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ABSTRACT Producer Responsibility Organizations (PROs) are professional organizations that take respon-
sibility for collecting and treating E-waste in an eco-friendly way on behalf of producers. However, they
face several challenges in effective e-waste management (EWM). The current study aims to identify and
model key challenges in EWM from PROs’ perspective in the Indian context. We identified key challenges
to EWM through a literature review and discussions with experts. The expert team validated and mapped
key challenges into the EWM process, from collection to disposal. We employed the DEMATEL method
to model key challenges. Nine key challenges were identified. Findings suggest that a knowledge-sharing
platform is a crucial step in EWM as it allows PROs to share best practices. In addition, collaboration among
stakeholders, usage of tracking systems, and eco-design could play a key role in sustainable and effective
EWM. This study provides various mitigation strategies to overcome key challenges in the adoption of
sustainable EWM. Furthermore, PROs can use the proposed conceptual framework to identify challenges
that may be faced during different EWM process stages.

INDEX TERMS E-waste management, producer responsibility organization, extended producer responsi-
bility, DEMATEL, India, recycling.

I. INTRODUCTION
Globally, E-waste (Waste from electrical and electronic

cause acute and chronic diseases as it generally contains
harmful metals such as lead, mercury, and arsenic [3].

equipment) is considered the fastest-growing waste stream.
There are several reasons behind the E-waste generation
such as rapid technological advancement, higher affordabil-
ity, increasing purchase power, decreasing cost, shorter useful
life cycle, increased customization, and promotional events
like exchange schemes [1], [2]. There is a need to manage
end-of-life disposal of E-waste sustainably because improper
disposal may impact sustainability. For example, precious
metals such as gold and silver may be lost due to improper
recycling. In addition, ineffective disposal of E-waste may
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However, both developed and developing economies strug-
gle to manage E-waste effectively. Developing economies
like India face more challenges in EWM because of many rea-
sons such as limited consumer awareness about E-waste, the
dominance of informal sectors, and inadequate infrastructure
for E-waste collection and treatment in an environmentally
sound manner [3], [4]. Furthermore, developed economies
are exporting their E-waste to developing economies because
of lower labor costs. India is the second largest E-waste
generator in Asia after China [5]. Therefore, E-waste Rules
were introduced by the government of India to provide guide-
lines for EWM stakeholders such as producers, collectors,
recyclers, and consumers [2], [6]. One of the key features
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of the E-waste Rules was Extended Producer Responsibility
(EPR), introduced in E-waste Rules 2011, which mandates
the producers to collect E-waste from consumers and dis-
pose of it responsibly [7], [8]. Since it could be difficult
for producers to collect E-waste from consumers, the gov-
ernment introduced the concept of Producer Responsibility
Organization (PRO) under E-waste Rules 2016. PROs are
third-party organizations that assist producers by taking on
their responsibilities for E-waste collection and treatment.
This concept has been retained in subsequent updates to the
rules, including the 2018 and 2022 versions [9]. However,
the PRO concept was already widely accepted for EWM in
other countries also, including Belgium, Ireland, Norway,
Germany, and the UK [10].

Although PROs play a critical role in EWM, they still
face several challenges in sustainable EWM. Existing lit-
erature highlights the challenges faced by recyclers and
collectors. For instance, recyclers lack advanced technolo-
gies for E-waste segregation and recovery of materials from
E-waste [4], [11], [12]. In addition, they lack tracking tech-
nology which may lead to disturbances in transportation,
storage, and eventually recycling [2], [13]. Moreover, con-
sumers are not collaborating with recyclers as they give
their E-waste to informal sectors that lack eco-friendly recy-
cling [14], [15], [16]. Since most of the PROs are serving as
collectors, recyclers, and disposers, therefore the challenges
for PROs could be different. The scientific literature has
identified challenges for recyclers and collectors although
still overlooked key challenges from Indian PROs’ perspec-
tive. Therefore, it is crucial to identify the key challenges
faced by PROs. Identifying key challenges can help PROs
develop effective strategies to address technological and
infrastructural issues and inform necessary policy and regula-
tory improvements related to EWM. Mapping key challenges
in the EWM process, from collection to disposal, can help
PROs identify where specific issues arise (e.g., collection,
segregation, or recycling). Additionally, prioritizing these
challenges can reveal their interrelationships, aiding in under-
standing which are most impactful. Categorizing challenges
into cause-and-effect groups further assists PROs in decision-
making, as it highlights how cause challenges drive the
system and influence other issues. Therefore, the study aims
to achieve three research objectives:

« ROI: To identify key EWM challenges from the per-
spective of PROs in the Indian context.

« RO2: To map the key challenges into the EWM process.

o RO3: To prioritize and categorize key challenges into
causes-and-effects groups.

To achieve the research objectives, key EWM challenges
from the Indian PROs were identified and validated with
the help of current literature and an expert team of eight
members working at four different PROs. With the help of
opinions from the expert team, key challenges were mapped
in the EWM process. Further, the Decision-Making Trial and
Evaluation Laboratory (DEMATEL) approach was employed
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to prioritize and categorize the challenges into cause-and-
effect groups.

The novelty of the current study is the proposed the-
oretical framework which identifies key challenges from
Indian PROs’ perspective along with their potential solutions.
The proposed framework could be helpful for other emerg-
ing economies facing similar challenges in implementing
sustainable EWM. The current study offers several policy
recommendations for sustainable EWM in India such as
developing knowledge sharing platforms for PROs and fos-
tering collaboration among EWM stakeholders. Additionally,
the study underscores the importance of formalization of
informal sectors as they are big players in collecting E-waste
from consumers. The financial and infrastructural support to
informal sectors by the government and recyclers could play
a paramount role in collaboration among informal sectors and
PROs. The current study aligns with four sustainable devel-
opment goals (SDGs) namely SDG 9 (Industry, Innovation,
and Infrastructure), SDG 11 (Sustainable Cities and Commu-
nities), SDG 12 (Responsible Consumption and Production),
SDG 17 (Partnerships for the Goals).

The remainder of the paper is segmented into five sec-
tions. Section II throws light on the literature and Section III
highlights the research methodology, results are included
in Section IV, and a discussion of results is highlighted in
Section V. Section VI comprises the conclusion, implica-
tions, and limitations of the study.

Il. LITERATURE REVIEW

E-waste management (EWM) is a global issue, every nation
faces challenges in effectively managing E-waste [17], [18].
Circular Economy (CE) plays a critical role in sustainable
EWM as it is based on reusing resources as long as pos-
sible through several practices such as refurbishment and
recycling. Through CE practices for EWM, several eco-
nomic, environmental, and social benefits, including creating
employment, decreasing the requirement of virgin materials,
and reducing the environmental impacts of E-waste, can be
achieved [8].

A. E-WASTE POLICIES AND REGULATIONS IN INDIA

Many countries have already begun developing policies
and regulations for effective EWM. EWM frameworks vary
by country, illustrating distinct strategies for addressing
E-waste. The EU’s WEEE (Waste of Electrical and Electronic
Equipment) Directive mandates EPR, requiring producers to
collect 65% of E-waste and to finance and manage recy-
cling, as exemplified by Germany’s ElektroG Act. To China’s
E-waste policies and regulations, the government offers sub-
sidies and licenses to promote authorized recyclers. Australia
offers e-waste drop-off points through a co-regulatory frame-
work such as TechCollect. Extended Producer Responsibility
(EPR) concept holds producers accountable for E-waste
collection, treatment, and disposal. India also integrated
EPR into its initial E-waste Rules [19], [20], [21]. In the
E-waste Rules, specific targets were set for producers

54463



IEEE Access

T. S. Gaur et al.: E-Waste Management Challenges in India From the Perspective of PROs

regarding E-waste collection and recycling. Producers gen-
erally manage E-waste through third parties like PROs [19],
[21]. The primary purpose of PROs is to act as authorized
entities responsible for E-waste collection and ensuring its
environmentally friendly treatment and disposal. A PRO can
serve multiple producers [9]. In the Indian context, PROs are
key stakeholders for an effective EWM strategy. The concept
of PRO is still covered in E-waste Rules 2023. According
to E-waste Rules 2023, producers are given e-waste collec-
tion targets. In addition, auditing of EWM practices is also
covered in these rules. In addition, the management of solar
photovoltaic modules, panels, and cells are also covered.
According to Central Pollution Control Board (CPCB), cur-
rently, India has 94 PROs [22], however, the recycling rate by
the formal sector is still only 5%. This could be because of the
hurdles faced by PROs while collecting and treating E-waste.

B. CHALLENGES IN E-WASTE MANAGEMENT

In India, recyclers lack advanced recycling technologies that
help recover more metals efficiently and effectively [2],
[8], [23], [24]. Similarly, E-waste collection supply chains
have not been digitalized yet. Digitizing entire supply chains
would benefit E-waste collection and treatment by enabling
the tracking of products and recycled materials [10]. How-
ever, the lack of proper IT systems makes digitalization
difficult, which impacts EWM processes [23]. Additionally,
the lack of technical training of workers hinders E-waste
management practices like sorting, segregation, dismantling,
and recycling [2], [8]. The absence of well-defined busi-
ness strategies addressing these technical skills and training
aspects may result in reduced metal recovery, pollution, and
workers’ health issues [25], [26], [27], [28]. Furthermore,
workers’ limited knowledge of mixed waste may cause diffi-
culties during E-waste segregation. Toxic materials present in
E-waste may endanger labor involved in the segregation, dis-
mantling, and recycling processes [14], [29], [30]. Companies
are not effectively adopting green practices like restriction
of toxic substances in their business strategies, despite the
prohibition in E-waste rules [31], [32], [33], [34].

In developing countries, the informal sector collects more
E-waste, especially domestic E-waste, than the formal sector
because it offers higher payments to consumers [35], [36].
Due to limited awareness of formal and informal sectors,
consumers engage in backyard recycling and give E-waste
to informal sectors [32], [37]. Limited collection centers and
disposal facilities, especially in rural and semi-urban areas,
are also among the main reasons for backyard recycling,
informal recycling, and E-waste collection [38], [39]. Several
studies show that the lack of business strategies regarding
cooperation models between producers, recyclers, and con-
sumers makes EWM difficult. For example, producers do not
give due attention to eco-design in electronic products [2],
consumers directing E-waste toward informal sectors, and
formal sectors failing to provide recycling information to the
government [3], [11]. Tax relaxations and subsidies also play
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FIGURE 1. Research methodology.

a key role in EWM [19], [40]. Tax relaxations and subsidies
can influence the whole system, as recycling, segregation,
and collection of E-waste require substantial funding [31],
[41], [42].

C. RESEARCH GAP

Several studies have been conducted regarding the obsta-
cles to implementing sustainable EWM. For example, [43]
pinpointed sixteen obstacles to E-waste circularity in India
from the viewpoint of recyclers. Reference [44] identified
twenty obstacles to the recycling of electric vehicle batteries.
Reference [45] identified the factors that facilitate and hinder
the implementation of EPR for sustainable EWM in Nige-
ria. Reference [46] identified eleven factors that influence
E-waste recycling in India. Reference [47] examined thirteen
obstacles in the shift towards a fully developed EWM sys-
tem in Brazil. Reference [48] examined the obstacles to the
adoption of CE practices in EWM from the viewpoint of the
UK. Reference [49] identified thirty barriers to CE practices
in managing E-waste in the Indian state of Tamil Nadu.
In addition to this study, several research have highlighted the
challenges to EWM from the viewpoint of recyclers [4], [7],
[8], [14], [50]. However, the existing literature has overlooked
the examination of challenges to EWM from the perspective
of Indian PROs. Consequently, the objective of the study is to
address this knowledge gap.

lIl. METHODOLOGY

This section outlines the proposed methodology, as depicted
in Figure 1, which was adopted to accomplish the research
objectives. Initially, challenges specific to PROs were iden-
tified by the literature review. An expert team representing
Indian PROs validated the identified challenges and mapped
them to various EWM processes. Using the DEMATEL
methodology, they prioritized and categorized these chal-
lenges, ultimately constructing a cause-and-effect model
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TABLE 1. Expert team details.

Expert Current Designation Experience (in years) | Case PRO Details

Recycling Capacity- More than

Expert 1 Assistant Manager 6 PRO 1 50000 Metric Tonnes
Location- Northern India

Expert 2 Business Development Manager 5 Recycling Capacity- More than
Expert 3 Chief Marketing Officer 8 PRO2 Lcsyggt(i)ol:l/[—eg:s:tzfnn?:jia
Expert 4 Senior Manager Business Operations 10 Recycling Capacity- More than
Expert 5 Assistant Manager > PRO 3 30000 Metric Tonnes
Expert 6 Assistant Manager 8 Location- Northern India
Expert 7 Environmental consultant 19

Recycling Capacity- More than
Expert 8 Senior Engineer 6 PRO 4 100000 Metric Tonnes

Location- Northwestern India

based on DEMATEL calculations. Further elaboration on
the proposed methodology can be found in the subsequent
sub-sections.

A. IDENTIFICATION OF KEY CHALLENGES

To achieve RO1, the review methodology proposed by the
previous study [2] was adopted to identify the key challenges
from the PROs’ perspective. As PROs work for EWM, two
types of search strings (“‘producer responsibility organiza-
tion” OR “third party”’) AND (“e-waste” OR “WEEE”
OR “electronic waste”’) were used in the Scopus database
to ensure comprehensive search results. A total of 131 arti-
cles were found. After applying screening criteria (such as
Document Type - Article, Conference Paper, Review; Source
Type - Journal; and Language - English™), 88 articles were
shortlisted. After reading the titles, keywords, abstracts, and
full articles, 63 articles were finally selected for this study.
After reviewing relevant articles, several key challenges to
the adoption of EWM were identified from the Indian per-
spective.

B. VALIDATION OF CHALLENGES AND MAPPING OF KEY
CHALLENGES INTO THE EWM PROCESS

To validate challenges from Indian PROs’ perspective (to
achieve RO1), all 94 Indian PROs were contacted via email.
Eight experts from four different PROs agreed to join the
team. According to the existing literature, the eight members
are significant for the study. In literature, several studies have
established expert teams consisting of five or fewer mem-
bers [51], [52], [53], [54]. The criteria for selecting experts
included experience in EWM not being less than five years.
The members should be working in reputable companies
that collect, recycle, and dispose of E-waste. In addition,
the members should be working in premier positions (such
as Manager, Chief Marketing Officer, and Environmental
consultant) and responsible for making decisions for effective
EWM. Table 1 shows the expert team details. As all PROs are
collecting E-waste from most of the states in India and the
experts have significant experience in effective EWM, it can
be considered that the expert team has adequate knowledge
about EWM challenges and can validate the key challenges
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for India. In validation of key challenges, comprehensive
and balanced approach was used by ensuring the experts’
diversity in roles and experience.

Interviews with the team were conducted online via MS
Teams. Initially, the expert team received a list of EWM
challenges. Subsequently, they were asked to validate these
challenges from the perspective of Indian PROs. This could
help in reducing biasness as all experts can individually assess
the validity. Experts were also encouraged to add or remove
challenges as deemed relevant. For the mapping of identified
challenges into the EWM process (to achieve RO2), a frame-
work developed by [2] was adapted for this study. The expert
team was tasked with mapping all identified challenges into
the EWM framework.

C. DEMATEL METHODOLOGY

The literature frequently used multi-criteria decision-making
(MCDM) techniques to prioritize factors. Various MCDM
techniques, such as DEMATEL, AHP, ANP, and TOPSIS,
are available, but most cannot deal with interdependence
among factors except DEMATEL [40], [55], [56]. There-
fore, this research will consider DEMATEL technique, given
that most EWM challenges involve interdependence. The
DEMATEL method prioritizes and visualizes the structure
of intricate causal relationships using impact relation dia-
grams and matrices (to achieve RO3). This method, which
uses matrices and impact relation diagrams, not only turns
interdependence into groups of causes and effects, but it
also finds the key parts of complex structures [57], [58].
DEMATEL has gained traction in the last decade, with many
researchers using it to solve complex system problems across
various fields. Several studies related to EWM also employed
DEMATEL [40], [55], [56], [59], [60]. It could be difficult for
DEMATEL approach to model large number of factors. But
in the current situation, the current study has limited factors
which can be modeled easily. The DEMATEL methodology
is divided into six steps, as follows:

Step 1: Choosing the criteria: The first step is identifying
the various factors that need to be modelled. In this study, the
identification of challenges is done as per Section III-A.

Step 2: Generating Average Direct Relation Matrix (A):
Experts were asked to rate the extent to which they thought
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each challenge affected the others in this step. Five points on
a Likert scale (ranging from 0 to 4) were utilised.

Where 0 — “no influence’, 1 — “low influence”’, 2 —
“medium influence”, 3 — “high influence”’, and 4 — “‘very
high influence”.

The preliminary data can be gathered in the form of a
pairwise matrix. This means creating a non-negative matrix of
size (n x n), denoted as ak = [ag.]. Each element in this matrix
represents how much criterion ‘I’ influences criterion j’.
Equation (1) is employed to construct ‘A’ matrix, considering
all responses from “H” respondents.

1 H X
A=—D 0 d M

where K — number of respondents with 1 <ik < H,n —
number of challenges.

Step 3: Generating Normalised Relation Matrix (X): Each
component of the ‘A’ matrix is divided by the total largest row
or column sum (s) to obtain ‘X’ matrix.

X =s5A
1
Here, s = = 4, j=1,2,.n
maxi<i<n 2_i—1 @j
1
or ors = g, j=1,2,..n] 2)

n
maxi<j<n Zj:l aij

Step 4: Calculating the Total-relation matrix (T): ‘T’ matrix
can be computed as,

T=X1I-X)"! (3)

where [ — identity matrix

Step 5: Calculating priority ranking and categorization
of challenges: In ‘T’ matrix, the row sum (Di) and col-
umn sum (Rj) were obtained for each challenge (C1 to
C9). To determine priority ranking and group challenges
into cause-and-effect groups, (D+R) and (D-R) values were
calculated respectively. The challenges that have the highest
(D+R) value have a greater overall system impact, whereas
the challenges that have the lowest (D+R) value are less
closely related. (D-R) values signify the type of relationship
between the challenges. If it is positive, the challenge goes to
the cause group, meaning it influences other challenges. If it
is negative, the challenge goes to the effect group, meaning it
is influenced by other challenges.

Step 6: Calculating inner-dependency matrix and for-
mation of cause-and-effect relationship diagram: An
inner-dependency matrix was created using the ‘T° matrix
method to identify significant impacts. Values below a thresh-
old value () determined by averaging the matrix were
eliminated from the ‘T’. The (D+R) and (D-R) values for
each challenge were graphed, by taking (D+R) as Y-axis
and (D—R) as X-axis. This was done to generate a cause-
and-effect association diagram. The connections between
challenges were depicted using one-way and two-way arrows
based on the entries in the inner dependency matrix.
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IV. RESULTS
The results section is segmented into following subsections.

A. IDENTIFICATION AND VALIDATION OF KEY
CHALLENGES FACED BY PROS IN THE INDIAN CONTEXT
Upon examining 63 articles, fifteen challenges were iden-
tified. Experts classified five of the fifteen challenges as
irrelevant for Indian PROs. The five excluded challenges
were ‘Financial burden of tax’, ‘Funding for infrastruc-
ture’, ‘Informal sectors’, and ‘Forecasting of e-waste’. All
PROs must operate under the same taxation policies, and
they lack control over tax-related regulations. Consequently,
the challenge, specifically the financial burden of taxa-
tion, was omitted. Since PROs are private entities assuming
EPR targets at their own risk, the challenge of funding
for infrastructure was not relevant for the current study.
PROs may encounter challenges in obtaining E-waste from
consumers; consequently, they are sourcing E-waste from
informal sectors that predominantly collect it from con-
sumers. Consequently, the informal sector was omitted as
a challenge. Due to analogous factors, the forecasting of
E-waste may be challenging, yet it is not a significant obstacle
for PROs. This challenge was therefore excluded.

After discussion with experts, two challenges with similar
meaning were merged. These two challenges were ‘Lack
of support from parties in the supply chain’ and Lack of
coordination and collaboration among supply chain partners.
These two challenges were combined into a single challenge
namely ‘Lack of collaboration among EWM stakeholders °.
Ultimately, nine challenges were selected for further analysis,
as shown in Table 2.

B. MAPPING OF KEY CHALLENGES IN EWM PROCESS
Based on the experts’ opinions, the nine key challenges were
mapped across the EWM process, from collection to disposal.
(see Figure 2). Key challenges mapping can provide a better
understanding regarding which challenges can be encoun-
tered at which phase. For example, at the collection phase,
challenges C1 (lack of collection centers and transportation),
C2 (lack of tracking technology for E-waste), C3 (lack of
knowledge sharing among PROs), C4 (lack of collaboration
among EWM stakeholders), and C9 (high operating costs
involved in treatment and disposal) are encountered.

C. DEMATEL CALCULATIONS

The Average matrix, as shown in Table Al (Appendix),
was developed using Eq. (1). Further by following all the
DEMATEL steps presented in Section III-C (See Table A2,
A3 in appendix), challenges were ranked and categorized
as indicated in Table 3. The priority ranking of identified
key challenges to PROs in the Indian context was calculated
based on (D+R) values. Difficulties in waste segregation
(C8) (D4R = 8.232) and lack of advanced technology for
recycling and disposal (C5) were the top two challenges.
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TABLE 2. Identified key challenges to EWM from perspective of PROs in the Indian context.

Virgin
Materials

S.N. | Challenges Description References
1 Lack of collection centers and Infrastructure facilities like transportation, storage, and collection | [2], [12], [14], [34], [53],
transportation (C1) centres might be lacking for collectors and recyclers. The improper | [62], [63]
placement of collection centres affects e-waste transportation and
collection as well.
2 Lack of tracking technology for E-waste | The lack of IT systems makes it difficult to track E-waste in EWM | [8], [23], [53], [64], [65],
(C2) process. [66]
3 Lack of knowledge sharing among PROs do not share their best practices such as collection, recycling, | Expert input
PROs (C3) segregation, and disposal techniques, with other PROs.
4 Lack of collaboration among EWM EWM stakeholder such as producers, consumers, and PROs are not | [4], [7], [8], [11], [12]
stakeholder (C4) collaborating with each other. For e.g., consumers may pass-on E-
waste to informal sectors, and producers don’t provide product
details (like materials used) to PROs.
5 Lack of advanced technology for Due to lack of advanced technologies recyclers are unable to | [2], [4], [14], [16]
recycling and disposal (C5) recover metals efficiently. Even some metals cannot be recovered
with current technologies.
6 Limited technical skills and safety of Manpower has inadequate technical skills such as processing skills, | [2], [14], [23], [30], [32],
workers (C6) and disposal skills. Due to toxic materials, workers may face health | [34], [53]
issues.
7 Lack of eco-designed products (C7) Eco-designed products are easy to dissemble and recycle and | 7], [8], [21], [38], [41],
contain less harmful materials. But most of the EEE products are | [67], [68],
not eco-designed properly which impact the EWM.
8 Difficulties in segregation of waste (C8) | E-waste is collected in mixed manner and PROs find it difficult to | [2], [23], [29], [69]
segregate them.
9 High operating costs involved in High funds are required in EWM e.g., PROs need significant funds | [16], [21], [34], [67]
treatment and disposal (C9) to set up collection centers and segregate the E-waste.
Repair/Refurbishment
C1,C2,C3 C4,C9 C2 C2,Ce6,C7 C2,C3,C6,C8,C9
Production —»  Consumption [T Collection > Testing/Inspection —> Dismantling 9] Segregation
Cl1,C2,C3,C4,| C5,C6,C7,C9
Reclaimed Materials
Raw Material [« Recycling

C2,C3,Cs5,C6)C7,C8,C9

Disposal

Producer Responsibility Organizations (PROs) Roles and Responsibilities

FIGURE 2. Mapping challenges in the E-waste management process.

Lack of knowledge sharing among PROs (C3), lack
of collaboration among EWM stakeholders (C4), lack of
eco-design of products (C7), and lack of tracking technol-
ogy for E-waste (C2) were classified as cause challenges,
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which have higher influence. The remaining challenges in
the effect category were lack of advanced technology for
recycling and disposal (C5), limited technical skill and safety
of workers (C6), lack of collection centers and transportation
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TABLE 3. Ranking and categorization of challenges.

Challenge C, C, C; C, Cs Cs C; Cs Cy D D-R | D+R | Ranking | Group
Lack of collection centers and | 331 30 | 028 | 038 | 037 | 040 | 021 | 048 | 048 | 323 | -0.81 | 727 7 Effect
transportation (C1)
Lack of tracking technology for ) 4> 57 | 031 | 039 | 042 | 040 | 025 | 047 | 047 | 341 | 017 | 665 8 Cause
E-waste (C2)
Lack of knowledge sharing 055 | 046 | 031 | 051 | 057 | 054 | 035 | 0.63 | 057 | 449 | 1.68 | 7.30 6 Cause
among PROs (C3)
Lack of collaboration among
EWM siakeholder (C4) 054 | 045 | 040 | 038 | 054 | 049 | 035 | 0.60 | 057 | 431 | 074 | 7.88 3 Cause
Lack of advanced technology for | 17 1 (40 | 035 | 043 | 039 | 0.50 | 032 | 0.57 | 0.56 | 3.99 | -0.02 | s.01 2 Effect
recycling and disposal (C5)
Limited technical skills and safety | 4o | 36 [ 032 | 039 | 046 | 034 | 028 | 051 | 047 | 358 | -0.23 | 7.40 5 Effect
of workers (C6)
Lack of ec""i‘és;*)%“ed products | 34 1 028 | 027 | 035 | 043 | 035 | 019 | 044 | 0.44 | 3.08 | 0.60 | 555 9 Cause
Difficulties in segregation of 050 | 037 | 032 | 043 | 0.45 | 043 | 028 | 0.41 | 0.51 | 3.69 | -0.85 | 8.23 1 Effect
waste (C8)
High operating costs involvedin | o 3 | 35 55 | 033 | 039 | 038 | 023 | 043 | 034 | 303 | 127 | 7.53 4 Effect
treatment and disposal (C9)
R 4.04 | 324 | 2.81 | 3.57 | 402 | 3.81 | 248 | 4.54 | 4.40

D+R

FIGURE 3. DEMATEL relationship model.

(C1), difficulties in waste segregation (C8), and high oper-
ating costs involved in treatment and disposal (C9). These
challenges were influenced by the cause-group challenges.

The inner dependency matrix was generated using the
threshold value (6§ = 0.40632 (See Table A4). The threshold
value (0) was obtained by averaging the total relation matrix.
The overall cause-effect relationship diagram (Figure 3)
simultaneously displays general trends and relationships
among all challenges, plotting only entries above the thresh-
old value in inner-dependency matrix. In the DEMATEL
model, the arrows depict the relationships between chal-
lenges. The challenges positioned to the left of the central
vertical line are effect-group challenges and challenges posi-
tioned to the right of the central vertical line are cause-group
challenges. Furthermore, the challenges above horizontal line
have high relationships with other challenges and vice-versa.
Therefore, PROs could give higher attention to challenges
positioned to the right of the central vertical line.
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V. DISCUSSION

In India, PROs are playing a paramount role in EWM,
however, they are still facing many challenges. Likewise
other developing economies may also face similar challenges
because of financial and infrastructural constraints. In addi-
tion, the informal sectors are also key factors which makes
India different from other countries as most of the E-waste in
India is collected by the informal sectors. However, the Indian
PROs are trying to collaborate with informal sectors to collect
E-waste from them and treat it in eco-friendly manner.

According to the mapping of challenges with the EWM
process (Figure 2), the recycling process is crucial as it faces
maximum challenges. The reason could be PROs often lack
the specific technologies needed to recycle different types of
e-waste efficiently, and producers do not provide the com-
plete product material details essential for effective treatment.

‘Difficulties in waste segregation’ (C8) was the most
prominent challenge for the interviewed Indian PROs. E-
waste segregation is one of the difficult processes in
India because of product design complexity, mixed waste
and manual processes. Several studies also mentioned that
segregating non-metals and metals is very difficult due
to lack of advanced machinery [7], [8], [12]. This sup-
ports previous studies’ findings [23], [70]. In this regard,
innovative technologies like computer vision systems and
ConvoWaste could also reduce dependence on manual seg-
regation [23], [29], [71].

The second major challenge is the lack of advanced recy-
cling and disposal technology (C5). Different PROs excel in
different areas, such as recycling printer cartridges or PCBs.
However, various types of e-waste require specific technolo-
gies, complicating the recycling process. Due to inadequate
recycling and disposal technologies, PROs often fail to prop-
erly extract materials from e-waste, resulting in the need to
send it to other recyclers at higher costs. Therefore, develop-
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ing and implementing advanced technologies is essential for
effective and profitable e-waste treatment [41].

Since the cause-group challenges drive the entire system,
they should be addressed as a priority. Overcoming these
challenges will likely result in the automatic resolution of
the effect-group challenges, as they are influenced by the
cause-group challenges. Therefore, the current study provides
several solutions for addressing the cause-group challenges,
which are discussed below. Such solutions with key chal-
lenges could be beneficial for other countries facing the same
challenges.

The findings of the study indicate that the lack of knowl-
edge sharing among PROs (C3) is the most influential
cause, with the highest positive (D-R) value of 1.6822
(Table 3). Figure 3 also shows that C3 has the most sig-
nificant relationship with other challenges (except C7). One
PRO may specialize in collecting e-waste from consumers,
while another excels in recycling; strategic collaboration and
sharing of best practices could enhance e-waste collection
and treatment for both. Additionally, a knowledge-sharing
platform for sustainable collection, recycling, and disposal
practices could improve transportation and storage efficiency.
Reference [8] also categorized the lack of knowledge sharing
as a cause challenge. However, [72] categorized it as an
effect challenge. The reason behind the contradictory results
was that [72] included policies and regulation-related chal-
lenges as well as consumer-related challenges. Moreover,
knowledge sharing among PROs could benefit new PROs.
Similarly, Indian PROs could learn from the European WEEE
Forum, a non-profit association of 34 European PROs, and
compliance schemes that foster idea-sharing and best prac-
tices for effective WEEE management [73]. Such a platform
in India could help PROs reduce collection, segregation,
recycling, and disposal costs. Results show that C3 has the
maximum impact on the top two priority challenges - C8 (Dif-
ficulties in E-waste Segregation) and C5 (Lack of advanced
technology). Therefore, PROs better at segregation and treat-
ment could share methods and technology knowledge to
address both C8 and C5. However, PROs could feel their
competitive edge is secured when sharing and collaborating.

Effective EWM management requires stakeholder collab-
oration Experts revealed producers and consumers are not
collaborating with PROs (C4). Producers withhold critical
details, such as types and quantities of plastics and metals
used in their products, alongside information about the prod-
ucts sold on the market. When producers do not provide these
material details, they can have repercussions for recycling and
disposal technologies. Consumers often give their e-waste to
informal sectors for financial benefits because PROs don’t
offer much money to consumers. That is the main reason
that consumers are not collaborating with PROs. However,
most of the PROs are giving monetary benefits to informal
sectors to collect e-waste from them but they are struggling
because many informal sectors gain more profit from recy-
cling themselves than funds provided by PROs. Therefore,

VOLUME 13, 2025

the lack of collaboration is a crucial challenge in EWM. The
results categorized challenge C4 (lack of EWM stakeholder
collaboration) as cause challenge with a high positive (D-R)
value. However, [7] categorized it as an effect challenge. The
contradictory results could be because [7] employed DEMA-
TEL with three challenges only that were grouped in the
infrastructural category. Experts said producers are the main
stakeholder, driving the entire chain. Therefore, producers
need to be more receptive to collaboration.

Additionally, if e-waste regulations required producers to
share product material details and provide financial sup-
port, PROs could acquire advanced machinery to address
challenges C1, C5, C8, and C9, facilitating more efficient
recycling and disposal. Furthermore, PROs can share hur-
dles faced during segregation and treatment with producers
so product design and materials selection can be improved.
As consumers also play a vital EWM role, they could share
E-waste quantity and quality data to aid PRO collection and
transportation [3], [12], [74], [75]. Experts suggested that
there should be a policy regarding formalization of informal
sectors so that e-waste will be treated in an environmentally
sound manner. Additionally, policies should be made in such
a way that consumers will also be responsible for giving
e-waste to PROs only. They should be fined if they don’t
give their e-waste to PROs. One of the experts highlighted
the importance of development of e-waste recycling parks
where all the e-waste of region or state will be treated, and
the informal sectors will be formalized. Thus, EWM stake-
holder collaboration is key for effective management and
sustainability.

Eco-designed products can significantly aid EWM by
containing fewer harmful substances and enabling easy recy-
cling, but most products lack these principles, complicating
disassembly and increasing treatment costs. Consequently,
PROs face challenges in dismantling toxic materials and
achieving high metal recovery rates. The DEMATEL results
further confirm this, as challenge C7 (lack of eco-designed
products) exhibits a substantial (D-R) value, categorizing it
as a cause challenge. The study of [8] also categorized this
challenge as cause challenge reported that there is lack of
implementation of green practices in design of electronic
product.

Producers should prioritize eco-design to facilitate e-waste
processing by PROs and enhance the safety of EWM workers.
Eco-designed products with fewer toxic materials improve
safety for both consumers and workers involved in disman-
tling, segregation, recycling, and disposal. Additionally, their
ease of disassembly could reduce the need for highly techni-
cal dismantling workers, making E-waste segregation more
straightforward. These advantages could result in reduced
operating costs for treatment. Consequently, eco-designed
products have the potential to alleviate challenges such as C6
(Limited technical skills and safety of workers), C8 (Difficul-
ties in segregation of waste), and C9 (High operating costs
involved in treatment and disposal). Experts have suggested
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that PROs could advocate for government policies mandating
producers to prioritize eco-designed products. While Indian
E-waste Rules 2022 ensure that EEE manufacturers adhere to
RoHS practices, there is a lack of specific rules pertaining to
eco-design. Policymakers could address this gap by incorpo-
rating eco-design regulations into new policies.

E-waste tracking technology presents several advan-
tages [76], including its potential to streamline waste sorting
by identifying materials and aid PROs in optimizing the con-
figuration of collection centers and transportation, thereby
reducing costs and improving collection efficiency. However,
the absence of such technology poses a significant challenge
for PROs, categorizing C2 (lack of tracking technology) as
a cause challenge. The DEMATEL results corroborate this,
with C2 exhibiting a positive (D-R) value, signifying its high
impact on effect challenges. The studies of [7] and [12] also
identified the challenge ‘“lack of advanced technology for
E-waste recycling” as a key challenge in EWM. The study
of [49] also categorised this challenge as cause challenge.
However, to address this issue, PROs can explore the utiliza-
tion of innovative tracking technologies such as blockchain
and computer vision systems [53]. For improved E-waste
tracking, producers could consider providing financial sup-
port to facilitate the adoption of these technologies by PROs.

VI. CONCLUSION

The study has identified nine key challenges (RO1). Addi-
tionally, key challenges were mapped into EWM steps from
collection to disposal (RO2). Additionally, DEMATEL pri-
oritized and categorized challenges (RO3). PROs should
prioritize challenges C3, C4, C6, and C7 because they have
significant impact on effect-group challenges C1, C2, C5,
C8, and C9. A DEMATEL digraph shows how these chal-
lenges relate, helping policymakers and PROs make informed
decisions to manage E-waste efficiently and effectively. The
present study contributes to the attainment of four Sustain-
able Development Goals (SDGs): SDG 9, SDG 11, SDG 12,
and SDG 17, by advocating for the utilization of advanced
technologies, including IoT and blockchain, for sorting, seg-
regation, and recycling processes, as well as by fostering
producer responsibility, eco-design, and collaboration among
stakeholders in EWM.

A. THEORETICAL IMPLICATIONS

The study has several theoretical implications for address-
ing research gaps. This study can be a prior study in the
field of EWM which is focused on EWM challenges from
the perspective of Indian PROs. In the proposed study, key
challenges in EWM from the Indian PRO perspective were
identified that have been overlooked in existing literature.
Second, the mapping of key challenges in the EWM process
was done to fill a gap in current research. Additionally,
through empirical analysis, prioritization and categorization
of key challenges into cause-effect groups were done. This
provides insights into where to direct attention—an aspect
previously missing from the scientific literature. Lastly,
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a DEMATEL digraph was developed that visualizes the inter-
relationships among these challenges.

B. PRACTICAL IMPLICATIONS

The current study provides useful insights for practitioners,
The study identified that sharing of knowledge among PROs
plays a crucial role in sustainable EWM. Indian PROs could
develop a common platform where they could share the best
practices of E-waste collection, segregation, and disposal of
end-products. Sharing of knowledge could be done through
seminars and conferences also. It could increase E-waste
collection as well as efficiency of recycling. New PROs
also could benefit from such sharing platforms. Collabora-
tion among stakeholders also plays a key role. Producers
could provide details about product design and materials so
that PROs could disassemble products easily and recycle
them effectively and efficiently. In addition, producers could
provide financial support so that PROs can buy advanced
machinery for recycling and disposal. Additionally, PROs
could provide incentives to consumers to prevent E-waste
flow in informal sectors. The study identified that eco-design
products could provide ease of disassembly and recycling of
E-waste. Therefore, producers could pay attention to produc-
ing eco-designed products. Eco-design products could reduce
operational cost of recycling and disposal of E-waste. PROs
could implement advanced technologies or smart technolo-
gies such as blockchain and IoT that could help in tracking
of E-waste as well as in segregation and recycling. Other
applications of smart technologies such as machine learning,
cloud learning, and artificial intelligence (AI) could help in
forecasting of e-waste and segregation of e-waste.

C. POLICY IMPLICATIONS

The study offers numerous policy implications that may
assist policymakers in formulating effective EWM strategies.
The existing Indian E-waste Regulations may be revised to
require manufacturers to furnish product information, includ-
ing material composition and design, to PROs to facilitate
efficient disassembly and recycling of E-waste. Moreover,
the existing E-waste Regulations require RoHS compliance,
yet they do not mandate eco-design practices. Therefore,
the government could mandate production of eco-designed
products so that they can be disassembled and recycled easily.
It could also reduce the operational costs for PROs. Given that
platforms for the exchange of best practices among PROs are
essential for sustainable EWM, policymakers should incor-
porate such platforms into existing policies. Furthermore,
the government could offer financial assistance to PROs for
the acquisition of advanced technologies for the tracking
and recycling of E-waste. The government could invite all
key stakeholders such as producers, PROs, consumers, and
informal sectors while preparing a regulatory framework for
sustainable EWM so that all perspectives regarding chal-
lenges and strategies to overcome them can be addressed.
Such an approach can enhance the collaboration among the
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EWM stakeholders by encouraging stakeholders to share
their insights.

D. LIMITATIONS AND FUTURE WORK

The study has some limitations. A broader pool of experts
could potentially unveil more nuanced aspects. It’s important
to acknowledge that DEMATEL results may exhibit biases
due to expert judgments, making them challenging to gener-
alize. Furthermore, supplementing the study with additional
empirical data and case studies conducted under varied cir-
cumstances could further substantiate the study. Most studies
have focused on consumers, policies, and regulations, while
this work especially considered the overlooked PRO per-
spective. Future studies could include all EWM stakeholders
- government, producers, consumers, and PROs. Addition-
ally, exploring and comparing identified challenges from the
perspectives of developed and developing countries could
be a potential avenue for future research. A study can be
conducted on the application of smart technologies such as
Al, blockchain, IoT, machine learning, and cloud comput-
ing in the management of e-waste. Further, study related to
challenges in the implementation of smart technologies for
sustainable e-waste management can be conducted.
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