Challenges

Blockchain technology combines software and hardware infrastructure where imple-
mentation is not relatively straightforward and involves financial decisions [100]. Con-
sidering the CEB situation, this would be further difficult due to the network size and
information storage capabilities. At present, there is considerable uncertainty in the market
about blockchain technology service offerings. The reasons might be the hype in technology,
business competition, or the exploitation of the situation. On the other side, there is a
fee collected for transaction processing in the blockchain network, and it depends upon
the speed and effectiveness of the blockchain platform. Generally, the most effective and
high-speed transactions would cost more transaction processing fees.

5.2.7. Lack of Skilled Workforce

As the blockchain is still in its early stages, concerns related to the skilled workforce
and the financing of such training facilities may exist. In the context of CEB, both the
concepts (CE and Blockchain) are in the initial stages of development. The knowledge
of implementing CE networks more efficiently is itself questionable. Conversely, using
blockchain technology in CE needs additional knowledge and technical expertise [87].
Although there is a growing interest in CE adoption and blockchain technology, only a
limited number of skilled forces exist [100].

6. Conclusions

This perspective aimed to shed light on the current state and the future research needs
for the successful adoption of blockchain and smart contract technologies to enable a digital
circular economy. The literature initially called for the integration of ICT to solve the chal-
lenges of CE implementation. However, the failure of conventional ICT-based solutions has
seen an emergence of literature that is now calling for the exploration of blockchain for CE.
In this perspective, we thoroughly investigated the blockchain and smart contract technology
and how they offer solutions to CE challenges both with and without ICT. Blockchains have
credibility, ensuring the information exchange in a transparent, secure manner, and the
traceability feature can significantly benefit the CE implementation and its digital transition.
Based on this, we developed the CEB architecture that allows for stakeholders’ interactions
and data-driven decision-making across the CE network. Blockchain-enabled data-driven
tools may enable CE business models that improve trust and transparency in supply-chain
networks, shared and performance economy platforms, stakeholder participation, and gov-
ernance and management of organizations. However, considerable challenges exist when
it comes to the implementation of blockchain for CBMS, as noted in the complexities of
blockchainification of non-digital assets. Although researchers and blockchain venture develop-
ers will continue to proclaim that digital technologies will address CE-associated challenges,
this perspective may serve as a cautionary note. It presents numerous research challenges
for those who think the current hype of blockchain implication in CE may automatically
translate into CE implementation accomplishments. To set a path for further research and
potential exploratory studies on this topic, we provided some challenges and future research
propositions. We feel that this review would help build the literature around the digital
circular economy and the proposed circular economy blockchain.
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