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Abstract

Waste electrical and electronic equipment (WEEE) possesses unique characteristics such as its growing production and the
potential for resource extraction due to its composition. The implementation and operationalization of a reverse logistics
system (RLS) for WEEE is a challenge, particularly concerning the micro level. The implementation of such systems
often prioritizes urban centers and their higher population densities, generally overlooking the micro level. The latter
refers to ward- or village-level divisions, which can be regarded as the smallest administrative divisions of both urban and
rural areas. Furthermore, it encompasses any area facing logistical challenges regarding RLS operationalization due to
factors such as geographical isolation, budgetary constraints, imbalances, social isolation, environmental aspects, and even
geopolitical conflicts. This study is aimed at addressing this literature gap by discussing the challenges to implement and
operationalize a WEEE RLS at the micro level. A systematic literature review was employed as our methodology. We found
13 challenges for developed and developing countries without distinction between macro and micro levels. An additional
approach highlighted the significance of monitoring and controlling WEEE RLS. The challenge The population and LRS
entities’ lack or insufficient training and awareness received the most citations in the conducted search. These challenges
were organized by operational phase and discussed from the perspective of the micro level to comprehend multifactorial
local challenges involving all stakeholders in the reverse logistics of WEEE in emerging nations. This can assist local
administrators and constitutes the primary contribution of this study.
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Introduction

The processes to produce waste electrical and electronic
equipment (WEEE) have characteristics that make their
reverse logistics system (RLS) complex from an operational
point of view, such as its progressive and diffuse production,
the heterogeneity of its composition, varying sizes (from cell
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Highlights phones to refrigerators), and their possibility of containing
o Implementing the WEEE reverse logistic at micro level is both valuable and dangerous components.
challenging The most recent report available, the Global E-waste

e Micro level (lower administrative divisions) is often overlooked Monitor 2020, shows that approximately 53.6 million tons
e Challenges were identified in all operational stages ’ )

e Most cited challenge is environmental awareness of WEEE were produced in 2019, averaging 7.3 kg per
e Future studies should focus on supervision and control individual (Forti et al. 2020). Although the next report is
challenges scheduled for December 2023, estimates expect that this
trend of increasing WEEE production will persist.
Developed countries such as Australia, China, Japan,
the Republic of Korea, and those in the EU and in North
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et al. 2020). In contrast, in developing nations such as those
in the African continent (which has 1.2 billion inhabitants),
the average production per person only totals 1.9 kg (Forti
et al. 2020). Therefore, despite the significant production
of WEEE, rates fluctuate depending on the country and
population scale.

Regarding their composition, WEEE shows a notable eco-
nomic incentive for recycling, encompassing a diverse range
of resources and over 60 distinct metals, including copper,
gold, silver, aluminum, and iron (Thakur and Kumar 2020).
These metals are predominantly found in printed circuit
boards (PCBs) and represent a potential source for resource
even in developing nations. Brazil, for example, may channel
these resources to waste picker associations, provided they
integrate themselves into an RLS. PCBs have an attractive
market value, which can stimulate local associations and
companies to engage in this process.

Reverse logistics generally refers to a set of processes for
managing the physical flow of products and their packaging
from material extraction to end consumers (reversing tradi-
tional logistics) (Tibben-Lembke 1998). An operationally
viable WEEE RLS must assign responsibilities to all mem-
bers of the chain under the principle of shared responsibility.
The chain begins with consumers, who must return WEEE
to retailers or distributors. In turn, retailers and distributors
must return them to manufacturers or importers. Finally,
manufacturers and importers are responsible for the envi-
ronmentally appropriate disposal of WEEE (European Union
2012; Brasil 2020; Gharib et al. 2022).

Faced with the rapid growth of the global production of
WEEE (Khoshand et al. 2023), the advancement of environ-
mental legislation, and the increase in consumer pressure for
social responsibility, several LRS have been implemented in
the world, mainly in developed countries. Switzerland was
the first country to implement an organized WEEE collec-
tion and recycling system in 1995 (Sinha-Khetriwal et al.
2005), followed by Sweden, which became a global leader
in WEEE collection as a result of a 2001 agreement between
electrical and electronic equipment manufacturers and local
authorities.

The European Union, a continental example, has guide-
lines that determine the implementation of public policies
to manage WEEE, such as the WEEE Directive (2012/19/
EU) and the Restriction of Hazardous Substances Directive
(European Union 2012). However, in developing countries,
WEEE LRSs remain at an early stage of implementation,
whose specific models must be adjusted to local realities
with special care for operationalization in villages and
neighborhoods in which logistical challenges may be greater
(Guarnieri et al. 2020; Shittu et al. 2021; Dutta and Goel
2021; Xavier et al. 2021). As one moves toward the grass-
roots level, management models drift further away from
established systems, which is an undesirable circumstance.
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These issues can compound with each other due to the
absence of collection mechanisms, resulting in challenges
such as REEE accumulation and resource wastage.

WEEE management varies across developed and develop-
ing countries due to factors such as infrastructure, regula-
tions, and available resources. Developed countries have a
robust infrastructure, efficient collection, specialized recy-
cling centers, and stringent regulations. In contrast, develop-
ing countries face challenges regarding infrastructure, waste
separation and treatment, and inadequate regulations. This
difference underscores the need for a coordinated global
approach, including international cooperation, comprehen-
sive regulations, the sharing of best practices, and awareness
about WEEE recycling and proper disposal (Anandh et al.
2021).

The literature has the following categorization of the
micro level: according to Koshta et al. (2021), and it refers
to the division made at the ward or village level and can be
considered as the smallest administrative divisions for urban
and rural areas.

Countries usually have distinct levels of administrative
divisions whose names and structure vary from country to
country and even within the same country. For example,
in the WEEE LRS in Brazil, municipalities with less than
80,000 inhabitants were not covered by Federal Decree No.
10.240, which estimates that, by 2025, the Brazilian WEEE
LRS will have 5,000 collection points in 400 of its largest
municipalities, reaching around 60% of its Brazilian popu-
lation. However, although the program encompasses more
than half of the Brazilian population, it fails to support 93%
of the municipalities in the country (from a total of 5,570)
(IBGE 2021).

However, the definition of the micro level goes beyond
the administrative scope (Fig. 1). For a more comprehensive
understanding, the micro level can be conceptualized as any
area facing logistical challenges integrating itself into the
RLS. This may happen for various reasons, such as geo-
graphical factors (e.g., islands), economic constraints (e.g.,
budget deficits), social isolation or imbalances (e.g., Indig-
enous peoples, impoverished communities, and “slums”),
environmental aspects (e.g., areas close to environmental
preservation zones), and geopolitical conflicts (e.g., war-
involved regions).

Furthermore, this distinction between micro levels is
applicable to both developed and developing countries. For
instance, the Brazilian municipality of Sdo Paulo represents
a macro level, but only the municipality itself is consid-
ered at this level, whereas the surrounding neighborhoods
fall under the micro level. A similar example is observed
in Europe, in which an extensive rail network facilitates
connectivity between rural or less populous areas. Conse-
quently, establishing connections among these locations
constitutes a macro level that encompasses regions that
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Fig. 1 Micro level under the perspective of RLS

can be easily integrated to an RLS. However, achieving
these connections offers challenges. Hansen et al. (2022)
highlight that transportation services can involve costs and
bureaucratic hurdles. The authors also found that some sec-
tor stakeholders considered increasing waste availability
for recycling by international waste transportation but strict
regulations on cross-border waste transportation hindered
such an approach.

In summary, the analysis of these diverse administrative
layers gives rise to a realization: regardless of their origin,
all types of waste fall under a universal principle: extended
producer responsibility. This concept demands that manu-
facturers of goods (including WEEE) take responsibility for
the proper management of these products at the end of their
life cycle, which includes collection, recycling, and proper
disposal (Leclerc and Badami 2020).

In other words, waste generated in the urban center of
a developed country follows the same principle as waste
generated in a rural area of a developing country. The pro-
ducer’s responsibility remains the focus, regardless of the
geographical origin of the waste. Even waste with more
isolated geographical origins still fall subject to this same
principle, ensuring that collection takes place even at the
micro level.

This context evinces that collection must remain a cru-
cial element even in regions with lower waste production
rates (such as Africa, see above) and in logistically remote
areas uncovered by a RLS. Waste accumulates over time
in these collection-deprived localities, differing from urban
centers which, despite their significant production, benefit
from RLS implementation and its corresponding collec-
tion. Therefore, collection proves imperative in scenarios
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of remote production, in which the threat of waste accumula-
tion becomes considerably more pressing, fostering informal
recycling, for instance.

The informal recycling sector is a problematic social and
environmental obstacle (Ciocoiu et al. 2016; Orlins and
Guan 2016; Liu et al. 2017; Tran et al. 2018; Yong et al.
2019; Tian et al. 2021; Mohammadi et al. 2021). The flow
of WEEE through informal recyclers is greater than that
of formal recyclers (Kumar and Dixit 2018a; Baidya et al.
2020; Okwu et al. 2022).

The complexities of the collection network and the
deficiencies of the process have been reported as the main
reasons for the failure of many formal initiatives (Pour-
hejazy et al. 2021). Formal WEEE recycling is generally
seen as unprofitable since it requires expensive invest-
ments, dependence on government subsidies, and high
labor costs to recover underperforming materials with low
profits (Bakhiyi et al. 2018). Zhang et al. (2015) explain
that, due to economic factors, informal recycling is profit-
able in China because informal collectors pay consumers
for WEEE. Therefore, most consumers in China are willing
to sell their discarded products to street vendors, rather than
participating in collection systems, for which they must pay
to dispose of their discarded electronic products.

Discussing the challenges to implement and operational-
ize LRS at the micro level is the main contribution of this
study since reverse logistics in urban centers (which con-
centrate higher population densities) are usually elected for
LRS implementation (although they also face challenges,
especially in developing countries).

Thus, this research considered places with 80,000 inhab-
itants or less as the micro level. Locations that also face
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operational problems related to WEE collection, transporta-
tion, storage, and/or final disposal due to geographical isola-
tion (such as islands or remote areas) can also be considered
as the micro level.

At the macro level, the studies carried out by Bouzon
et al. (2018) and Sirisawat and Kiatcharoenpol (2018) point
out the main barriers to WEEE LRS implementation: lack
of skilled labor to handle this type of waste, lack of recy-
cling technologies, disagreement among supply chain enti-
ties (lack of coordination and support in the supply chain to
implement an LRS), limited planning of reverse logistics
activities, absence of specific regulations, insufficient waste
management practices (lack of unambiguous return policies
or of fully regulated waste management), lack of financial
resource prioritization, lack of a transportation infrastruc-
ture, and lack of a technical staff trained to manage solid
waste in general.

Micro-level challenges increase due to vehicle routing,
resource allocation, facility location, collected/treated waste
capacity determination, among other factors, but no studies
have shown how and what challenges impact a WEEE LRS.

In view of the above, our study aims to fill this gap in the
literature by identifying the challenges to implement and
operationalize reverse logistics systems of electronic waste
at the micro level by a systematized literature review to aid
local managers.

Methodology

The systematized review of the literature to be used in this
research was divided into seven stages as illustrated in Fig. 2.

I. Definition of search terms
II. Definition of databases and period of publication
III.  Search of articles on databases
IV. Application of filters to select articles (title, abstract,
and full reading of articles)
V. Download of selected articles
VI. Identification and categorization of WEEE LRS chal-
lenges

VII. Analysis and systematization of secondary data

Search of
articles

(@)

Keyword
definition

(0) (@)

Definition of
databases and
period of publication

Fig.2 Research steps
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Based on an initial evaluation of the literature, the
chosen research problem was “Challenges related to the
implementation and operationalization of reverse logis-
tics systems for electronic waste in locations classified as
micro level.” The main search terms related to the theme
were identified, namely: “WEEE,” “e-waste,” “electronic
waste,” “electrical and electronic waste,” “waste of elec-
tric and electronic equipment,” “electro-electronic equip-
ment,” “implementation,” “deployment,” “reverse logistics
system,” “reverse logistic,” “electronics logistic,” “shared
responsibility,” “operational,” “operationalization,” “collec-
tion,” “transport,” “temporary storage,” “final destination,”
“dysfunction,” “problem,” “difficulty,” “barrier,” “obstacle,”
“micro level,” “village level,” “ward village level,” “munici-
pal,” “rural,” “island,” “small town,” “small village,” and
“hamlet.”

The search for articles was conducted on two platforms:
Scopus and Web of Science. The latter creates a network
of publications and researchers based on citations and the
controlled indexing of content (Clarivate 2022). The plat-
form was chosen due to its relevance as its collection encom-
passes more than 74.8 million academic data and datasets,
1.5 billion references, and 254 disciplines and enables the
search for recognized authors in an area of interest (Clarivate
2022). The choice of Scopus was also based on its relevance.
Updated in 2019, its content coverage guide indicates that
the platform consists of about 23,452 active journal titles,
120,000 conferences, and 206,000 books from more than
5,000 international publishers (Elsevier 2020). Moreover,
Scopus is considered as one of the largest curated databases
of scientific journals, books, conference proceedings, etc.,
which are selected by a process that undergoes continuous
reassessment (Singh et al. 2021).

The use of both platforms enables a more complete analy-
sis. They were searched in July 2022 using only combina-
tions of English keywords, including patents and citations.
The search used the Boolean operators “AND” (which
enables the combination of two or more words) and “OR”
(which is used for similar terms or for those with the same
meaning). Some points regarding the used platforms should
be considered. The first refers to the difference in found
results per platform. When searching for the aforemen-
tioned search terms, Scopus retrieved 376 articles and Web

LEINT3

99 <

99 <

Download of
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Analysis of
results

(@) (@)
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of Science, only six. This can be due to different policies on
use of versions of publication dates (Liu et al. 2021).

After removing duplicates, the sample from both plat-
forms totaled 378 original studies. From a preliminary
analysis of study titles, keywords, and abstracts, 84 stud-
ies from Scopus and two from the Web of Science were
selected, resulting in a final bibliographic portfolio with 86
original publications. After reading these publications, the
studies that did failed to fit the objectives of this study were
excluded.

In the next step, the studies were read to identify and
categorize the challenges to WEEE LRSs. For this, accord-
ing to the Brazilian Federal Decree No. 10.240/2020, chal-
lenges were identified by stages of LRS operation, i.e.: (I)
disposal by consumers of WEEE at specialized or door-to-
door points, (II) receipt and temporary storage of WEEE
discarded at receiving points or received at consolidation
points, (IIT) transportation of WEEE from receipt or consoli-
dation points to environmentally appropriate final destina-
tions, and (IV) destination and final disposal.

Results and discussion
Overview of WEEE LRS challenges at the macro level

Some of the found challenges point to the importance of
monitoring and controlling WEEE LRSs due to their fun-
damental importance for the functioning of these systems.
Generally, the rigidity of legislation is unaccompanied by
the supervision and control of the destination and final dis-
posal of waste, enabling informal recycling (Morganti et al.
2020). Although many countries have implemented sev-
eral structures to properly manage WEEE, most electronic
waste ends up in landfills, incinerated, or illegally exported
to developing countries (Rajesh et al. 2022).

Tian et al. (2022) report that competition with formal
channels for WEEE recycling is a challenge. Most
developing countries (especially China) have profitable
indirect initiatives due to the demand for secondary
resources and the low wages of skilled workers. The
well-established structure of the informal sector and its
operational capacity, especially in developing countries,
lead to the wide collection, accessibility, and flexibility of
door-to-door services (Pourhejazy et al. 2021).

Informal WEEE recyclers face some limitations, such
as the lack of essential facilities that can improve their
efforts and activities (Maphosa and Maphosa 2020; Jan-
gre et al. 2022; Okwu et al. 2022); of safety equipment to
protect them from health-related risks usually associated
with hazardous elements (Acquah et al. 2021); of essen-
tial training on how to protect themselves, handle WEEE,
environmental issues, etc. (Salhofer et al. 2016) and of

access to adequate guidance, training, health units, and
first aid treatment in case of emergencies (Acquah et al.
2021; Okwu et al. 2022); as well as low wages (Salhofer
et al. 2016; Imran et al. 2017; Andeobu et al. 2021).

Awasthi and Li (2017) and Borthakur and Sinha (2013)
point out that another problem in the informal WEEE pro-
cessing sector involves child labor (which is illegal under
international law) and vulnerable women.

However, in some cases, even the law fails to offer ade-
quate coverage. Loopholes in legislation cause substan-
tial deficiencies in enforcement capabilities and require
the development of a wider range of enforcement tools.
Thus, amendments to legal and political structures should
consider not only legal principles but also effects on mar-
kets, access to the data necessary to establish a response
mechanism, and the economic effort necessary to monitor
operations (Morganti et al. 2020).

Rautela et al. (2021) highlight that WEEE transporta-
tion is a challenge due to the unidentified/recorded amount
produced and collected in cities. The WEEE of developed
countries is transported to developing countries, in which
they are often stored under precarious conditions. The sus-
tainable transportation of WEEE can be achieved by estab-
lishing adequate collection channels and transfer stations
similar to those used for municipal solid waste (Rautela
et al. 2021).

The informal sector remains actively involved in the
transportation of WEEE without the benefit of specified
vehicles and regulatory protection. Manufacturers, recy-
clers, and consumers would play crucial roles in enabling
the smooth and safe transportation of WEEE produced in a
city by adopting regulations (Rautela et al. 2021).

Notably, cost of transportation configures one of the main
factors that influence the efficiency of urban WEEE mining.
Bouvier and Wagner (2011) have shown that the barriers
associated with reverse logistics systems mainly include
costs associated with transportation. Nowakowski (2017)
points out that collection companies must prepare vehicles
and containers to return discarded equipment. Transportation
costs depend on the type and fleet of vehicles, the length of
the route, and the number of employees. Moreover, another
cost arises since the vehicles are packed with unusable
(rather than profitable) equipment.

A considerable commitment has been currently devoted
to the development of international and national legislation
that will strengthen the regulatory structure of waste and
surveillance capabilities. However, the general inability of
applying and regulating structures to effectively combat
the illegal export of WEEE has been reported. This results
in a general sense of impunity since both the perception
of the risk of being caught and the likelihood of criminal
prosecution are extremely low for environmental crimes
(Favarin and Aziani 2020).
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Mohammadi et al. (2021) state that transporting WEEE
across borders is one of the worrisome challenges of
WEEE management in Asian countries.

Salmon et al. (2021) claim that the export of WEEE
to developing countries is a widely studied issue and that
some products can be recycled by unregulated and harmful
methods. New examples of fraud or dishonest practices
include lapses in the security of personal data when used
electronics are resold, non-functional products included
in cross-border shipment transactions under the guise of
reuse, buyer or seller fraud during online resale or prod-
uct auctions, and repair of electronics with counterfeit
components.

Elia et al. (2019) point out that the illegal dumping and
export of waste to developing countries occurs in part due
to the lack of collection points and coordination between
collection service providers and retailers/manufacturers.

According to Tran et al. (2018), about 65% of all pre-
cious metals, plastics, and glass in WEEE remained in the
Vietnamese economy due to reuse. The remainder (about
30-34%) was illegally exported (in the case of precious
metals and plastics) or disposed in landfills (in the case
of glass).

In addition to illegal export, there is also legal export
to countries that have the technology to recycle WEEE.
Recyclers are dedicated to dismantling and separating
WEEE, instead of following advanced activities, so the
collected and separated materials are exported to inter-
national markets for final material recovery (Gunarathne
et al. 2020). In Sri Lanka, WEEE recyclers export most of
the basic materials. Because Sri Lankan recyclers export
materials with lower added value, they receive unattrac-
tive export market prices, creating financial difficulties
for recyclers to remain in the industry (Gunarathne et al.
2020).

Furthermore, Sharma et al. (2021) find a lack of stand-
ards to measure the recycling potential of WEEE, i.e., its
recyclability, which refers to the theoretical probability
of an item actually being recycled considering the dif-
ficulty of physically treating and chemically recovering
recyclable metals, plastics, and glass. A comprehensive
theoretical guide to recycling processes with a quantitative
ecological design and recycling responsibility is essential
to determine the authentic recyclability of WEEE. This
study created mathematical models based on the physical
and chemical characteristics of the materials contained in
the WEEE to calculate the recyclability and difficulty of
recycling various types of electronics (Zeng and Li 2016).

Therefore, the need for more efficient supervision and
control is of international concern, along with an inte-
grated management of industries with governments and
the whole society to effectively achieve environmental
sustainability.
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WEEE LRS challenges at the micro level

Regarding this study, it is important to highlight that, after
the research, most of the portfolio summarized in Table 1
focus on the macro level, evincing the gap in the literature
regarding the micro level. Only a few studies addressed
challenges related to the operationalization and implemen-
tation of a WEEE LRS as part of the elaboration of their
research problem (rather than as their main focus), applying
it at lower levels (whether at the state, city, or neighbor-
hood level), comparing urban and rural environment, or even
evaluating case study on islands.

Notably, several studies on the portfolio focused on the
challenge The population and LRS entities’ lack or insuffi-
cient training and awareness. Although a social challenge,
the operational scope of this study considered this a chal-
lenge since lack of awareness is directly related to inad-
equate disposal, the first step of reverse logistics systems.

Table 1 summarizes the bibliographic landscape of chal-
lenges listed in each operational phase. This table includes
a diverse array of studies originating from the extensive
literature concerning WEEE RLS. However, this study dis-
cusses the micro level, for which information availability in
the literature is limited. Thus, while challenges have been
identified at the macro level for both developed and devel-
oping countries, a gap remains to be filled in investigating
the micro context, especially in developing countries. As a
result, the classification of challenges followed the opera-
tional phases of the RLS as these very phases must be ful-
filled for both the micro and macro levels, constituting a
universal categorization that encompasses all spheres.

The following sections discuss how the identified
challenges (Table 1) impact WEEE LRSs at the micro level
according to operational stages.

Step (1): disposal

1A The population and LRS entities’ lack or insufficient
training and awareness Although disposal behavior and
consumer awareness are central to successful WEEE man-
agement interventions, few consumers are aware of the
importance of WEEE recycling, the hazards related to these
products, and available disposal options. Thus, they often
erroneously dispose of WEEE with other household waste
(Araujo et al. 2017; Imran et al. 2017; Kumar 2019; Ande-
obu et al. 2021; Jangre et al. 2022; Okwu et al. 2022; Santos
and Ogunseitan 2022), regardless of whether they reside in
dense urban centers or in remote villages.

For Salhofer et al. (2016), the disposal of small WEEE,
such as mobile phones, also offers a challenge precisely
because of their size since they “fit” in the disposal of
household waste, being discarded in a “practical” way.
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Table 1 Summary of the challenges to operationalize and implement a WEEE RLS

Operational stage Challenges References
1 1A (Nnorom et al. 2011; Borthakur and Sinha 2013; Siri-
Disposal The population and LRS entities’ lack or insufficient train- sawat et al. 2015; Yld-Mella et al. 2015; Nowakowski
ing and awareness 2017, Nowakowski 2019; Dixit and Badgaiyan 2016;
Jafari et al. 2017; Borthakur and Govind 2017; Pérez-
Belis et al. 2017; Imran et al. 2017; Bakhiyi et al. 2018;
Fan et al. 2018; Kumar and Dixit 2018b, Kumar and
Dixit 2018a; Dagiliate et al. 2019; Chen et al. 2020;
De Aquino et al. 2020; Gunarathne et al. 2020; Arya
and Kumar 2020; Salmon et al. 2021; Islam et al. 2021;
Shahrasbi et al. 2021; Andeobu et al. 2021; Gharib et al.
2022; Jangre et al. 2022; Siddiqua et al. 2022; Yadav et
al. 2022; Almulhim 2022; Santos and Ogunseitan 2022)
1B (Borthakur and Sinha 2013; Salhofer et al. 2016; Fan et al.
Inadequate disposal of WEEE 2018; Marczuk et al. 2019; Baidya et al. 2020; Gollakota
et al. 2020; Mohammadi et al. 2021; Okwu et al. 2022;
Rajesh et al. 2022; Almulhim 2022; Santos and Ogunsei-
tan 2022)
1C (Cole et al. 2016, Cole et al. 2019; Tansel 2017; Kazanco-
Difficulty classifying and segregating WEEE glu et al. 2020; Okwu et al. 2022)
1D (De Aquino et al. 2020; Sari et al. 2021)
Inadequate distribution of WEEE disposal points
2 2A (Bouvier and Wagner 2011; Mmereki et al. 2015; Zhang

Collection and receipt

3
Transportation

4
Final destination

Collection rate and WEEE collection/disposal points

2B
Insufficient WEEE receiving and sorting plants

2C

Intelligent WEEE collection systems not applied
3A

Deficient WEEE transportation infrastructure
3B

Long and costly distances

4A
Lack of technical training to work in the WEEE recycling
sector

4B
Research and development shortage of WEEE recycling
technologies

4C
Absence or insufficient number of WEEE recycling com-
panies

4D
Heterogeneous composition hinders treatment

et al. 2015; Bakhiyi et al. 2018; Marczuk et al. 2019; Elia
et al. 2019; Chen et al. 2020; Gunarathne et al. 2020;
Gollakota et al. 2020; Arya and Kumar 2020; Andeobu
et al. 2021; Okwu et al. 2022)

(Yao et al. 2013; Ciocoiu et al. 2016; Tansel 2017, Tansel
2020; Gunarathne et al. 2020; Vieira et al. 2020; Okwu
et al. 2022; Singh et al. 2022)

(Yao et al. 2013; Elia et al. 2019; Nowakowski and Pamuta
2020; Kazancoglu et al. 2020)

(Nowakowski 2017; Hansen et al. 2022)
(Nowakowski and Mréwczynska 2018; Hansen et al. 2022)

(Mmereki et al. 2015; Araujo et al. 2017; Tansel 2017;
Imran et al. 2017; Kumar and Dixit 2018a; Masud et al.
2019; Gollakota et al. 2020; Kazangoglu et al. 2020;
Arya and Kumar 2020; Sharma et al. 2021)

(Zhang et al. 2015; Song et al. 2017; Awasthi and Li 2017;
Bakhiyi et al. 2018; Kumar and Dixit 2018a; Yong et al.
2019; Vieira et al. 2020; Tansel 2020; Sharma et al.
2021; Salmon et al. 2021; Jangre et al. 2022)

(Nnorom et al. 2011; Mmereki et al. 2015; Sirisawat et al.
2015; Song et al. 2017; Kumar and Dixit 2018a; Afonso
2018; Neto et al. 2019; Chen et al. 2020; Gollakota et al.
2020; Acquah et al. 2021; Sharma et al. 2021; Berezni
et al. 2021; Andeobu et al. 2021; Okwu et al. 2022;
Almulhim 2022)

(Shahabuddin et al. 2022; Rajesh et al. 2022)

Dagiliute et al. (2019) shows that consumers who had
less knowledge about collection points more often discarded
WEEE along with household waste or stored them at home,
being more prone to irregular disposal. Factors such as age,

educational level, and income also correlate with these
WEEE disposal behaviors.

Regarding the population’s educational level, a highlight
refers to rural communities lacking even more awareness
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about the management of WEEE (Sirisawat et al. 2015).
It is also worth mentioning that this is the reality of many
developing countries (Gunarathne et al. 2020), even in the
urban environment.

Regarding the micro level, the financial scope can inten-
sify the challenge of the population’s lack of awareness. The
difficulty in promoting environmental education campaigns,
for example, can be due to a lean budget. Small municipali-
ties have more restricted budgets and lesser capacity for col-
lection, generating dependence on Federal and State inter-
governmental transfers, making them financially dependent
on the State and the Union and restricting their autonomy.
When faced with financial difficulties, adopting a planning
strategy (considered as a necessity in the face of resource
scarcity) becomes essential to obtain the best possible results
with the use of limited available resources.

In addition to consumers, other members in reverse logis-
tics chains also lack awareness/information, especially local
retailers since they lie outside commercial networks with
vertical marketing strategies (as is common at the micro
level). However, lack of awareness occurs on a global level.

Arya and Kumar (2020) report the lagging public aware-
ness of the health hazards of informally recycling WEEE
in India. The scavengers, manufacturers, and refurbishers
involved in repairing obsolete appliances are unaware of
the potential risk of these products to their health and the
environment.

Similarly, Gunarathne et al. (2020) warn of the lack of
awareness of all links in the WEEE LR chain in Sri Lanka,
not just consumers. Pakistan also has a need to educate recy-
clers, scavengers, manufacturers, and consumers about the
handling, collection, disposal, and impacts of WEEE (Imran
et al. 2017).

Almulhim (2022) states that ignorance about the proper
management of WEEE has configured a significant chal-
lenge for the population of Saudi Arabia. They state that
awareness among chain members enables informed choices
about management strategies to reduce the environmental
impact of WEEE.

Consumer behavior has been studied to improve WEEE
disposal patterns. Shahrasbi et al. (2021) point out that it
is essential to obtain the necessary information about con-
sumer attitudes and behaviors to design a structured WEEE
management system. They also claim that increasing the
amount of collected WEEE and ensuring that they are prop-
erly processed are two of the main objectives of Directive
2012/19/EU, both of which highly depend on consumer
behavior and WEEE disposal.

Siddiqua et al. (2022) agree that understanding the buy-
ing and discarding behavior of consumers of electronic
products would suggest to policymakers the development
of strategies aimed at WEEE RLSs. They also show that
the attitude and awareness of consumers is a key factor
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that directly influences the recycling of WEEE. Findings
on the ignorance of WEEE disposal mechanisms practi-
cally imply that this can lead to the failure of the pro-
environmental WEEE disposal programs implemented by
the UAE government.

In addition to lack of awareness, authors have addressed
lack of will. Gharib et al. (2022) state that the unwillingness
of the population or local authorities to cooperate in the
management of WEEE is a critical problem and that the per-
ceptions of internal stakeholders (including manufacturers,
suppliers, distributors, retailers, consumers, and government
consumers) should be assessed and integrated.

Kumar (2019) comments that one of the biggest threats to
the success of reverse supply chain management is the reluc-
tance of consumers to participate in the recycling process.
They also state that, since the starting point of any reverse
supply chain is the will and active participation of consum-
ers in the recycling process, it is necessary to understand
the factors that influence this behavior that is dynamic and
is influenced by consumer ideology, familiarity/convenience
of recycling activities and demographics.

Some authors point out ways to promote this awareness.
Almulhim (2022) points out that one of the pillars of WEEE
management is raising awareness by programs and events.
Disseminating information, promoting discussions, and
involving government authorities and relevant stakeholders
to raise awareness are the first step for the proper disposal of
WEEE. Research by Yla-mella, Keiski, and Pongracz sug-
gests an explicit need for more information and publicity
about the recovery of mobile phones in Finland (especially
up-to-date information on retrieval services by retailers) to
change consumers’ current storage habits.

This impact on consumers’ storage, repair, reuse, and
disposal behavior can be generated by the development of
communication tools to improve people’s awareness, such as
implementing WEEE training programs, investing in more
diverse strategies involving social media, providing informa-
tion in physical locations, and promoting awareness cam-
paigns (Islam et al. 2021; Almulhim 2022). The education of
individuals is one of the most important factors to improve
WEEE collection rates. Depending on their behavior, waste
can go through official systems of waste collection, infor-
mal recycling, improper disposal, or be stored in a residence
(Nowakowski 2019).

Compared to the macro level, the micro level has
fewer inhabitants, which facilitates social mobilization
by events and programs. Community representatives are
more centralized, and people in the community gener-
ally know each other, spreading information more quickly
among themselves. Despite the possibility of distant prop-
erties (such as in rural areas), government authorities
must commit themselves to an exclusive transportation
for social mobilization events.
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In contrast, Islam et al. (2021) show that consumers are
demanding a substantial change in existing WEEE manage-
ment systems. Issues that require the attention of research-
ers and policymakers around product and service innovation
include formal WEEE collection and service options (online,
door-to-door, sidewalk pickup, and proximity to permanent
recycling centers).

1B Inadequate disposal of WEEE Due to the lack of pub-
lic awareness, most individuals seem to ignore the toxicity
or hazard of WEEE, and few consumers know the dangers
of WEEE. Thus, WEEE is generally discarded along with
other waste contaminating urban solid waste—or even recy-
clable waste in selective collection (Borthakur and Sinha
2013; Okwu et al. 2022; Santos and Ogunseitan 2022). The
main limitations in the European Union are related to small
WEEE as they can easily be discarded with urban solid
waste (Salhofer et al. 2016).

Gollakota et al. (2020) point out that unregulated disposal
and illegal WEEE landfills in developing nations are the
main concerns of WEEE management.

This impact on the environment due to the inadequate
disposal of WEEE is worsened at the micro level. The mis-
management of solid waste is reported as one of the more
immediate and acute challenges for islands (or small island
developing states) than in other land masses. Inadequate dis-
posal of WEEE and lack of end-of-life management systems
cause coastal pollution, loss of biodiversity, and decreased
natural population (Mohammadi et al. 2021).

A more realistic analysis must highlight that this
challenge manifests itself both at macro levels in developed
countries and at micro levels in developing nations as even
developed countries with RLS in place face difficulties
addressing this issue. An example of this is evident in the
study conducted by Marczuk et al. (2019), which concluded
that WEEE accounts for 0.02% of the total weight of
common waste collected throughout the year in Lublin,
indicating the imperfections in the WEEE collection system
and the need for improvement. Thus, even after over 10
years as part of the European Union, the presence of WEEE
in mixed municipal waste evinces it as an issue not only
with WEEE collection but also with selective collection
in general.

Challenges are inherent to RLS regardless of the level to
which they are applied but they are further exacerbated at the
micro level when in synergy with other factors.

1C Difficulty classifying and segregating WEEE Consumers
are known to have difficulty in differentiating electrical
and electronic equipment (Okwu et al. 2022) from WEEE
because they neither know their concepts nor can identify
types of WEEE, regardless of macro or micro levels.
However, the solution (which stems from environmental

education) is mostly lacking at the micro level due to the
rarity of awareness campaigns.

According to Kazancoglu et al. (2020), the most signifi-
cant problem in WEEE management stems from the lack of
WEEE classification in emerging economies. The authors
point out that, unlike in developed countries, emerging econ-
omies collect and recycle WEEE (when sent for treatment)
without classifying them, thus incinerating or disposing their
useful and valuable parts and components (and even prod-
ucts that could be reused) in landfills.

Furthermore, the absent or incorrect classification of
WEEE directly affects their possible reuse and should thus
be prioritized. Cole et al. (2019) claim that reuse is limited
when discarded products need repairs, especially in the case
of lower-value items. The authors state that discarded WEEE
is usually intended for recycling due to incorrect handling
during collection. Recycling targets also discourage the
reuse of components since items are classified as “waste,”
for which recycling seems to be the easiest option (Cole
etal. 2019).

WEEE requires manual sorting to produce adequate recy-
cled products. Tansel (2017) considers the difficulty of sepa-
rating the components as a challenge since they are screwed,
embedded, glued, or welded to each other. For elements with
similar physical, chemical, and thermodynamic properties,
this difficulty can be reduced by pre-selecting the pieces that
enter this process to release the materials by physical force.
These processes may include grinding (by crushing, grind-
ing, or shearing), which typically provide partial releases
(Tansel 2017).

Classification can separate WEEE in lots with different
prices according to their composition, valuing residues,
and separating those that have contaminants. However, it is
worth mentioning that this activity implies the existence of
a structure than can receive and sort this waste when carried
out after consumers’ disposal stage.

Xavier et al. (2020) find two types of WEEE disassembly:
the destructive, which neither preserves parts and compo-
nents nor separates materials; and the non-destructive, which
considers disassembly to preserve materials and compo-
nents. In Brazil, NBR 16156:2013 establishes requirements
to protect the environment and manage occupational safety
and health risks during WEEE disassembly.

These criteria and requirements mentioned above are
important but unattainable at the micro level since estimat-
ing the cost of disassembling WEEE is complex due to the
different materials contained in them.

Additionally, safe and non-destructive WEEE disassem-
bly requires the provision of spaces to receive and pack-
age post-consumer products, accommodate workstations
and tools, and to allocate the different obtained materials;
parameters which are hardly found at the micro level due to
a lack of facilities or small installations (Xavier et al. 2020).
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1D Inadequate distribution of WEEE disposal points An
appropriate amount of disposal points arranged in strategic
locations are essential to ensure coverage of the largest pos-
sible area (Sari et al. 2021).

WEEE disposal points must receive and store electronic
products consumers discard without mischaracterizing these
products until their transfer to their final environmentally
appropriate disposal. Therefore, the appropriate location
configures a point installed in a dry, clean, and safe place
against theft, loss, and breakdown of collector containers
with coverage and signage (Brasil 2020). Moreover, one
should consider the population’s easy access.

The inadequate location of disposal points impacts the
difficulty of consumers’ disposal. Retail is a very impor-
tant part of the WEEE LRS since it is the closest stage to
consumers. Thus, retailers become mediators between the
industry and consumers. As consumers acquire electronic
products at these commercial establishments, they config-
ure easy points for disposal after use. Management entities
should think of these points strategically, prioritizing places
that receive great circulation of people and are easily acces-
sible to consumers, such as shopping malls, supermarkets,
and large popular stores.

Moreover, the inadequate location of disposal points also
impacts collection routes. Studies propose appropriate loca-
tions or criteria for this by simulating transportation routes.
De Aquino et al. (2020) highlight that the increase in WEEE
maximized this problem due to the lack of adequate disposal
sites (both in number and location). The authors proposed
a mathematical model to allocate WEEE collection points
to minimize the costs of opportunity, transportation, instal-
lation, and distance between demand and collection points.
Sari et al. (2021) conducted a study that aimed to design
a collection system determining the number and location
of disposal point facilities and the site of a transportation
route from a collection center to a final disposal location.
They concluded that a disposal point should have a maxi-
mum range of 11.2 km and that, although a challenge, it can
also offer an opportunity for the head of LRS management
to design a collection system.

The micro level offers two aspects for consideration. In
cities considered small (with less than 80,000 inhabitants),
the problem involving inadequate localization of disposal
points can be minimized since urban areas are smaller and
commercial establishments are usually concentrated in these
areas, facilitating the distribution of points. Moreover, it may
be feasible to consult with the population to select an effi-
cient location.

However, the problem of distributing the number and
strategic location of disposal points in rural areas is maxi-
mized depending on the distance between residences and
city centers/municipalities. If the aforementioned study was
to be considered, for example, a 11.2-km maximum range of
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a disposal point would likely amount to one point for each
residence in a rural area, resulting in an unfeasible system.
Therefore, consumers may also opt for residential collec-
tion. However, if retail and/or managing entities provide this
service, they should also provide adequate transportation,
especially for large WEEE, such as refrigerators and stoves.

Step (I1): collection and receipt

2A Collection rate and WEEE collection/disposal points The
rate of WEEE collection/disposal is related to the behavior
of consumers in relation to disposal, the degree of aware-
ness of the population, legal issues, the fulfillment of goals,
among other factors.

Most developing countries lack a WEEE legislation. In
2019, 78 countries had their WEEE legislation covering
71% of the world’s population (Shahabuddin et al. 2022).
Although some countries have the necessary legislation in
place to collect and recycle WEEE, some goals imposed on
the volume of WEEE collected and/or treated are minimal,
requiring no effort from the LRS chain to comply with it.

Regarding consumer behavior, it is observed that the
storage of obsolete or damaged WEEE in homes is com-
mon either due to emotional attachment, misinformation, or
unwillingness, hindering the recycling and circularization of
materials (Arya and Kumar 2020; Okwu et al. 2022; Santos
and Ogunseitan 2022).

Gunarathne et al. (2020) claim that a challenge Sri Lan-
kan families face in managing WEEE is their reluctance to
dispose of televisions, refrigerators, rice cookers, and other
old household equipment. This situation resembles that of
some other developing countries and arises mainly due to
lack of awareness.

However, at the micro level, the return rate of WEEE may
suffer from the lower consumption link, which is directly
related to local per capita production.

Zhang et al. (2015) showed that China—a country with
more than 50% of the population living in rural areas and a
wide difference in income and living standards between rural
and urban areas—has a penetration rate of electronic prod-
ucts below 50%. Most electronic devices, such as computers
and air conditioners, often still work, despite their obsoles-
cence. Moreover, its disposal rate of WEEE is non-existent
or much lower than that offered by companies. Thus, accord-
ing to this study, China may be a country that has a lower
WEEE production rate and a higher rate of reuse. However,
its WEEE is still not discarded either due to the absence of
this practice or of a local WEEE LRS.

For Andeobu et al. (2021), one of the challenges affect-
ing WEEE management in South Africa includes home and
business WEEE return rates. The authors conclude that
access to sufficient volumes of WEEE is the most significant
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challenge for the growth of the South African WEEE recy-
cling industry and for companies to move from their cur-
rent manual decommissioning and limited preprocessing to
further processing.

Therefore, micro WEEE return rates and collection/
disposal points economically hinder the operationaliza-
tion of reverse logistics systems due to the lack of scale.
Possibly, the managing body of these locations will need
to create a reverse logistics network that collects/receives
WEEE from various locations in the vicinity to obtain a
minimum WEEE weight. An example consists of inter-
municipal municipal solid waste public consortia that, due
to their formation and consolidation, require investments
and support from the Union and the States. According to
Ventura et al. (2019), small municipalities demand the
most attention due to the increase in the deficient provision
of collection services as these municipalities lack finan-
cial resources the most and qualified technical personnel
to manage municipal solid waste.

Directly linked to return rates, the insufficient amount
collection points is a reality in many countries (Elia et al.
2019; Gollakota et al. 2020).

The lack of WEEE collection points incentivized infor-
mal collectors due to their accessibility, which expanded
the informal WEEE sector (Bakhiyi et al. 2018; Chen et al.
2020). Chen et al. (2020) also highlight the sub-barriers of
this challenge: the lack of effective and acceptable collec-
tion models, site rental and employee recruitment costs, and
the fear of competitive advantages from indirect collectors.

Bouvier and Wagner (2011) concluded that a barrier asso-
ciated with WEEE collection systems (whether by voluntary
delivery sites, private companies, and/or non-profit donation
centers) is the lack or restricted access to a conveniently
located facility.

According to Marczuk et al. (2019), reverse logistics sys-
tems require constant adaptation to changes in transportation
structure and the amount of generated waste. The increas-
ing amount of WEEE discarded at certain times of the year
would require a greater number of collection points, more
frequent emptying during these periods, and additional
information campaigns. This challenge must be solved by
selecting and continuously cooperating with entities that will
be responsible for monitoring the filling these points.

Marczuk et al. (2019) report that this challenge is faced
mainly in urban centers. The micro level shows a smaller
fluctuation in disposal behavior and thus in the collection
of WEEE discarded during the year. Generally, the reality
shows low return rates because of the longer life of obsolete
devices, i.e., a lower purchase rate of electronic products.

Mmereki et al. (2015) highlight that developed coun-
tries offer a variety of options for WEEE collection points
(including sidewalk points, permanent delivery centers, and
special delivery events) and points of purchase to facilitate

WEEE collection. On the other hand, the lack of collec-
tion points impacts the micro level even more. Research by
Gunarathne et al. (2020) shows that the absence of WEEE
collection points in less populous areas leaves most of the
WEEE generated in these areas without formal collection.
Thus, WEEE recyclers have the burden of establishing their
own collection channels.

One of the causes of this challenge at the micro level may
be the financial issue discussed earlier. WEEE collection
points have considerable cost as, in addition to involving
various types of waste containers, they also require storage
and transportation to consolidation points until they are for-
warded for recycling.

Another issue that influences is the legislative sphere. The
WEEE LRS in Brazil (still in its implementation phase), for
example, fails to provide collection/disposal points for small
municipalities, i.e., the country lacks even a legal require-
ment by the decree that establishes the system in the country,
inhibiting the establishment of points at the micro level.

Moreover, micro-level trading is also an influence factor.
The micro level generally shows a predominance of local
retailers and merchants (rather than commercial networks)
who neither have the necessary information nor are charged
for the availability of collection/disposal points. Therefore,
note that retailers are a fundamental part of the LRS because
they are the closest contact with consumers.

2B Insufficient WEEE receiving and sorting plants Chen et al.
(2020) point out that the availability of an infrastructure
system plays a significant role in stimulating management
practices in the WEEE industry.

The need for these locations is, according to Tansel
(2020), due to advances in product design for increasingly
compact and efficient systems, which, in turn, have cre-
ated challenges for recycling and recovering materials as
they involve a lack of infrastructure, adequate collection
mechanisms, and proper material recovery mechanisms and
processes.

According to Vieira et al. (2020), the lack of a collection
service routine reflects the absence of a structure to receive
the collected WEEE. The limited planning of waste manage-
ment and the lack of reverse logistics organization represent
the absence of the organization that would enable the reuse,
recycling, and remanufacturing of products. For Gunarathne
et al. (2020) and Okwu et al. (2022), the absence of well-
established plants to receive and sort WEEE creates chal-
lenges (such as mixing WEEE with other types of waste),
creating another problem not only for the collection but also
for the treatment of WEEE.

The successful implementation of WEEE collection and
its operation are of paramount importance to a develop-
ing country such as India, which has a considerable rate
of WEEE production but an inadequate infrastructure. In
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addition to infrastructure, the distribution of collection
points across geographical regions should be considered
(Singh et al. 2022). Romania, as other Central and Eastern
European countries, is far behind Western Europe in imple-
menting reforms in the WEEE sector, and one of the main
reasons for this gap is the lack of infrastructure to collect and
recycle WEEE (Ciocoiu et al. 2016).

According to Yao et al. (2013), the planning and optimi-
zation of a formal collection network are fundamental for
the recovery of WEEE in China. The authors focused on the
weaknesses of the WEEE recycling system and the precari-
ous municipal WEEE collection facilities in Shanghai.

At the micro level, self-employed recyclers and informal
sector companies may resist delivering WEEE to organ-
ized and equipped receiving and sorting plants. The estab-
lishment of these plants would generate opportunities for
cooperatives of more advanced waste pickers, for example,
toward verticalizing the production chain.

Singh et al. (2022) provide significant information: the
reported literature mostly covers the collection of WEEE in
urban areas and almost no study has evaluated rural areas.
Different parts of India have measures to collect WEEE
from urban and rural users but their volume of collection
is far from the expected value despite various stakehold-
ers’ efforts, such as the government and manufacturers, to
improve it.

2C Intelligent WEEE collection systems not applied Smart
systems play a crucial role in optimizing all stages of WEEE
management, encompassing operations, tracking, collection,
recycling, and overall management. These technological
solutions leverage automation, data analysis, and connec-
tivity to enhance the efficiency and sustainability of manage-
ment. These systems encompass monitoring and tracking,
data analysis, and online platforms.

Their advantages are notable: optimization of collection,
sorting, and recycling operations with reduced costs and
required resources; enhancement of traceability, facilitat-
ing the tracking of product lifecycles and thus reinforcing
accountability; and production of crucial data to support
decisions, including consumption patterns, product types,
and waste flows (Shevchenko et al. 2021).

The Internet of Things and smart systems have a close
and highly synergistic relation. The Internet of Things is
a network of physical objects embedded in sensors, soft-
ware, and technologies that aims to connect and exchange
data with other devices and systems over the Internet. These
devices and systems range from common household objects
to sophisticated industrial tools, which can be applied to
waste management (Haque et al. 2020). When applied to
WEEE management systems, IoT plays a pivotal role in
creating more efficient and responsive smart systems. Con-
sequently, smart technologies can drive the transformation
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of waste management practices toward a more circular eco-
nomic model.

According to Favot et al. (2022), European extended
producer responsibility models to manage WEEE have
been introduced, reflecting variations in market con-
centration and player responsibilities across countries.
These models include the State Fund (eco-tax) Model, in
which producers contribute to a waste management fund
(potentially coordinated by a government agency); the
Single Organization Model, characterized by industry-
controlled compliance organizations and environmen-
tal agreements; the Competing Organization Model, in
which compliance organizations handle take-back duties
and compete based on fees; and miscellaneous producer-
funded models. These models, although developed for
the macro level, can also be adapted for the micro level if
modified appropriately.

Kazancoglu et al. (2020) highlight the gap, especially in
WEEE collection processes, based on tracking technologies
and intelligent collection systems. The authors report that
collection process digitization should be designed to lever-
age support and provide social, economic, and environmen-
tal benefits, such as reducing air pollution, improving work-
ing patterns, and reducing waste by using new technologies
such as smart vehicles. Therefore, the implementation of
digital technologies in WEEE collection processes provides
process traceability and cost and time recovery per collec-
tion point.

Nowakowski and Pamuta (2020) investigated a system
to facilitate the planning of WEEE collection and facilitate
communication between individuals who request the collec-
tion of waste and collection companies. The authors claim
that the mobile applications that currently support waste
collection are relatively limited and primarily used to find
waste collection points or set reminders related to the col-
lection schedule. Additional features, such as vehicle route
planning, could improve these applications.

Elia et al. (2019) find that the adoption of dynamic
approaches to WEEE collection based on variable (rather
than fixed) collection frequencies could help improve the
overall efficiency of collection processes. Moreover, the
demand for sustainable, low-carbon urban logistics is also
increasing due to urban pollution and congestion. The
authors described different models of WEEE collection,
comparing them by simulation modeling, which enabled
them to evaluate a set of key integrated performance indi-
cators, evincing the benefits and limits of different logistic
scenarios.

Yao et al. (2013) claim that the project of the WEEE col-
lection network is a typical reverse logistics issue character-
ized by a convergent structure, in which end-of-life products
are collected from many users and transported to a reduced
number of recyclers by vehicle routing.
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In the research by Yao et al. (2013), the WEEE collec-
tion and transportation network in Shanghai take place in an
integrated solution approach. Collection and transit locations
are identified by quadratic optimization models, and a well-
organized collection scheme is then offered as a compre-
hensive scheduling guidance. The vehicle routing problem
consists of locating the best route to a destination from a
starting point with numerous variations and solutions.

Routes can be facilitated at the micro level due to the
few collection points and smaller local centers (if central-
ized), unlike rural areas. Another point is financial resource
scarcity. In fact, digital transformation projects require high
investments to acquire technologies that remain expensive
for management and the cost of information technology
professionals, who are increasingly disputed in the market.
Finally, a data infrastructure is needed, in view of the dif-
ficulties of storing public data and the need to integrate the
systems used in city halls.

Stage (lll): transportation

Regarding transportation challenges, to provide a more
realistic analysis, it is crucial to emphasize that issues
related to the inadequate transportation infrastructure for
WEEE and extensive costly distances are not only confined
to micro levels and developing countries (Wilker et al.
2022; Hansen et al. 2022; Nowakowski and Mréwczyniska
2018; Feitosa 2020; Kazancoglu et al. 2020; Da Costa
et al. 2020) but also extend to macro levels and developed
nations (Nowakowski and Mréwczyniska 2018; Hong et al.
2011). Even in developed countries with implemented
RLSs, transportation demands careful locally adapted
approaches.

The complexity stems from transportation challenges
significantly differing between developed and developing
countries due to disparities in their realities. Of all process
stages, transportation shows the greatest discrepancy in
reality between these two types of nations. A transportation
challenge faced by a developing country can be exponen-
tially more arduous than that faced by developed nations.
While the nature of the problem remains the same, its mag-
nitude varies according to context.

Lastly, the literature has significant limitations substan-
tiating the discussion on transportation-associated chal-
lenges, constituting a substantial gap in this field of study.
It is essential that more in-depth studies are conducted to
explore this intricate transportation issue. The substantial
discrepancies in transportation realities between developed
and developing countries and micro and macro perspectives
underscore the urgent need to fill this research gap, which
this study has clearly identified.

3A Deficient WEEE transportation infrastructure The main
transportation modes are divided into five categories: rail,
road, waterway, air, and pipeline. Since infrastructure is the
set of fundamental services for the socioeconomic develop-
ment of a location, the transportation infrastructure refers to
roads, highways, bridges, tunnels, railways, airports, ports,
waterways, among others (Aradjo et al. 2019).

A system that makes infrastructure impossible or in some
way disrupts the flow of transportation of a region regardless
of the type of transportation is considered inadequate. Some
examples include problems with signage, plate readability
and visibility, lack of protective devices, road obstacles and
disturbances, insufficient and poor breakdown lanes, curves
with small rays and low visibility, very narrow roads, and
worn pavement (Wilker et al. 2022).

Hansen et al. (2022) point out that a potential barrier to
the inclusion of WEEE management in investment deci-
sions is the lack of waste transportation and recycling infra-
structure. While the authors conclude that many developing
countries lack such infrastructure (especially in rural areas),
they fail to specify the type of structure but it is understood
as referring to routes, bridges, tunnels, airports, ports, etc.

Nowakowski and Mréwczyniska (2018) report that restric-
tions such as lack of parking should be considered in city
centers, busy streets, narrow sidewalks, etc. depending on
the collection model. These factors can prevent the suc-
cessful implementation of mobile collection in these areas,
unlike rural areas, for example.

According to Feitosa (2020), the management responsible
for treating waste in small municipalities has few employees
and a minimum truck fleet, which hinders the process of col-
lection and transportation to a final destination. Moreover, it
is important to highlight that the responsibility for collecting
and transporting WEEE lies in the companies or entities
managing the LRS, who are also expected to hire trained
professionals.

Another important point is the need to comply with cur-
rent legislation on the transportation of certain types of
WEEE classified as hazardous waste. This procedure may
involve criteria such as handling with diligent care to avoid
breakage; appropriate packaging or storage to minimize
risks of breakage; no tilting of collectors containing fragile
products; no crushing, pressing, or compacting WEEE dur-
ing transportation; transportation vehicle with a closed or
covered chassis; etc.

3B Long and costly distances The results of the Nowakowski
and Mréwczyriska (2018) research indicate that the exten-
sion of the route in the transportation of waste is the main
factor on emissions and the sustainability of collection meth-
ods. The authors conclude that mobile collection has some
limitations in densely populated urban areas and that the col-
lection of WEEE at the time of delivery of new equipment is
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the most efficient method since it avoids additional expenses
and emissions.

Hansen et al. (2022) point out the need for waste trans-
portation and recycling services in Kenya—and East Africa
in general despite differences between countries and prov-
inces. They also highlight that the transportation of waste is
particularly complicated due to the distances between users,
making it difficult to collect devices, including economically.

Transportation costs directly impact economic viability.
For Kazancoglu et al. (2020), the shipping cost is considered
the most important criterion for difficulties locating sorting
centers. In the transportation of hazardous waste, two key
objectives considered are cost and risk, with the shortest
route equaling the fastest route for carrier companies (Liang
et al. 2020).

Therefore, according to its structure, the improvement of
accessibility to transportation reduces travel time and cost,
increases traffic volume, and spatially redistributes economic
activities (Hong et al. 2011).

This challenge has no relevant impact in small and local-
ized centers as they only have small-scale routes, but long
routes negatively affect the rural micro level. According to
Da Costa et al. (2020), in most Brazilian municipalities,
waste transportation and final disposal are carried out at
random, without deep analysis to reduce route extensions,
thus using a larger amount of fuel and increasing process
costs and impacting air quality.

Step (IV): final destination

An environmentally appropriate final destination involves
reuse, recycling, resource recovery, energy use, or other des-
tinations. Most of the challenges found refer to recycling.

4A Lack of technical training to work in the WEEE recycling
sector The WEEE recycling workforce is unqualified
(Mmereki et al. 2015; Kumar and Dixit 2018a; Sharma et al.
2021). Among the main challenges for WEEE management
is the lack of training to safely handle and process products
during the recovery of materials in uncontrolled recycling
operations (Tansel 2017).

Arya and Kumar (2020) reported that the biggest chal-
lenge in the WEEE management system in India is lack of
technical knowledge. The authors also warn of inadequate
disposal, after which the waste is sent to landfills or incinera-
tors of municipal solid waste with limited chance of separa-
tion before its final destination, leading to environmental
and health risks.

For Kazancoglu et al. (2020), the barrier with the second
highest impact is the lack of qualification and education of
workers and that urban recovery operations require certain
technical skills (unlike other sectors). Gollakota et al. (2020)

@ Springer

found that most recycling operations are manual, especially
in developing countries. The authors point out that the
sophisticated technologies installed are at suboptimal opera-
tional scale due to workers’ lack of training for operations.

Moreover, Imran et al. (2017) attest that technical knowl-
edge and awareness of the problem go hand in hand. Due to
the lack of awareness of the general public and WEEE stake-
holders, very few have experience in WEEE management.

This challenge is intensified at the micro level. Masud
et al. (2019) point out that the implementation of WEEE
management technology in remote areas is another challeng-
ing task; the resolution of problems associated with opera-
tion and maintenance becomes difficult due to the lack of
adequate knowledge and information.

Islands exemplify the micro level, in which the lack of
technical assistance is an intense challenge. Araujo et al.
(2017) considered the application of their study on an island
and, due to the lack of professionals to repair electronic
devices, new equipment was favored to quickly replace
damaged equipment, thus increasing the problems of WEEE
management on site. WEEE can accumulate on the island for
about three months before being sent to their final destina-
tion: municipal sorting and recycling units in Pernambuco,
Brazil (Araujo et al. 2017).

4B Research and development shortage of WEEE recycling
technologies Arya and Kumar (2020) report that the envi-
ronmentally correct management of electronic waste in
developing countries is either limited or completely absent.
WEEE management is more complex than municipal solid
waste management due to the higher toxic concentration in
electronic devices, thus requiring special techniques to treat
WEEE and prevent leakage and dissipation of toxins into
the environment.

Kumar and Dixit (2018b) point out that the sustainabil-
ity of WEEE management practices depends on available
technologies and recycling techniques and that one of the
main problems related to WEEE management is the lack of
advanced technologies. There is a gap in the Research and
Development of WEEE recycling technologies (Song et al.
2017; Vieira et al. 2020) as well as in the communication
between industries that recycle waste and end users of elec-
tronic items, hindering the development of technologies that
can manage waste (Jangre et al. 2022).

The application of advanced technologies in integrated
recycling plants significantly increases material recovery
and reduces impacts on the environment and humans (Zhang
et al. 2015). However, in the best circumstances, current
recycling methods are imperfect and lead to the loss of criti-
cal materials in small concentrations (Salmon et al. 2021).

Sharma et al. (2021) claim that a huge amount of metals
remain untapped due to inefficient treatments, and Bakhiyi
et al. (2018) conclude that metal recovery technologies still
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perform poorly (e.g., difficulties recycling valuable metals)
and are still immature and/or polluting.

Some WEEE components, such as PCB, CRT monitors,
and LCD screens, also remain extremely difficult to recycle,
mainly due to their complexity, dangerous nature, and inef-
ficient recycling technologies, so much so that many recy-
clers simply refuse to process them (Liu et al. 2017; Afonso
2018).

Santos and Ogunseitan (2022) report that the variability
of WEEE requires advanced technologies to recover criti-
cal materials and rare earth elements. Due to the lack of
technologies and investments, Brazil only undertakes the
dismantling process. Recycling processes that recover criti-
cal metals and/or rare-earth elements (which are requested
worldwide) should be evaluated as an economic opportunity
(Santos and Ogunseitan 2022).

The lack of advanced WEEE recycling technologies is
even more visible at the micro level. These technologies
have a high cost and are applied in power plants, a distant
reality for rural localities. Although the level of investment
required for different technologies in the circular economy
varies significantly, certain technologies and innovations
often require prohibitive financial investment for many
companies, especially small and medium-sized enterprises
(Rizos and Bryhn 2022).

Yong et al. (2019) claim that WEEE value recovery opera-
tions in Malaysia have suboptimal metal recovery and energy
efficiency. The authors conclude that this calls for the continu-
ous technical improvement of these semi-formal businesses
recovering the value of electronic waste in Malaysia.

In addition to composition, advances in product design
toward increasingly compact and efficient systems have
created challenges for recycling and recovering WEEE
materials due to the lack of appropriate material recovery
mechanisms and processes and of adequate infrastructure
and collection mechanisms (Tansel 2020).

4C Absence or an insufficient number of WEEE recycling com-
panies Management could efficiently handle WEEE collec-
tion, transportation, recycling, and disposal by an effective
infrastructure (Kumar and Dixit 2018a). Chen et al. (2020)
highlight that the availability of an adequate infrastructure
system plays a significant role in stimulating appropriate
management practices in the WEEE industry. A proper on-
premises infrastructure improves the process of implement-
ing formal WEEE management practices.

Kumar and Dixit (2018b) and Sharma et al. (2021) found
the great incidence of formal WEEE treatment facilities fac-
ing infrastructure barriers. These include lack of facilities
(storage, transportation, treatment, and disposal) and limited
planning of WEEE production.

Nnorom et al. (2011) conclude that one of the main
restrictions to good WEEE management in developing

countries is the unavailability of formal recycling infra-
structure. WEEE management is a considerably more dif-
ficult challenge in developing countries due to the lack of
sufficient and safe facilities to recycle WEEE, which entails
the accumulation of waste at home and/or inadequate dis-
posal (Mmereki et al. 2015; Song et al. 2017; Gollakota et al.
2020; Kazancoglu et al. 2020; Acquah et al. 2021; Berezni
et al. 2021; Andeobu et al. 2021; Almulhim 2022).

In emerging countries, most companies only collect
WEEE, reverse manufacturing and mischaracterizing them,
and destining their waste to landfills. Once separated, value-
added materials such as PCB are sold to recycling plants in
developed countries due to the absence of recycling compa-
nies to extract precious metals in most emerging countries
(Muniz et al. 2017).

Andeobu et al. (2021) claim that the infrastructure to
manage and recycle WEEE in most of Nigeria is limited or
non-existent. Nigeria faces several challenges, such as the
lack of standardized recycling sites and lack of adequate
infrastructure for WEEE management (Okwu et al. 2022).
Sirisawat et al. (2015) found a general lack of efficiency
within the reverse logistics system in Thailand and no suit-
able place to consolidate WEEE in communities. Neto et al.
(2019) stated that the main barriers to reverse logistics is
the lack of adequate facilities to extract precious metals in
Brazil, which represents the final treatment phase of WEEE.

The absence of a formal recycler is a persistent challenge
at the micro level. Yao et al. (2013) showed the precarious
municipal WEEE collection facilities in Shanghai. Afonso
(2018) points out that the management of WEEE in Brazil is
still in its infancy as it lacks an infrastructure that considers
regional differences and territorial extension. Finally, Rau-
tela et al. (2021) conclude that WEEE recycling and treat-
ment facilities require advanced capital investments, but only
a few countries allocate budgets for WEEE management.

4D Heterogeneous composition hinders treatment In gen-
eral, WEEE comprises 40% metal, 30% plastic polymers,
and 30% oxides of varied materials. However, these quanti-
ties can vary significantly from country to country due to
uneven mixtures of electrical and electronic equipment in
WEEE (Shahabuddin et al. 2022). Some components receive
specific treatment due to their toxicity such as batteries
(which undergo a separate recycling process) and cathode
ray tube monitors (since they contain lead).

These products may also have unrecyclable materials,
such as paper (adhesives, labels, carbon paper, and metal-
lized, paraffinized, and laminated papers), plastics (adhe-
sives, foam, and polystyrene), glass (mirrors and ceramics),
rubber, and even wood (TV cabinets and old stereos), which
compose part of the packaging for transportation and thus
have a low participation in the composition of these products
(Ribeiro 2019).

@ Springer
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Many developed countries face the problem of separat-
ing WEEE due to their complex composition (Rajesh et al.
2022). Shahabuddin et al. (2022) report that handling and
processing WEEE still offer a challenge due to their complex
mix of hazardous, precious, basic, and other materials.

In general, mechanical separation processes are used as
pre-treatment, including methods such as grinding, electro-
static and magnetic separation, and particle size classifica-
tion. Generally, this pre-process is the only treatment that
occurs at the micro level due to its technical ease and low
cost. However, the lack of technical training in the WEEE
recycling sector (as mentioned above) can make it a complex
process.

Final considerations

Figure 3 shows the density of bibliographic citations related
to the identified challenges per operational stage of the
WEEE LRS discussed in this review.

Figure 3 shows that, of the stages of the WEEE LRS,
disposal (48 studies) has the most bibliographic citations,
followed by final destination (37 studies), collection and
receipt (24 studies), and, finally, transportation (4 studies).
The number of bibliographic citations for each stage shows
discrepancies, and the figure shows the importance future
studies on WEEE management should give to transportation.

Therefore, after combining all the challenges encoun-
tered, WEEE LRSs in developed countries can serve as an
example for developing countries, which often lack such sys-
tem. Many developed countries already have WEEE recy-
cling policies and facilities, but the problem lies in develop-
ing countries with higher population densities, in which it
is difficult to collect, sort, and recycle WEEE (Tembhare
et al. 2022).

Moreover, it is necessary to consider that each site has
particularities and that the micro level demands attention
and adjustment to them. Thus, Marinello and Gamberini
(2021) claim the need to better disseminate WEEE man-
agement approaches, optimize current practices, or design

Fig. 3 Density of references
per step

1. Disposal 1B

specific solutions according to the needs and characteris-
tics of different territories. The authors state that no single
solution will suffice for all countries and that each should
be addressed according to their own social, political, and
economic circumstances (Shahrasbi et al. 2021).

Andeobu et al. (2021) conclude that local government
councils are the main stakeholders in the management and
recycling process, thus incurring expenses to deal with
WEEE and requiring policymakers to understand the deter-
minants, motivations, and costs associated with collecting
and disposing of WEEE. Gunarathne et al. (2020) claim that
since waste management in developing countries is highly
contextual viable and sustainable solutions must be designed
to meet specific local circumstances.

Koshta et al. (2021) argue that a national WEEE estimate
provides a more comprehensive view of what is generated
in a country but that these estimates are of limited use to an
LRS since they fail to consider the effect of economic and
social variables at the local level, critical to the efficient
operation of such system. Thus, a micro-level strategy is
essential to operationalize WEEE LRSs.

Study limitations

A pertinent observation is that the examined literature
addresses the challenges of WEEE RLS in a general manner,
without delving into discussions at both macro and micro
levels. The employed methodology, a systematic literature
review, in turn reflects this gap, as the absence of specific
focus on these levels translates into an inherent limitation
of the study.

Furthermore, it is important to highlight that the analy-
sis is predominantly theoretical, lacking empirical data or
local diagnoses. The absence of practical examples limits
the tangibility of conclusions and the applicability of the dis-
cussed ideas. This scenario is particularly noticeable when
considering developing countries in the initial phase of RLS
implementation. In these contexts, not only is the discussion
at the micro level scarce but also the very inclusion of the
micro level in the early stages of system implementation is
incipient.
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In summary, the study provides valuable insights; how-
ever, it is crucial to acknowledge and address these limita-
tions to properly contextualize its findings. Future inves-
tigations should consider more comprehensive approaches
that encompass discussions at both macro and micro scales
and seek ways to enrich theoretical analysis with practical
examples, especially in the contexts of developing countries.

Conclusions

In all, 13 challenges were identified according to their opera-
tional stage (disposal: 4; collection and receipt: 3; transpor-
tation: 2; and final destination: 4).

Some of the found challenges were also discussed, address-
ing the importance of supervising and controlling WEEE LRSs.
These challenges involve informal recycling, amounts not legally
registered, lack of recycling measurement systems, illegal
export to developing countries, and lack of knowledge sharing
between the formal and informal WEEE sectors. Several stud-
ies have reported informal recycling as a challenge, configuring
a concern at the micro level. However, this level produces an
irrelevant amount of WEEE compared to developed countries,
making informal recycling an easier challenge to circumvent.

The challenge The population and LRS entities’ lack or
insufficient training and awareness have a greater number
of results in our search, this configuring a challenge thor-
oughly addressed in the literature. At the micro level, the
rural communities lack even more awareness about WEEE
management, for example. However, because such commu-
nities are smaller, they enjoy the advantage of covering their
entire population (or almost) with an awareness campaign.

In addition to this challenge, at the micro level, the chal-
lenges identified with the greatest impact are Absence or
insufficient number of WEEE recycling companies; Return
rate and WEEE collection/disposal points; Insufficient
WEEE receiving and sorting plants; Deficient WEEE trans-
portation infrastructure; Long and costly distances; and
Inadequate distribution of WEEE disposal points.

Return rates and WEEE collection/disposal points can be a
difficult challenge to address because the function of any system
requires a minimum amount of waste, which a single collection
point may fail to achieve. The general lack of collection or
transportation structure, the use of WEEE recycling companies,
and insufficient collection points (given their cost) are difficult to
overcome by the restrictions and financial dependence of these
places. The inadequate location of receiving/collecting points is
an easy challenge to circumvent at the micro level since it has
only a few points available, and a mathematical study could find
the optimal location. Long and costly distances are a worrying
challenge in rural localities, configuring an inevitable difficult
as collection points generally lie far from centers.

The identified challenges with less impact refer to Difficulty
classifying and segregating WEEE; Intelligent WEEE
collection systems not applied; Research and Development
shortage of WEEE recycling technologies; Heterogeneous
composition hinders treatment; Inadequate disposal of
WEEE; and Lack of technical training to work in the WEEE
recycling sector.

Some challenges cause less impact because they already
require some development in the implementation of an
LRS that may be absent at the micro level. Although very
important, intelligent collection systems and advanced
technologies require implementation basics, constituting a
future investment claim for the micro level. Other challenges
are more impactful when related to a relevant amount of
WEEE, such as inadequate disposal, classification and
segregation difficulties, and the heterogeneous composition
of WEEE (only relevant for the macro level).

Although the legal point of view evinces the mandatory
implementation of WEEE LRS, it is essential that these
directions be ratified at the state and municipal level given
the particularities that occur mainly at the municipal
level such as those addressed in this study. Finally, the
challenges emerging countries faced in managing WEEE
offer a complex process due to the number of stakeholders
involved and the complexities of the macro environment,
thus requiring a systematic approach to understand the
multifaceted and multi-stakeholder challenges of WEEE
recycling in these countries.

In conclusion, the impact of this study is to shed light on
the discussion surrounding the challenges of WEEE RLS
in a micro perspective, encompassing both developing and
developed countries. In developing countries, the emphasis
lies in the meticulous consideration of the micro sphere
when implementing or strengthening RLS. This implies
a shift from the traditionally focused approach on urban
centers and regions with higher WEEE generation. Instead,
it is imperative to recognize the importance of incorporating
areas with economic limitations, geographical isolation,
inequalities, environmental challenges, and even geopolitical
issues. In developed countries, the desired impact is the
expansion of RLS coverage, aiming to encompass as much
waste as possible. Even countries that have implemented
such systems must extend its reach. Special attention should
be directed toward micro-level areas that may have been
overlooked regarding coverage. Therefore, this study not
only seeks to emphasize the importance of RLS but also to
foster a comprehensive approach that considers the nuances
of different contexts, promoting a more equitable and
efficient treatment of WEEE.
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