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Abstract: Recently, the material flow analysis (MFA) of waste from electrical and electronic equipment
(WEEE) has attracted much interest from researchers worldwide because of its function as a decision-
making tool for moving towards a circular economy and sustainability in WEEE management.
However, review studies on the development of MFA in WEEE management studies are still lacking.
To fill this gap, 115 MFA studies published in various databases between 2010 and 2022 were analysed
to provide a comprehensive overview of current research progress and recommendations for future
studies. Three major elements from previous studies were reviewed using content analysis: (i) the
trend of publishing in OECD and non-OECD countries over time; (ii) the scope and boundaries
of the aspect studied, and the use of MFA in forecasting the generation, flow, and stock of WEEE;
and (iii) providing a future outlook for MFA studies based on its limitations. Further analysis has
revealed a considerable increase in the number of studies on MFA of WEEE in major OECD nations;
however, the number of studies on concentrated areas of WEEE, particularly in non-OECD countries,
remains low. Another limitation of MFA research is the scope and boundaries, with very few studies
addressing the aspects of uncertainty analysis, circular economy, and life cycle analysis. Due to the
increasing number of newly developed methodologies and the absence of thorough evaluation on
this study topic, few studies properly utilised the static or dynamic MFA model. Thus, based on the
research limitations and gaps discussed, recommendations for future studies are proposed.

Keywords: material flow analysis; waste electrical and electronic equipment; WEEE generation;
WEEE flow; sustainable WEEE management

1. Introduction

Electrical and electronic equipment (EEE) consumption has increased dramatically
over the last two decades because of unparalleled technological advancement and economic
expansion. As a result, it has a rapidly rising waste stream known as electrical waste (e-
waste) or waste from electrical and electronic equipment (WEEE). Due to the challenges
of improper WEEE disposal, which may result in the release of hazardous substances
into the environment, there has been considerable debate on appropriate end-of-life (EOL)
processes [1-4]. In 2019, more than 54 Mt of WEEE were accumulated globally, reflecting a
global average of 7.3 kg/person each year. If current trends continue, this volume might
reach 75 Mt by 2030 [5-7]. WEEE recycling rates, on the other hand, do not appear to be
rising in tandem with the rise in this rubbish, with Europe recycling around 42.5% of its
waste, followed by Asia at 11.7%, America at 9.4%, Oceania at 8.8%, and Africa at 0.9% [8].

WEEE includes precious materials such as gold, palladium, silver, and rare earth
elements. It is a viable secondary source for these since the concentration of economically
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essential metals found in WEEE can be several times that of natural ore [9-12]. There is
also a significant environmental advantage when bulk commodities such as copper, steel,
and aluminium can be recycled virtually indefinitely. In this regard, WEEE becomes a
profitable source of a secondary supply of precious materials, offering significant potential
and incentives for effective management and recycling. However, since WEEE contains
valuable resources and may impact the environment, it cannot be discarded or recycled ar-
bitrarily. Several researchers have stated that if these harmful compounds in e-waste are not
adequately recycled, they can seriously harm human health and the environment [13-17].

Waste streams endanger the environment and human health and add to economic risk.
WEEE must be handled effectively and properly to reduce environmental and human health
implications [18-22]. WEEE has the potential to be a sustainable and profitable resource
recovery option, replacing raw material manufacturing. Effective WEEE management
should include all aspects of waste management, such as formal or informal recycling,
collecting and sorting, repairing and reusing at the same time, treatment wherever feasible,
EOL processing to eliminate harmful chemicals, recovering valuable materials, as well
as disposal of toxic parts and non-recyclable wastes in a safe or environmentally sound
manner (ESM) [23,24].

Another significant barrier in WEEE management is the lack of comprehensive data
and statistics on the quantity of WEEE generated [12,25,26]. Measuring and monitoring
WEEE quantities at the national and global level is crucial for addressing the WEEE problem.
Proper measurements and accurate data help track trends, determine the best policy and
regulatory implementation practices, prevent unlawful actions and improper handling,
boost recycling, and strengthen the reuse and recycling businesses [23]. The available
statistics on WEEE are somewhat scarce in most countries, but only in most European
countries that information is transparent and standardised and is currently open and
accessible [27,28]. However, developed and developing nations continue to have major
disparities in national-level e-waste stocks and movements.

With WEEE'’s complex material structure and multiple reverse supply chain players,
identifying the material flows as well as known and unknown flows in the overall waste-
management scenario are critical under the holistic concept of a circular economy (CE),
closed-loop supply chain, and sustainable development. Since WEEE has a complicated
material structure and necessitates the participation of several partners in the reverse
supply chain, analytical tools such as material flow analysis (MFA) are required [17,26].
Due to the rigorous approach utilised by developed nations to address various waste
streams, MFA is recognised as an appealing decision support tool, particularly in resource
management and waste management. In general, four primary steps are covered in MFA:
(i) identification of the key MFA concerns, (ii) system analysis to determine the relevant
matter process, indicator elements, and system limits, (iii) qualification of mass flows of
matter and indicator compounds, and (iv) identification of weak points in the entire MFA
system. This procedure is followed by a schematic depiction and interpretation of the MFA
flowchart to analyse the entire process. Figure 1 shows an example of a WEEE MFA.

The approach is low-cost and may be used to estimate product inventories for WEEE
generation, transportation, and disposal, as well as the chemicals it releases [22,29]. MFA
is a robust mechanism developed countries use to handle various waste sources with
an input-output analysis model. This tool may identify problems and gaps in the value
chain and devise relevant management solutions. It is beneficial for waste streams that
are complicated and different, such as WEEE, which contains both valuable and harmful
components. Furthermore, MFA is defined as “a concept utilised in analysing the flow of
matter (compounds, chemical components, materials, or commodities) that is helped by
material equilibrium, which follows the material conservation law” [30].
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Figure 1. Material flow analysis of WEEE.

In the majority of MFAs, the system approach and mass balance are two key com-
ponents. The system approach is concerned with defining a system or model. An MFA
system is made up of precise processes, a system boundary, and explicit definitions of each
product, substance, and material, allowing for more control over the research parameters
and focused evaluation. Meanwhile, mass balance is concerned with measuring specific
components of processes than with economic accounting. Developing a laser-focused
approach is crucial for adopting industrial engineering solutions and maintaining optimal
operations while reducing waste.

The Increased focus on WEEE has attracted the interest of researchers worldwide,
increasing the number of papers utilising MFA in WEEE management and solid waste
management studies. Throughout the study, the researcher first learns the factors that may
affect the MFA, then identifies the fundamental issue, conducts system analysis, measures
the mass flow of matter, identifies weak points in the system, and develops and evaluates
results. Notably, [17,31-37] and many other researchers have conducted the MFA and
related the study with other aspects evaluated, such as consumer behaviour, product
and material level assessment, environmental impact assessment (EIA), and life cycle
analysis (LCA) in their studies. Previous studies often emphasised the issues associated
with the MFA of WEEE with environmental and human health implications, as well
as recycling /resource recovery technology [30,38—40]. Despite the availability of several
studies undertaken by different researchers, there is still non-uniformity in the methodology
and aspects evaluated in MFA studies.

In comparison to developing nations, developed countries have better rules and regu-
lations governing WEEE management and treatment. The difference is that it is harder to
address concerns of inappropriate WEEE management and treatment in developing coun-
tries due to the complexity of the waste stream. Understanding the waste stream, which
includes both the official and informal sectors, is therefore critical for all countries in terms
of resource conservation, cross-border circulation, and human health protection [41-43].
However, although various studies have attempted to quantify WEEE generation using
MEFA, there are still significant data gaps in national-level estimates for both developed and
developing countries.

Various WEEE management assessments have been conducted to date, offering a
wide range of data on worldwide trends in WEEE generation, associated environmental
implications, recycling, and recovery issues. However, most of these evaluations only
focus on specific WEEE topics, whereas a comprehensive overview of all WEEE literature
is limited. Even though previous research by [1,2] covered all aspects of the application
of MFA in WEEE, several limitations in the study were found, particularly in the issue of
detailed focus towards attaining sustainable WEEE management. Thus, this research aims
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to (i) address gaps in current MFA studies of WEEE by aggregating past studies without
limiting the precise methodology utilised. Simultaneously, (ii) a global comparative anal-
ysis of current WEEE management based on economic status is conducted to highlight
limitations, and (iii) recommendations for future prospects are made to provide the infor-
mation obtained to policymakers and researchers for use in developing WEEE management
strategies. The novelty of this work can serve as a roadmap for future research to meet the
United Nations Sustainable Development Goals (SDGs), especially SDG-8 (decent work and
economic growth), SDG-11 (sustainable cities and communities), and SDG-12 (responsible
consumption and production).

2. Materials and Methods
2.1. Collection of Existing Studies

The search for existing MFA studies in e-waste management began by gathering
all existing research publications related to “e-waste management”, “electronic waste
management” and “WEEE management” from ResearchGate, Scopus, Web of Science,
Science Direct, and Google Scholar. This work was followed by narrowing down with a
specific mention of “material flow analysis of e-waste”, “MFA of e-waste”, “material flow
analysis of WEEE”, and “MFA of WEEE”. The existing studies were then analysed using

v

the following keywords: “e-waste generation”, “electronic waste generation”, “WEEE
generation”, “e-waste flow”, “electronic waste flow”, “WEEE flow”, “e-waste stock”,
“electronic waste stock”, and “WEEE stock”. Only articles in English were included in this
review. A total of 17,400 studies were found during this stage, and after the initial screening

of its abstract and objectives, 270 studies were considered for further in-depth reviews.

2.2. In-Depth Review Methods

The selected 270 research articles were subjected to a detailed qualitative in-depth
review ranging from 12 years of study from 2010 to 2022. Individually, the article was
reviewed by looking over mentions in the title, abstract, keywords, and objectives in precise
detail. During this phase, 155 papers were eliminated from consideration for the final
round owing to failure to meet the criteria. The selection criteria for the articles in this part
are concerned with the content or discussion of work exclusively focused on using MFA in
the context of WEEE-related challenges. However, only one conference paper related to the
scope of this study was identified.

Following that, the 115 papers that were chosen were subjected to an additional
assessment of the research method, discussion, findings, and conclusion were summarised
in Table S1 in the Supporting Information. Throughout the comprehensive text analysis
of the articles, the primary topic of discussion was identified to fit into numerous groups.
The categories were chosen based on their discussion subject (e-waste category, aspect
assessed, e-waste management application) and degree of evaluation (geographical level,
product level, material level). We evaluated these papers on potential consumer behaviour
drivers, e-waste management, and e-waste MFA associated with various nations, which
were chosen based on citation popularity and the frequency of study on various issues. The
flow of existing study collection and content analysis is depicted in Figure 2.

The selected manuscripts were reviewed using content analysis for inclusion in this
review paper. As per the focus study, 4 significant aspects were considered. The first issue
to be investigated is the pattern and distribution of the publication. This considers the
distribution of publications based on their publisher and year of publication, as well as the
trend of publishing depending on the nation’s economic standing, which was divided into
2 groups: OECD and non-OECD. As the research subject, the e-waste or WEEE categories
were then established since they are crucial in analysing the flow, stocks, and generation of
e-waste streams. Another analysis was undertaken on the scope and boundary of the study,
which looked at the aspect evaluated and the application of MFA in WEEE management.
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Figure 2. Methodology framework.

3. Results
3.1. Collection of Existing Studies
3.1.1. Analysis of Publication

Following a thorough content evaluation of the 115 selected papers, all were classified
as journal articles except for one conference paper [44]. The majority of the chosen papers
were published in Resources, Conservation, and Recycling (21), Journal of Cleaner Pro-
duction (12), Waste Management (11), Environmental Science and Technology (6), Journal
of Environmental Management (5), and Waste Management and Research (5). Figure 3a
depicts the publishing patterns of the selected publications. Future statistical study of the
pattern of paper publication shows that the number of publications increased between 2010
and 2022. The progressive growth in published paper trends after 2010 implies that more
academics have begun to research WEEE management in more depth, particularly in MFA



Sustainability 2023, 15, 3505

6 of 22

studies. The number of papers published has increased with the establishment of the SDGs
programme. Figure 3b depicts the distribution of publishing years.

Other Journals
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Figure 3. Distribution of (a) existing studies by journal and conference paper and (b) existing studies
by years of publication based on the country’s economic status.

3.1.2. Geographical Distribution of MFA Studies

Further analysis was conducted based on the nation’s involvement in the Organiza-
tion for Economic Cooperation and Development (OECD), which determines whether it
is a developed country or a non-member of the OECD, (non-OECD) developing coun-
try. This study section is critical because it identifies differences in the metrics used to
analyse variables and how e-waste management is carried out. The OECD now has 38
member countries spread across five major continents. As shown in Figure 3b, 53% of the
chosen papers were published in non-OECD countries, whereas 41% were published in
OECD countries. Meanwhile, 6% of the research compares WEEE management in OECD
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and non-OECD countries to uncover shortcomings, similarities, and limitations in WEEE
management in both countries.

Figure 4a depicts the distribution of publications per country. Australia, the United States
of America, and Switzerland published the most papers under OECD membership, with
eight, seven, and three publications, respectively. Meanwhile, when compared to non-OECD
nations, the researcher has focused more on China (20), India (9), and Malaysia (5). Thus,
according to the continental distribution (Figure 4b), Asia accounts for 58% of the research,
followed by Europe (27%), America (25%), Oceania, and Africa (10% and 4%, respectively).
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Figure 4. Distribution (a) of no of studies and geographical area based on the country’s economic
status and (b) of geographical area based on its continent.

3.1.3. Progress and Status of Policy in WEEE Management of Selected Studies

Effective policies play a crucial role in shaping the MFA studies of WEEE worldwide.
Policies, regulations, and laws can have a significant effect on the direction and progress of
research in a given field, especially in the issues of waste management [45].Thus, additional
analysis was conducted on the impact of WEEE management strategies which may strongly
influence the number of publications regionally.

As soon as the Basel treaty was established in 1989, the European Union (EU) Com-
mission implemented the Waste Shipment Regulation in 1993. This regulation made it
illegal to export dangerous e-waste to non-OECD nations. They established the Restriction
of Hazardous Compounds Directive a decade later, which focused on redesigning goods
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and packaging to decrease the use of hazardous substances and enhance the recycling
rate for domestically generated WEEE [46,47]. The EU Commission approved the WEEE
Directive in 2012, which governs the collection, recycling, and recovery of e-waste resources
in its member countries [48,49]. This directive also emphasises the collecting of abandoned
e-waste in a systematic and distinct manner for certain materials and components of e-
waste, as well as storage locations, to guarantee an environmentally friendly disposal and
treatment process [50-53]. The regulation also includes the notion of extended producer
responsibility (EPR), which holds manufacturers accountable for recycling obsolete items.
In addition, each EU member state, as well as other European countries such as the United
Kingdom, Switzerland, and Norway, have implemented their legislation to manage e-waste
treatment in accordance with their local ecosystems [4,5]. In addition, pressure has been
put on other European countries and Russia to establish a legislative and institutional
framework for e-waste disposal as well as to address environmental concerns [54,55].

For decades, the Americas region, which includes both North and South America, has
been a major producer of e-waste. The Americas’ leading manufacturers of e-waste are the
United States and Canada, followed by Brazil and Mexico. Despite this, the United States
has yet to ratify the Basel Convention and presently has no federal legislation in place to
handle e-waste [56,57]. Some states have enacted their e-waste legislation, but there is little
consistency among them. Without federal legislation, e-waste export is permissible in the
United States, making it even more critical for lawmakers to tackle this problem [58—61]
In addition, Canada lacks national laws for e-waste management, even though several
Canadian provinces have their municipal regulations. Only a few countries in Latin
America have national policies in place for e-waste recycling, including Bolivia, Chile,
Colombia, Costa Rica, Ecuador, Mexico, and Peru. Due to a lack of stringent national rule in
the Americas, e-waste recycling is handled by the informal sector and private organisations
that exclusively recycle lucrative e-waste. This has resulted in environmental damage and
the illegal shipment of discarded electronic equipment from the United States to most
non-OECD countries [62-64].

Different scenarios were seen in the Oceania region as this region, which comprises
Australia, New Zealand, and the Pacific Islands, has acknowledged the significance of effective
e-waste laws. The Product Stewardship Act of 2011 distinguishes Australia as the only country
in the area to have enacted legislation, particularly for e-waste treatment [65-68]. This law,
which focuses on recycling televisions and computers, will serve as a model for other nations
in the area looking to enforce producer duties in e-waste management. New Zealand and other
Pacific Island governments are following Australia’s lead and creating product stewardship
regimes. Many of the region’s island nations have general regulations in place to preserve the
environment and manage garbage, including e-waste. Some smaller Pacific countries are also
collaborating with the European Union to control hazardous waste [69-74].

The African region has considerable problems with WEEE since it is economically
undeveloped, and so the great bulk of EEE is imported from OECD countries in the
Americas and Europe. Due to the lack of e-waste regulation, a considerable volume of
e-waste is illegally sent to numerous African countries, where it is recycled using crude and
informal procedures. This has resulted in environmental contamination and health risks.
Nevertheless, major African countries have grown increasingly conscious of the hazards
of crude e-waste processing in recent years and are working to establish legislation and
rules to limit the unlawful informal treatment of e-waste. Only a few countries, including
Kenya, Ghana, Madagascar, and Nigeria, have enacted e-waste regulations that limit e-
waste imports from other countries and use the EPR concept [75-81]. On the other hand,
South Africa, which is more developed than other areas of Africa, has legislation in place
for environmental protection, consumer protection, labour safety, and trash management,
but no specific legislation for e-waste treatment is currently in place. The South African
government and organisations such as the South African Waste Electrical and Electronic
Enterprise Development Association (SAWEEDA) are actively working on laws for e-waste
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management. A bill containing laws for e-waste disposal and processing as well as the
application of the EPR concept is likely to be passed soon.

Countries in Asia have diverse economic backgrounds which influence their domestic
e-waste production and management. Asian countries have long grappled with illegal
e-waste imports and informal e-waste processing. Countries such as China, Japan, Korea,
and Singapore have recently implemented e-waste laws to control e-waste management.
For years, China has been the leading producer of e-waste in Asia, as well as a popular
destination for e-waste from other countries [82]. To address the issue, China banned WEEE
imports with the implementation of the Basel ban and WEEE regulations in the EU. These
regulations aimed to reduce the generation of WEEE and improve recycling efforts. The
laws aimed to address informal practices and standardise the WEEE recycling process
through national and provincial management programs. In 2012, like most European
countries, China adopted the EPR law to require manufacturers to recycle discarded
equipment and incorporate recycled resources in their products [83-86].

In India, on the other hand, prior to 2011, there was no explicit law in India for e-
waste management. While there were laws in place to protect the environment and manage
hazardous waste, they did not differentiate e-waste from other solid waste, resulting in a lack
of rules for WEEE processing from collection to recycling. Similar to the European WEEE law,
the e-waste legislation implemented in 2011 established the EPR concept, making producers
of electronic equipment liable for WEEE recycling [87-90]. In the Asian OECD countries,
Japan has been at the forefront of implementing comprehensive WEEE rules and regulations.
In Japan, there are two laws: the Law for the Promotion of Effective Utilisation of Resources
(LPUR) and the Law for the Recycling of Specified Home Appliances (LRHA) [91-96]. Similar
to the EPR, the LPUR encourages producers to take responsibility for recycling and waste
reduction. The LRHA imposes tougher recycling duties on both consumers and producers.
Taxes on new computer sales were introduced beginning in October 2003, and users who
wish to recycle their older computers must pay a nominal charge to cover the recycling costs,
making them accountable for recycling their products.

3.2. Analysis of Boundaries and Scope of the Study
3.2.1. Research Subject

Existing studies on the evaluation of WEEE generation found that study subjects
were chosen based on e-waste categories, technology-based electrical appliances, specific
electrical appliances, or various electrical appliances. As a result, the present research’s
target e-waste varies, with some studies concentrating on an e-waste category and others
on a specific e-waste product. As seen in Figure 5, differences in research subject or e-waste
category can be highly influenced by the country’s national rules and regulations on WEEE,
differences in the scope of the study, and other factors such as data availability.

As the EEE are divided into several categories based on their function and user usage,
e-waste evaluations are commonly based on WEEE derivatives and various electrical equip-
ment studies based on WEEE created in a household, organisation, or business. According
to the analysis (Figure 5), the field of waste from electrical and electronic equipment (WEEE
directive) has the most studies (38%). This research frequently assessed the 10 e-waste
categories defined by the European WEEE Directive, including small household appliances,
IT and telecommunications equipment, temperature exchange equipment, etc. Table 52 in
the Supporting Information illustrates the e-waste categories and their examples according
to the European WEEE Directive. Similarly, the study on WEEE can also be found in most
OECD countries such as Australia, Japan, and Korea.

29% of the studies were found to be focused on various electrical appliances, with the
entire quantity of WEEE produced by families, enterprises, and industries being analysed.
The purpose of these studies was to figure out the total quantity of waste generated by
households, companies, and industries. The overall volume of WEEE produced can give a
thorough knowledge of the generation and disposal of e-waste, as well as its environmental
effect. Furthermore, analysing various electrical appliances allows researchers to examine



Sustainability 2023, 15, 3505

10 of 22

society’s general behaviour and practises around the usage, disposal, and recycling of
e-waste. These data can assist policymakers in formulating strategies for improved e-waste
management and lowering negative environmental consequences.

1%

Waste from electrical and electronic equipment
(WEEE Directive)

= Various electrical appliances

= Specific electrical appliances (e.g., mobile
phone)

38% Specific electrical appliances (e.g., computer)

Specific electrical appliances (e.g., batteries)

= Specific electrical appliances (e.g., CRT&LCD)

= Specific electrical appliances (e.g., television)

= Specific electrical appliances (e.g., EV battery)

= Specific electrical appliances (e.g., refrigerator)

= Others

Figure 5. Distribution of research subjects.

Simultaneously, due to the variable EOL of each EEE, studies on individual electrical
appliances such as mobile phones (13%), laptops (5%), batteries (4%), and refrigerators
(1%) have grown in popularity. Evaluating each appliance separately allows for a better
understanding of the specific difficulties and potential for managing e-waste in each case.
Furthermore, as these appliances gain popularity, there is a growing interest in their
management and disposal, which drives research in this area.

3.2.2. Aspect Evaluated in MFA Studies

Numerous variables were assessed to comprehend the MFA of WEEE based on the
115 selected MFA studies. Understanding the primary topic of discussion and the system
boundary aided in determining the scope or degree of evaluation. Although the objective
of each study and the degree of analysis may differ, most researchers investigated a variety
of criteria, emphasising future applications in WEEE management or following existing
habits and preferences in their own countries.

According to [97-99], while utilising an MFA in a WEEE management study, it is also
important to consider to whether the MFA model is static (a single year assessment of prod-
uct and material flow with a set product life expenditure) or dynamic (lifetime distribution
of a material’s static flow to analyse and anticipate its flow over time). The static model
uses linear correlation, whereas the dynamic model uses probabilistic lifespan distributions.
The current in-depth examination discovered that 46 studies used the dynamic MFA model,
whereas 13 used the static MFA model. Meanwhile, 96 studies were not specified.

As shown in Figure 6, 24% of the research focuses on exploring the MFA via the
perspective of product-level assessment. This is because there are already thousands of
EEE products on the market, which may present problems with EOL management, as well
as the fact that this sort of evaluation channelled a complicated topic that requires more
attention [100]. Another evaluation level typically analysed by research is the material level
(18%). The precious metals and rare earth elements (REEs) found in WEEE have a high
recovery potential. An MFA at the industrial scale may reveal a possible system constraint,
such as recycling efficiency and related material loss [101-108].

Several studies examined the MFA at the geographical (10%), national, and regional
levels. E-waste management (14%) is becoming more critical at the national and regional levels.
Depending on the product type, several studies are applied to specific difficulties. The e-waste
stream may cross the geographical transboundary that tracks import and export movements in
the international commerce of EEE [109-116]. Furthermore, research on consumer behaviour
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(habits, practices, and preferences) in EEE disposal is critical for comprehending the MFA. It
was observed that 12% of the studies were chosen to address this issue.

4% 2% 1%

7%

Product level assessment Uncertainty analysis

0,
Material level assessment B Circular economy

Aspect

evaluated

E-waste management Life cycle analysis

in MFA of
WEEE

10%

Consumer behaviour
assessment

I End-of-life

I Environmental impact

Geographical level
assessment

12%

Figure 6. Distribution of aspect evaluated.

When analysing the MFA of WEEE, the top-down approach frequently produced un-
certainty. Uncertainty analysis is a critical issue in MFA models that may be reduced by
surveying a more significant sample [12,117-120]. However, only 8% of research takes these
factors into account. In addition to the introduction of SGDs, the aspects of CE and LCA are
still under development. Regardless of the many studies identified through our review, there
is potential for further research on the application of CE principles in WEEE management.
Other elements, such as the EIA and EOL of the specific product, were also discussed.

3.2.3. Application of MFA in Existing Studies

a. WEEE generation. The development of those earlier applications and the diversity
of WEEE management assessments would surely provide information on WEEE generation.
According to an in-depth evaluation of previous studies, 75 studies used MFA to measure
WEEE generation (Table S1). The development of WEEE inventory may be gained by
assigning the WEEE generation from data from demographic statistics, as well as the
high EEE penetration rate and GDP, which will be another factor in calculating e-waste
generation and projecting e-waste in the future [121-126]. It may also help to improve the
current e-waste management system

b. WEEE stock. Currently, 61 studies have utilised MFA to evaluate the WEEE stock
created or to anticipate the WEEE stock possession in their nation. Since EEE possession
may be established from each household, organization, or industry based on market supply
and customer demand, WEEE stock may be linked to e-waste flow. For example, the stock-
driven dynamic MFA was used to research the number of television sets in China [127].
Based on this research, a dynamic analysis is created by estimating the supply of TVs by
market and comparing it to the number of TVs available in Chinese households.

c. WEEE flow. Understanding the in- and outflow of WEEE is a critical component of
appraising the MFA research. Not only inside the WEEE system borders, but as previously
stated, the WEEE steam may traverse worldwide trans-boundaries via export and import
factors [128-132]. Ninety-five studies on this WEEE flow have been conducted, including
restricting the WEEE stream and examining a few areas such as customer behaviour, prod-
uct level evaluation, e-waste management and practises, market supply, and consumption.
Field studies were often undertaken through questionnaire surveys or walk-in interviews
to collect information on the composition of various disposal paths used by WEEE sources,
such as households, commercial, or industrial, etc.

3.3. Overall Summary of Existing Studies

After evaluating over 115 articles, it is possible to conclude that there is still potential
for discovery in applying material flow analysis to WEEE management. Compared to solid
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waste management, the use of MFA in WEEE research is relatively new and continually
changing due to the discovery of new methodologies and approaches. This content review
study did not restrict its reviews to the specific approach used. As noted in Section 3.1,
the present studies were chosen to cover the period from 2010 to the end of 2022 due to
their relevance and upgrading, as well as the inclusion of more issues and research subjects
to the MFA of WEEE management. However, during the identification step (Figure 2) of
this in-depth review analysis, it was discovered that the early MFA studies were from the
early 2000s. Those studies were quite restricted in terms of the aspects studied and their
relevance to WEEE management. Another element that influenced the study’s choice after
2010 was a movement in consciousness toward more sustainable living and environmental
stewardship [133-135].

It was also discovered that MFA studies were more popular in non-OECD countries
than in OECD countries (Figure 3b). This is due to non-OECD countries’ challenges with
excessive WEEE generation, unpredictable waste stream flows, and a lack of systematic WEEE
management. In contrast, the WEEE management in OECD countries is more advanced
than in non-OECD countries. The current endeavour to achieve more sustainable waste
management may be one of the critical causes motivating more MFA research in non-OECD
nations. Under non-OECD nations, China, India, Malaysia, and Brazil published the most
papers. Meanwhile, most of the research was published in OECD nations, particularly
Australia, Japan, Switzerland, and the United States of America (Figure 4a). The European
Union (EU) and Japan have been forerunners in developing and implementing large-scale e-
waste management norms and regulations. Switzerland, for example, is credited with creating
the first comprehensive e-waste management system, which includes e-waste collection,
disposal, and treatment. Meanwhile, Japan has been at the forefront of the “Reused, Recycled,
and Recovery” (3Rs) system and the take-back system, which the 3Rs facilitate.

Notably, another form of study (Figure 4a) that has been seen to be expanding is
comparative research on MFA of WEEE management in both OECD and non-OECD
nations [62,100,111,114,115,118]. This study examined and assessed the gaps and offered
information for future comparative studies in MFA of WEEE in both the OECD and non-
OECD countries. With the evolution of technologies of EEE, it is necessary to assess the
research subject, scope, and boundaries thoroughly. In most OECD nations, the assessment
of research subjects was based on the WEEE derivative, which rated research subjects based
on waste produced by households, organisations, or businesses. Non-OECD nations, on
the other hand, are more inclined to evaluate the research subject based on its distinct
purpose, product, or technology.

Section 3.2 assessed the scope and boundaries of the current research subject to compre-
hend its relevance to WEEE management. Previous studies discovered several assessment
levels to be regularly appraised when both static and dynamic models of MFA were con-
sidered (product, material, and geographical level assessment). Researchers frequently
assessed product level assessments to evaluate the flow of a specific product or any research
subject that comes under the WEEE derivative (Table S2).

Meanwhile, material level assessments are frequently performed on a given product
and its component, such as [129] evaluating the levels of important raw materials in
outmoded mobile phones, [135] estimating waste printed circuit board flows and metal
recovery values in Australia and [59] using dynamic MFA models to forecast metal stocks
and WEEE flows. WEEE flows and generation were assessed geographically through a
variety of consumer behaviour studies at the national or regional levels.

As a result of this research, the complete flow of EEE involving all stakeholders may
be determined, as consumers in the WEEE problem can be divided into two groups: those
who are EEE producers and consumers or users and those who are e-waste holders or
disposers. These positions reflect the utilisation phase of the product life cycle, as well
as an intermediary phase between other stakeholders, particularly the manufacturer and
recycler, and their responsibilities, which are crucial in resolving the WEEE problem. These
studies are frequently undertaken with a narrow focus on one or a few electronic items.
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Notably, [5,27,48,95,121] studies concentrate on WEEE generated in the regional area and
its flow when WEEE becomes outdated.

Although MFA investigations incorporate several fluxes and quantities, as well as
an empirical stock of EEE, significant uncertainty may arise during system analysis and
mass flow qualification. However, little research has addressed the uncertainties of MFA
(Figure 6). As previously stated, the top-down method usually results in inconsistency
owing to a lack of data or comprehension of the many dimensions of uncertainty and their
features, size, and means of dealing with the complexity of WEEE management. Simulta-
neously, it was observed that there is an unstandardized technique used for uncertainty
analysis, such as [10,35,59,63,67,81] using subSTance flow ANalysis (STAN Software), and
some of the studies [26,70,102,123] used a Monte Carlo simulation (MC) in analysing the
uncertainty of their MFA investigations.

Simultaneously, MFA has indeed been considered a decision-making tool for modify-
ing current policies to attain social, economic, and environmental sustainability. MFA is
particularly valuable as a tool for measuring the sustainability of socioeconomic growth
and environmental change, as it improves material flow efficiency. Only 81 publications out
of the total number of papers assessed were found to have linked their study to all of the
sustainability pillars. In terms of other environmental aspects, just 10 papers studied the
social-environmental aspect, while more research was discovered to assess the economic-
environmental aspect. However, combining MFA with other evaluation approaches such
as LCA, multi-criteria decision-making (MCDM), and extended producer responsibilities
(EPR) might strengthen MFA’s position in sustainable development assessment.

This form of integration not only strengthens the MFA result, but also contributes to
the improvement of sustainability indicators and the ongoing development of standardised
procedures for material categorisation, data collecting and processing, and assessing indi-
rect and underutilised flows. Of all of the integrations, MFA-LCA is undoubtedly gaining
favour among researchers due to the fact that they contain several common elements as well
as the ability to interact effectively with each other. Among the 115 studies, [56,57] were
amonyg the first to include LCA and the CE in their research. LCA is generally cited as one
of the best techniques for assessing the environmental implications of waste management
and comparing the environmental performance of various waste management systems,
including the handling and treatment of WEEE [17,23,32,40,56,94]. Due to the complexity
of WEEE as a waste stream, a comprehensive approach is required for correctly evaluat-
ing related environmental consequences, which is best provided by the LCA application,
making LCA an intrinsically important tool in the WEEE study.

In contrast, environmental protection paradigms, such as the circular economy empha-
sise sustainable e-waste management as a shared obligation of manufacturers, stakeholders,
and consumers. CE may provide immediate assistance by extending product life cycles
and recovering functional and material value from WEEE. With the help from MFA, it
allows material flow monitoring from various chains involved. Such monitoring allows
for studies of demand composition, projection, and management of secondary resources,
as well as identification of stakeholders controlling the flows, which may aid in policy
formation and targeted involvement of major stakeholders. Simultaneously, since MFA
used time-based series calculation, it will undoubtedly aid in the analysis and monitoring
of resource consumption for the implementation of waste management techniques in order
to stimulate long-term efforts from all economic players in the supply chain that produce
WEEE [6,36,98,103,112,130].

4. Limitations and Gaps in MFA Studies

The present content analysis, using a holistic approach, reveals how the MFA concept
has been implemented over a wide range of scopes and boundaries at various stages of the
WEEE management cycle. Several limitations and gaps were identified when reviewing
the present research. The maps in Figure 4b in relation to publication distribution offer
an overview of the general publishing trend, which is currently restricted, particularly in
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non-OECD countries with an excess of WEEE generation. For example, in countries such as
Nigeria, Indonesia, Bangladesh, and Ghana, which have emerged as key WEEE importers
in Asia and Africa, the number of studies and the scope and boundary of the study have
been found to be limited. At the same time, additional research is needed, particularly on
WEEE stocks and flows in these non-OECD countries, to assess the performance of present
official and informal WEEE recycling systems and identify potential development areas.
Among the research undertaken in non-OECD countries, the number of studies conducted
in China was quite encouraging.

Meanwhile, a positive number of studies have been observed in OECD countries such
as Europe and America, and more studies are analysing the MFA in assessing the stocks
and flow of domestic WEEE. This is because countries such as Switzerland and the United
States of America (USA) have established electrical and electronic trash recycling centres
and accept such waste at these centres at no cost, and it is vital to examine where the
setup is successfully executed by stakeholders and accepted across their nation. However,
studies of MFA in eastern and northern Europe, as well as the South American region, have
remained relatively unexplored, and it is recommended that further research be conducted
in those areas to represent the overall scenario of WEEE management in countries under
OECD categorisation. At the same time, this has undoubtedly resulted in the development
of various methodological approaches by each country.

As different methodological techniques in MFA improve and expand, more studies
favour the use of dynamic MFA models over static MFA models. Several studies have
shown that dynamic models may be used to foresee WEEE generation, stock, and flow over
time. Static MFA models, on the other hand, were proven to be less successful since they
only assessed the in-stock and flow of WEEE over a one-year period. Nonetheless, some
of the research included did not mention which model was employed in their research.
The main issue that hindered further research was a lack of comprehensive and up-to-date
analyses on this topic, as well as data availability. This is because, to design an MFA
flowchart, accurate and unlimited data of the stock and flow of the WEEE are required to
guarantee that the analysis can be performed optimally.

Uncertainty analysis may be used to solve the challenges raised by the various tech-
niques in MFA studies. However, given to the complexity and lack of data on current
WEEE creation, stock, and flow, several studies avoided undertaking uncertainty analy-
sis. Furthermore, when dealing with product and material-level MFAs, more care and
preparation are necessary to standardise the MFA at this level of analysis. This is because
precious metals can considerably contribute to economic recovery; consequently, further
studies utilising standardised methodologies in this sector might generate more interest
and motivation for a recycling economy.

As shown in Figure 6, the scope and boundaries of MFA studies were still constrained
to assessing product material and geographical level while also studying consumer be-
haviour in the context of WEEE management. Only a fraction of the 115 studies would go
into detail on the other aspects, especially the CE, EOL, and LCA. The circular economy
requires WEEE management solutions and encourages persistent efforts across all economic
entities in the supply chain that create garbage. The limited studies on this are due to the
fact that not all countries have a strict regulation governing local law on WEEE, as well
as a lack of awareness among stakeholders and consumer acceptance of changes to more
sustainable waste management and economic barriers, particularly in non-OECD countries.

5. Future Outlook and Its Application

As MFA studies in WEEE management become increasingly common because of the
great need for sustainable waste management following the SDGs and the necessity to
manage WEEE in a more ESM, several future outlooks and recommendations are required
to improve the presently available studies. Since the sustainable management of WEEE is a
collective responsibility, researchers from small countries, whether OECD or non-OECD,
are strongly urged to participate in the publication of a paper in the MFA of e-waste research
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and to use the critical information on WEEE generation from the UN as a starting point for
constructing sustainable WEEE management.

Unstandardized procedures may pose a challenge; consequently, more comprehensive
studies on methodologies are necessary to identify the most acceptable approaches in
conducting the MFA by selecting the most relevant methods depending on their study
scope and bounds and data availability. Another key consideration for future researchers
is that while analysing or performing MFA investigations, factors such as inconsistency
in the material analysis and uncovering e-waste streams for formal and informal e-waste
collectors must be treated seriously. As a result of a dynamic material flow study, future
research should adopt a combined MFA-LCA technique with caution.

Integrating MFA with LCA makes it possible to examine all three components of the
sustainability pillars—social, economic, and environmental. Finally, to achieve sustainable
WEEE, the problem should be viewed from a global perspective, with researchers conducting
more studies in the future to evaluate the MFA via the global transboundary e-waste stream.
Table 1 details the issues and recommendations for the future outlook of MFA research.

Table 1. The issues and recommendations for the future outlook of MFA research.

Issues Recommendation/Future Outlook

Lack of number of studies

e  Itis suggested that researchers worldwide participate actively,
particularly from countries lacking publications and those less prolific
in this study field.

e It was emphasised that nations with an excess of WEEE should

1. - Out of 195 countries, only 29 aggressively perform MFA research to reduce it.
countries have actively published e  Extensive research is needed to evaluate several aspects of electronic
papers on MFA e-waste studies. waste assessment, such as data and their quality, as well as

consumer-related characteristics, since these may help in
understanding the generation, flow, and stock of WEEE.

Unstandardised methodologies

e  The evolution of numerous techniques for e-waste generation over
the years might give soundproof that researchers from all over the
globe actively established a new methodology for e-waste generation
by employing diverse statistical models and approaches.

e  More comprehensive studies on methodology are needed to find the
most suitable approaches to conducting the MFA.

e Integrating the newly established techniques with the many current
approaches accessible provides numerous opportunities for other
researchers to analyse MFA by picking the most appropriate
methodology depending on their study scope and boundaries, as well
as data availability.

° In addition, a few steps can be taken to reduce data limitations, such
as limiting data collection to only reverent stakeholders in the WEEE

- The absence of comprehensive and management system and conducting a pilot study prior to the start of
2. up-to-date assessments of this study the MFA flow chart, which may help to identify unexpected problems
topic was the principal deterrent to that are likely to occur during the study, thus reducing the amount of

future inquiry in this field. missing data.

e  Expanding the scope of the study, on the other hand, can aid in
addressing shortcomings. For example, if the initial scope was
confined to a single nation or region, broadening the scope to include
other countries or regions may aid in the identification of broader
trends and patterns. This might give significant insights for
policymakers and stakeholders working to address WEEE
management and recycling challenges.

e  Researchers might also clarify the specific types of research subjects
that will be included in the study and set specified limitations for the
study. This might assist to narrow the scope of the study and ensure
that the information gathered is relevant and valuable.
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Table 1. Cont.

No. Issues

Recommendation/Future Outlook

Dynamic material flow analysis

- The existing MFA study may use
dynamic MFA with the addition of
3. LCA and CE.
- Utilising system dynamic
modelling and simulation-based for
MEF studies.

To minimise uncertainty, the exact material composition of specific
e-waste products must be determined using an MC simulation to
comprehend the advantages and potential improvements of recovery
from the WEEE.

Future studies should use a combined MFA-LCA strategy and utilise
a system dynamic (SD) model and simulation with prudence.
Combining MFA with LCA allows an option for examining all three
aspects of the sustainability pillars (social, economic, and
environmental).

One of the key benefits of using SD modelling and simulation in
policy research is the ability to analyse a policy’s long-term
consequences. Another advantage is the ability to explore the
interplay of numerous aspects within a system, which is prevalent in
public policy due to multiple stakeholders and extensive interactions
between different components of the system.

Overall, SD modelling and simulation may be beneficial tools for
policymakers seeking to understand the potential repercussions of a
policy and make informed decisions about its implementation. By
analysing the long-term repercussions of a policy and the interplay of
numerous components within a system, decision-makers may better
understand prospective outcomes and make more informed decisions
about how to effectively tackle public policy concerns.

Furthermore, since CE is a development model in which economic
activities are pursued decoupled from negative environmental
externalities, future studies can actively incorporate it into their study.
It was also suggested that more WEEE management studies
incorporate the usage of a circular economic element in which
production and consumption cycles are completed through reuse and
recycling behaviours, since this could extend the useful lifetime (EOL)
of the EEE.

4. Reduce data uncertainty

Data triangulation: this entails leveraging numerous data sources to
cross-check and validate the information. This can assist to improve
the quality and dependability of the MFA data.

Expert elicitation: this involves acquiring information from expert
stakeholders, especially from manufacturers and recyclers to fill in
data gaps. Collaboration with other researchers and organisations,
such as government agencies and industry associations, can help to
access data and increase the accuracy of the MFA.

Conduct surveys and case studies: conducting surveys or case studies
of specific industries or regions can provide additional information
on the flow of WEEE, as well as obtain primary sources of data.
Data quality assessment and interpolation and extrapolation. It is
critical to undertake a data quality evaluation to check the
completeness, correctness, consistency, and reliability of the data
utilised in the MFA by maximising the use of use mathematical
approaches (interval, stochastic, and Bayesian) to estimate data based
on previously known information.

5. Global e-waste perspective

It is proposed that the researcher conduct more studies evaluating the
MFA via the global transboundary e-waste stream in the future.
Taking advantage of the data provided by the UN and employing
GPS-based e-waste flow tracking might be valuable. Customs
authorities may play an essential role by providing reliable statistics
on cross-border shipments and publishing such data annually.
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6. Conclusions

This content evaluation provides a comprehensive overview of 115 existing studies
from the previous 12 years of WEEE management literature research, as well as a detailed
analysis of the application of MFA as a tool for analysing WEEE generation, flow, and
stock. As WEEE is a growing waste stream, major insights from research can assist in
addressing the concerns of unlawful and difficult WEEE handling. It was discovered that
the number of publications in both OECD and non-OECD countries is still small, but
they are significant as research has increased over the years and is anticipated to expand.
The WEEE directive, specific electrical appliances such as mobile phones and televisions,
including technology-based electrical appliances such as LCDs, were all reviewed as the
research subject.

Furthermore, information regarding the extent and bounds of the research field is
critical for future MFA research. Although many studies have attempted to estimate the
generation, stock, and in- and outflow of WEEE using MFA, there are still significant data
gaps in the degree of assessment for both OECD and non-OECD countries. At the same time,
MEFA research into WEEE processing at pre-processing and recycling facilities is limited.
Thus, the active participation and continuous research efforts of academics worldwide
are critical, since WEEE research can contribute to decision-making in connection to the
management of complex waste streams such as WEEE.

Nonetheless, efficient WEEE management was expected to contribute to SDG-8 at-
tainment by providing jobs in the recycling and waste management industries. It can also
help to reach SDG-11 by lowering WEEE environmental consequences, such as pollution
and greenhouse gas emissions, and enhancing resource efficiency. With the function of
MFA as a tool for understanding the fluxes of materials, notably WEEE, this system can be
utilised to uncover opportunities to enhance WEEE management and lessen environmental
problems connected to its production, use, and disposal. It can aid in the achievement of
SDG-12 objectives by encouraging responsible resource usage and waste reduction.

Overall, this study might serve as a starting point for any researcher working on circular
economic and sustainable WEEE management to grasp the essential research topic, scope,
and boundaries, as well as the application of MFA in various e-waste-related scenarios. The
highlighted limits and future prospects may assist in the growth of MFA research and increase
the number of studies in order to attain more sustainable WEEE management.
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