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© Abstract. The amount of waste electrical and electronic equipment (WEEE) is growing rapidly worldwide,
outpacing the development of infrastructure for its collection and recycling. This aggravates environmental challenges
and exacerbates the shortage of critical resources. The study aimed to conduct a comparative analysis of approaches to
WEEE management in Ukraine, the European Union, Africa, Latin America, the United States, Australia and Brazil.
The study emphasised the identification of differences in regulatory approaches, collection rates, recycling methods, and
formulating recommendations for the implementation of effective practices in the Ukrainian context. The methodology
included a systematic analysis of the legislative framework, statistical methods for assessing the dynamics of WEEE
generation and collection, a comparative geographical analysis of national models, and a content analysis of regulatory
documents. The study demonstrated that the EU has the most structured waste management model based on the
principle of extended producer responsibility, but even with clear standards in place, collection rates are significantly
lower than target values. In the US, WEEE management is fragmented and lacks uniform federal regulation, which
makes it difficult to compile reliable statistics. Australia demonstrates the effectiveness of co-regulatory approaches,
while Brazil demonstrates the unique integration of the informal sector into the official reverse logistics system. A
comprehensive combination of legislative, infrastructural and behavioural dimensions of EPR management in five
countries with different economic models is considered. The practical significance of the study is determined by
the formulation of recommendations for Ukraine on the implementation of extended producer responsibility, the
development of a monitoring system, increasing market transparency and adapting successful international instruments
for the transition to a circular economy

© Keywords: electronic waste; extended producer responsibility; circular economy; international management models;
collection infrastructure; environmental policy

@ Introduction

Intensive digitisation and shorter lifespans of electri- challenging elements of global material circulation. Elec-
cal and electronic devices have led to a sharp increase in  tronic waste contains high concentrations of strategically
the volume of related waste, making it one of the most  relevant metals and critical resources, but at the same time
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includes components that, in the absence of proper control,
pose a serious threat to the environment and public health.
Given that the scale of electrical and electronic equipment
(WEEE) generation worldwide exceeds the capacity of ex-
isting collection and recycling systems to respond quickly
to these changes, public policy should be based on accurate
quantitative estimates, flow analysis and forecasting of the
potential for material reuse within a circular economy.

During 2021-2024, the scientific community has paid
significantly more attention to the dynamics of electronic
waste generation and management. The latest global mon-
itoring by WEEE shows record figures: in 2022 alone, 62
billion kg of electronic waste was generated worldwide,
while the share of documented collection remains critically
low (Baldé et al., 2024). It is predicted that without changes
to modern models, collection rates could decline to 20%
by 2030, while generation rates will increase. The results
of scientific research by M. Compagnoni (2022) show that
improving the efliciency of waste management systems
creates opportunities for significant economic benefits, in
particular through the return of valuable materials to pro-
duction cycles.

The issue of waste electrical and electronic equipment
management is widely researched in contemporary scien-
tific literature. S. Gulliani et al. (2023) conducted a critical
review of existing technologies for extracting metals and
valuable chemical compounds from electronic waste, not-
ing significant potential for resource recovery when mod-
ern processing methods are used. According to D.D.S. Azi-
zi et al. (2023), the material flow analysis (MFA) method is
one of the leading analytical tools in the field of electronic
waste management, but existing studies have significant
limitations, including insuflicient coverage of countries
outside the OECD and limited use of dynamic models.

In a systematic review of the literature, M. Compagno-
ni (2022) analysed the effectiveness of the extended pro-
ducer responsibility (EPR) mechanism in electronic waste
management and concluded that, despite its prevalence,
this tool does not always ensure that collection targets are
met. According to N.M. Franz & C.L. Silva (2022), the tra-
ditional model of assessing collection relative to the vol-
ume of equipment placed on the market does not consider
the unevenness of product life cycles, the accumulation of
equipment in households, and the scale of informal flows.
Among Ukrainian scientists, H. Yafen & T. Shevchen-
ko (2021) significantly contributed to the study of this issue
by analysing the mechanisms for promoting smart e-waste
management systems in China and determining that small
household electronics have the lowest return rates to col-
lection systems. In addition, F. Mihai et al. (2024) investi-
gated the characteristics of the circular economy and waste
management in Eastern European countries.

In the European Union, concern regarding WEEE is
reflected in the revision of the targets stipulated in Direc-
tive 2012/19/EU, as the traditional model of “collection rel-
ative to the volume of equipment placed on the market”
does not cover the unevenness of life cycles, the accumu-
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lation of equipment in households and the scale of infor-
mal flows (Franz & Silva, 2022). In this regard, researchers
highlight a need for a transition to more dynamic, mate-
rial-specific indicators that are consistent with European
aspirations for digital product passports and the recovery
of critical raw materials (Kusch & Hills, 2017; Xavier et
al., 2021). The study aimed to conduct a comparative anal-
ysis of approaches to WEEE management in Ukraine, the
European Union, the United States, Australia and Brazil,
incorporating their legal framework, structural character-
istics of waste, level of technological development and the
effectiveness of existing collection and recycling models.

© Materials and Methods
The study was conducted using a comprehensive combina-
tion of methods, which ensured a comprehensive coverage
of the peculiarities of WEEE management in different re-
gions and ensured the analytical consistency of the results
obtained. Each method was selected, incorporating the
specifics of the set goal and the nature of the available data.
The system analysis method was used to consider national
WEEE management systems as internally linked structures
in which legislative requirements, infrastructure, economic
incentives and behavioural factors form a common trajec-
tory of efficiency. This method was used to track the impact
of changes in one element (e.g., stricter ERP requirements)
on collection rates or consumer behaviour. The relevance of
the method is determined by the need to integrate diverse
types of data, from legal provisions to statistical indicators,
into a comprehensive picture of the system’s functioning.

The comparative geographical method was used to
identify differences and similarities between countries (the
practices of the European Union, the United States, Aus-
tralia, African countries, and Latin America) in terms of
the regulatory framework, infrastructure organisation, lev-
el of technological development, and dynamics of WEEE
flows. This identified both the structural advantages of
individual regions and their characteristic problems. This
method ensured the comparison of management models
and the identification of the most effective practices for
possible implementation in Ukraine. Statistical methods
and Pearson’s correlation coefficient were used to analyse
quantitative indicators related to the generation, collection
and processing of WEEE. The relationship between the
volume of equipment placed on the market and the actual
collection of its waste was analysed by constructing a lin-
ear regression. The study used dynamic series processing,
calculation of intensive and relative indicators, as well as
analysis of the relationship between the main variables of
WEEE volumes on the market and the mass of officially
collected waste. This ensured a transition from descriptive
characteristics to quantitative conclusions and compari-
sons, which significantly increased the reliability and accu-
racy of the analytical part.

Synthesis was applied at the final stage of the research
to combine the conclusions obtained using all previous
methods. It was used to form a consistent model of the state
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of WEEE management in selected countries, identify gen-
eral trends, characteristic problems and features of individ-
ual regions. The synthesis formulated balanced recommen-
dations on adapting international experience to Ukrainian
conditions. The study used data from the following groups
of sources: international monitoring reports; peer-reviewed
scientific publications presented in the international data-
bases Scopus and Web of Science; official statistics from
government and industry institutions. Their combined
interpretation provided a broad view of the global context
of WEEE management and enabled accurate cross-coun-
try comparisons. Content analysis and secondary process-
ing of documents were the main tools used when working
with regulatory acts, reports of international organisations,
scientific publications and official statistics (Directive of
the European Parliament and of the Council No. 2012/19/
EU, 2012; Draft Law of Ukraine No. 2350, 2019; Hlavat-
ska, 2021; Update of WEEE..., 2021; International Trade
Administration, 2022; Baldé et al., 2024; Clean Up Aus-
tralia, 2024; Regulation of the European Parliament and
of the Council No. 2024/1252, 2024; Eurostat, n.d.). This
approach identified key legislative provisions and assessed
performance indicators that shape the modern discourse in
the field of WEEE management. In the context of the scale
of the problem and the fragmentation of information, the
decision to forego primary data collection in favour of a
thorough analysis of authoritative sources ensured the high
quality and validity of the results obtained.

© Results and Discussion

The waste electrical and electronic equipment management
system in the European Union was formed based on Directive
of the European Parliament and of the Council No. 2012/19/
EU (2012), which became a key regulation aimed at min-
imising environmental risks and implementing circularity
principles. Its emergence was a response to the continuous
growth of WEEE flows and the need to create mechanisms
capable of ensuring control over the entire product life cycle.
The Directive is based on the EPR approach, which places
financial and organisational obligations for the collection,
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treatment and disposal of waste on electronic equipment
manufacturers, rather than on municipalities or end users.
As noted in several studies, this model forms the basis of EU
policy on WEEE management and serves as a key prereq-
uisite for the development of an economically efficient and
sustainable collection infrastructure (Xavier et al, 2021;
Compagnoni, 2022; Zoka & Korez Vide, 2025).

The directive obliges Member States to establish na-
tional registers of EEE manufacturers and importers, to
ensure that equipment can be returned free of charge at
the end of the service term, and to prevent it from entering
unsorted municipal waste. The “one-for-zero” and “one-
for-one” principles, whereby retailers accept old equip-
ment regardless of whether new equipment is purchased or
sold, have become one of the key practices in EU countries
(Kusch & Hills, 2017). The system of minimum targets is
substantial: from 2019, EU countries must ensure a collec-
tion rate equivalent to 65% of the average weight of equip-
ment placed on the market in the previous three years.

Despite the existence of a single regulatory framework,
implementation varies significantly between countries
(Grandhi et al., 2024). Germany and Sweden demonstrate
consistently high results, which are associated with the
early introduction of EPR and a developed waste man-
agement infrastructure (Update of WEEE..., 2021). At the
same time, publications note that a significant portion of
WEEE still bypasses official collection channels, ending up
in “grey” streams caused by exports, informal dismantling,
or long-term storage in households (Serpe et al., 2025).
The data show contradictory dynamics: although the total
volume of waste collected is growing in absolute terms, its
share relative to the volume of EEE placed on the market
is showing a downward trend (Directive of the European
Parliament and of the Council No. 2012/19/EU, 2012). In
2022, the collection rate was only 40.06%, which is signifi-
cantly below the regulatory benchmark. At the same time,
the volume of EEE introduced into circulation has almost
doubled compared to 2011, putting additional pressure on
the collection and recycling system. Below is a summary of
the dynamics for 2011-2022 (Table 1).

Table 1. Dynamics of EEE generation and collection in the EU (2011-2022)

Volume of EEE on the market

Year 11 Collected WEEE (million tonnes) Level of WEEE collection (%)
(million tonnes)
2011 7.65 3.04 37.44
2012 7.63 2.97 38.58
2013 7.76 2.97 38.38
2014 7.00 2.96 38.58
2015 8.04 3.23 41.54
2016 8.51 3.49 44.20
2017 9.07 3.76 46.12
2018 10.29 3.99 46.76
2019 11.21 4.52 48.61
2020 12.40 4.72 46.30
2021 13.74 5.06 44.76
2022 14.44 4.99 40.06

Source: compiled by the authors based on Eurostat (n.d.)
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To quantitatively confirm the relationship between the
main variables, a correlation analysis of data for the period

2011-2022 was performed. The results of the analysis are
presented in Table 2.

Table 2. Results of correlation analysis of WEEE management indicators in the EU

Pearson’s correlation

Variable pair - —— Significance (p) Interpretation

EEE POM - Absolute volume . .
of WEEE collection 0.94 <0.001 Strong positive correlation
EEE POM - Relative collection 021 50.05 Weak negative correlation
rate (%) ’ ’ (statistically insignificant)
Year - EEE POM 0.98 <0.001 Strong positive correlation

Year — Absolute volume . .
of WEEE collection 0.91 <0.001 Strong positive correlation

Note: EEE POM - electrical and electronic equipment placed on the market

Source: calculated by the authors based on Eurostat (n.d.)

The results obtained indicate a strong positive corre-
lation (r=0.94; p <0.001) between the volume of electrical
and electronic equipment placed on the market (EEE POM)
and the absolute volume of waste collected. This means that
as the number of products on the market increases, so does
the absolute volume of WEEE collected. At the same time,
the correlation between EEE POM volumes and the relative
collection rate (in percent) is weak negative (r = -0.21) and
statistically insignificant (p > 0.05). This confirms that the
growth rate of the electronics market significantly outpac-
es the development of collection infrastructure, as a result
of which the relative collection rate does not grow propor-
tionally and has even shown a downward trend (Chu et
al., 2024). In addition, a linear regression analysis was per-
formed to determine the dependence of the absolute vol-
ume of WEEE collection on the volume of EEE POM. The
resulting regression equation is as follows:

Y=0.31X+0.77 (R*=0.89), (1)

where Y - volume of collected WEEE (million tonnes);
X - EEE POM volume (million tonnes); determination co-
efficient R* = 0.89, indicating that 89% of the variation in
collection volumes is explained by changes in production
volumes on the market. A regression coefficient of 0.31
means that an increase in EEE POM by 1 million tonnes is
accompanied by an increase in absolute collection of only
0.31 million tonnes, which quantitatively confirms the in-
sufficient adaptability of existing collection systems to the
growing volumes of electronic products.

To quantitatively confirm the relationship between the
volume of electrical and electronic equipment placed on
the market (EEE POM) and the level of waste collection,
a correlation analysis of data for the period 2011-2022 was
performed. The Pearson correlation coeflicient between
EEE POM volumes and absolute waste collection volumes
is r=0.94 (p < 0.001), indicating a strong positive relation-
ship. At the same time, the correlation between EEE POM
volumes and the relative collection rate (in percent) is weak
and negative (r = -0.23), confirming the growing gap be-
tween the rate of new product introduction and the capac-
ity of the collection system.

The results of the study show that most European
Union countries are taking consistent steps towards
improving WEEE management systems. At the same
time, the growth rate of new electronics entering the
market significantly outpaces the development of the
relevant infrastructure and the effectiveness of take-
back mechanisms. A range of studies emphasise that
even well-structured approaches, such as the European
model, face challenges such as the existence of illegal or
hidden flows, weak motivation among end consumers to
participate in return systems, and the widespread use of
small household appliances with particularly low return
rates (Yafen & Shevchenko, 2021; Liu et al., 2023). The
figure below illustrates one of the most pressing chal-
lenges for the EU: the imbalance between the speed at
which new equipment appears on the market and the
speed at which old devices are returned to the collection
and recycling system (Fig. 1).
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Figure 1. Dynamics of WEEE generation and collection in the EU (2011-2022)

Source: compiled by the authors based on Eurostat (n.d.)
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Eurostat data (n.d.) shows rapid growth in the amount
of electrical and electronic equipment entering the Euro-
pean Union market each year. Since 2015, this figure has
increased by approximately 80% from 18 to 28 kg per cap-
ita. In contrast, the volume of officially collected WEEE
during this period increased by only 54.7%, indicating a
widening gap between the generation and actual return
of products to the recycling system. This disproportion
confirms that, despite the existence of European legisla-
tion and a formally developed infrastructure, the “take-
make-waste” model continues to prevail. The reasons lie
in the high dynamics of technological renewal, the growth
in consumption of consumer electronics, limited repair
options and the gradual reduction in product life cycles,
trends that are noted in contemporary studies of the circu-
lar economy (Liu et al., 2023).

Behavioural barriers are a substantial factor hindering
the achievement of collection targets. A survey conduct-
ed in EU countries as part of the Global E-waste Monitor
showed that a significant proportion of small electrical ap-
pliances and accessories are stored in households for years.
Almost 13% of respondents admitted that they keep old
phones, headphones, remote controls or chargers due to
“emotional attachment”, while the rest of the respondents
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stated they did not know where to properly dispose of
such equipment. As a result, millions of electronic devic-
es remain outside official collection streams, and valuable
materials, including metals and critical raw materials, are
effectively removed from economic circulation. According
to Global E-waste Monitor estimates, this represents a loss
of resources worth approximately 62 billion USD annually
(Baldé et al., 2024).

The situation in Ukraine differs significantly in terms
of scale, but the nature of the problem is similar. Accord-
ing to estimates by L. Hlavatska (2021), approximately
28,000 tonnes of WEEE are generated in the country an-
nually. However, this figure is approximate, as Ukraine
does not have a comprehensive system for monitoring and
state accounting of electronic waste generation, especially
in the household sector, where a significant portion of de-
vices are retained by consumers or end up in mixed waste.
The lack of reliable data creates a false impression of the
scale of the problem and complicates the formation of ef-
fective state policy. Based on available estimates, a gener-
alised component composition of WEEE in Ukraine has
been formed (Table 3-4), which confirms the significant
share of valuable metals, but also indicates significant vol-
umes of hazardous components.

Table 3. Distribution of waste electrical and electronic equipment in Ukraine by category (2019)

Waste category Approximate volume (thousand tonnes) Share of total volume (%)
Technological devices 16.506 58.5
Batteries 5.934 21.0
Home and office appliances 3.637 12.9
Electronic components 1.196 4.2
Fluorescent lamps 0.564 2.0
Total ~28.225 100

Source: compiled by the authors based on L. Hlavatska (2021)

Table 4. Average material composition of waste electrical and electronic equipment in Ukraine

Material Share by mass (%) Note
Plastic 30.0 Cases, insulation
Copper 20.0 Wires, coils, printed circuit boards
Metal 8.0 Frames, mounts
Tin 4.0 Solder
Nickel 2.0 Batteries, coatings
Aluminium 2.0 Radiators, cases
Lead 2.0 Batteries, solder
Zink 1.0 Coatings
Silver 0.2 Contacts
Gold 0.1 Contacts, printed circuits
Other materials (glass, ceramics, etc.) 30.7 -
Total 100 -

Note: certain categories of WEEE (batteries, fluorescent lamps)
arsenic, which require special handling conditions
Source: compiled by the authors based on L. Hlavatska (2021)

contain hazardous substances such as lead, cadmium, mercury and

The state of WEEE management infrastructure in  for WEEE collection and disposal operations. Of the 128

Ukraine remains fragmented. Although more than 1,500

companies capable of accepting certain types of hazard-

companies are operating in the field of waste management  ous electronic waste, only 22 have the appropriate permits
in the country, only a small proportion of them have licences  for its treatment, and only four are operating. This means
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that most electronic waste is either mixed with household
waste or ends up in the informal sector, where it is dis-
mantled without environmental control. Illegal imports
of electronic waste from EU countries create an addition-
al burden. According to the Global E-waste Monitor, it
accounts for 14-18% of all WEEE generated in Ukraine
(Baldé et al., 2024). This situation makes Ukraine one of
the destination countries for cross-border waste ship-
ments, which is a serious problem in a global context.
Weak control and the lack of specialised infrastructure
contribute to the formation of a “shadow” market, which
highlights the difference between formal obligations and
actual practices.

In the context of reforms, one of the key areas is the in-
troduction of EPR. Draft Law of Ukraine No. 2350 (2019)
proposes to lay the foundations for a system that will

provide for the financial and organisational participation
of producers in the collection, processing and disposal of
electronic waste (Table 5). It is expected that the introduc-
tion of EPR will not only align Ukrainian legislation with
EU standards, but also stimulate changes in product de-
sign, increase its repairability and create conditions for the
circular use of materials.

The integration of the RBB principle in Ukraine is
viewed as one of the key steps on the path from a linear ap-
proach to resource management to a circular economy. In
a situation where a significant portion of electronic waste is
disposed of as general household waste or processed in the
informal sector, the creation of a transparent, regulated sys-
tem for WEEE management is critical. This approach will
minimise environmental threats and facilitate the return of
strategically relevant materials to production cycles.

Table 5. Comparison of key aspects of WEEE management systems in the EU and Ukraine

Characteristic

European Union

UKkraine (draft law)

Law of Ukraine “On Waste Management’,

Legal framework Directive 2012/19/EU draft Law “On WEEE”
Key principle ERP ERP
. . . Environmental safety, recycling of
Goals Prevention, reuse, recycling, and collection secondary raw materials, and introduction

of 65% of EEE POM

of RBB

Manufacturer responsibility

Financial and organisational responsibility
for collection, processing and disposal

Financial responsibility, organisation of
collection and recycling

Methods of fulfilling obligations

Individually or collectively (through
producer responsibility organisations)

Individually or collectively
(through ERP organisations)

Infrastructure

Developed, but with problems in achieving Primitive, with low levels of licensing and
target indicators

control

Source: compiled by the authors based on Directive of the European Parliament and of the Council No. 2012/19/EU (2012) and Draft

Law of Ukraine No. 2350 (2019)

European partner countries are substantial in sup-
porting reforms aimed at modernising and developing the
national waste management system. International techni-
cal assistance projects, in particular EU initiatives aimed
at harmonising Ukrainian waste management legislation
with the requirements of the European acquis, form the
basis for the integration of modern approaches to WEEE
management. Alongside regulatory support, investment
programmes implemented with the participation of the
European Investment Bank are significant. EIB financing
is aimed at developing municipal infrastructure, including
the modernisation or reclamation of waste disposal sites,
which is critical in the context of the transition to a circular
economy and overcoming the financial constraints charac-
teristic of the Ukrainian waste management sector (Pan et
al., 2022; Baldé et al., 2024).

The introduction of the EPR mechanism creates the ba-
sis for the development of a new economic direction, which
covers enterprises specialising in the collection, sorting and
processing of electronic waste. The practice of EU coun-
tries shows that such models stimulate the inflow of private
capital and contribute to the modernisation of processing
infrastructure (Xavier et al., 2021; Compagnoni, 2022). In
the Ukrainian context, this instrument can be strategic not

142

only in increasing the collection rate of WEEE, but also in
revitalising the industrial sector, creating new jobs, reduc-
ing dependence on imports of critical raw materials and
deepening economic integration with the European Union.

At the same time, an analysis of electronic waste collec-
tion practices in the United States reveals significant discrep-
ancies in statistical data, which can be explained by different
reporting sources. The lack of a unified national accounting
system means that different organisations use internal meth-
ods to estimate the volume of WEEE generated. Publications
cite different figures for annual electronic waste generation:
from 6.9 million tonnes to 9.9 million tonnes, which char-
acterises the United States as one of the largest producers of
electronic waste in the world. A similar situation is observed
regarding the recycling rate, which ranges from 15.4% to
25%. This discrepancy in statistical data reflects a systemic
problem: the lack of a comprehensive federal regulatory ap-
proach to WEEE accounting and management.

Due to the lack of uniform national standards, the Unit-
ed States operates a decentralised management model, with-
in which each state adopts its own regulations on electronic
waste. There are 25 states and the District of Columbia with
separate laws in this area, most of which are based on the
RBA approach, with the exception of the models used in
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Utah and California. At the same time, the scope of state
legislation varies significantly: some programmes apply ex-
clusively to households, while others cover schools, com-
mercial establishments or small businesses. The diversity of
regulatory requirements creates a significant administrative
burden on manufacturers and hinders the development of a
coordinated recycling infrastructure (Liu et al., 2023).

One of the most significant problems is the export of
electronic waste to countries with less stringent environ-
mental standards. Since the United States has not ratified
the Basel Convention, it remains possible to legally export
WEEE to countries where it is processed using primitive
technologies that pose an increased risk to the health of
workers and the environment. A systematic review of the
risks of informal e-waste recycling in Africa and a review
by P. Kumar et al. (2024) on the toxicological aspects of
e-waste document the use of decomposition and metal ex-
traction methods such as acid leaching and open burning,
which are accompanied by emissions of lead, cadmium and
mercury. These processes cause significant socio-environ-
mental losses and highlight the need for the development
of a comprehensive federal policy on WEEE management.

Australia also has high per capita e-waste generation
rates. According to analytical estimates, the average amount
of e-waste generated is 20-22 kg per person per year, while
the global average is around 7 kg (Baldé et al., 2024). In
2019, approximately 511,000 tonnes of electronic waste
were generated, and this figure is projected to grow to
657,000 tonnes by 2030. A significant proportion of the
value of materials in Australian WEEE remains unused: in
2019 alone, resources with an estimated value of 430 mil-
lion USD were disposed of in landfills, which could have
been returned to the production cycle (Xavier et al., 2021).

The significant volumes of electronic waste generated
in Australia are one of the factors stimulating national dis-
cussions on the need to transition to circular approaches
to resource management. According to the Global E-waste
Monitor, Australia is among the countries with the high-
est per capita e-waste generation, significantly exceeding
the global average. This is influenced by the high frequen-
cy of electronics upgrades and the rapid obsolescence of
technology. Despite this, a significant portion of valuable
materials, particularly metals and plastics, are still not be-
ing returned to the production cycle, resulting in both eco-
nomic losses and environmental risks (Xavier et al., 2021;
Liu et al., 2023; Baldé et al., 2024). EPR, widely implement-
ed in EU countries, is considered in international reviews
to be an effective tool for financing WEEE collection and
recycling systems. The use of EPR involves manufacturers
in managing the entire product life cycle and has demon-
strated its ability to ensure steady growth in the collection
of electronics and the return of secondary raw materials to
production (Azizi et al., 2023).

At the same time, fragmentation of regulation and the
lack of mechanisms that integrate all categories of elec-
tronic waste into a single system remain key challenges in
Australia. Policies focused on individual product groups
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do not provide comprehensive coverage of WEEE, making
it difficult to achieve high material recovery rates (Liu et
al., 2023). As a result, a significant amount of resources
end up in the informal sector or in landfills, hindering the
implementation of the circular model. Brazil, which is the
leader in e-waste generation in South America, also fac-
es similar institutional constraints. The steady growth in
e-waste volumes is linked to the spread of short-term use
models for electronic devices and frequent replacement
of equipment (Souza, 2020). Despite the presence of ERP
elements in national legislation, their implementation re-
mains limited, and most waste is processed outside formal-
ised systems (Xavier et al., 2021).

A distinctive feature of Latin America is the active role
of the informal sector in the collection and dismantling of
electronics. According to research, a significant portion of
WEEE is handled by individual collectors or small busi-
nesses without compliance with technological and environ-
mental standards (Issah et al., 2022). This not only poses a
threat to the health of people working with toxic substances
but also reduces the efficiency of returning valuable compo-
nents to production chains. However, as R.G. Souza (2020)
highlighted, this sector is substantially linked to the actual
extraction of metals, so effective policy should not exclude
it, but rather gradually formalise its participation.

The challenges identified in Australia and Latin Amer-
ican countries demonstrate a common trend: WEEE man-
agement systems are unable to keep pace with the rate of
technological renewal and growth in consumption. Stud-
ies show that even with formal infrastructure in place, a
significant portion of waste ends up in mixed streams or
is not registered at all (Liu et al., 2023; Baldé et al., 2024).
This confirms the need for a comprehensive approach that
combines strengthening the role of WEEE, developing
infrastructure, information campaigns, and economic in-
centives for formalised resource recovery. A comparison
of statistical estimates for the United States, Australia, and
Brazil reveals notable differences, which are mainly due
to the specifics of the regulatory environment. Australia
and Brazil have national data collection systems in place,
ensuring a more consistent WEEE accounting. However,
rapid device upgrades and the availability of consumer
electronics continue to place a burden on management sys-
tems, as confirmed by recent analytical materials (Xavier et
al., 2021; Liu et al., 2023).

The situation in the United States is different. Due to
the lack of a central federal accounting system and regu-
latory approach, data on the generation and processing of
electronic waste is compiled by different institutions using
different methodologies, which leads to significant discrep-
ancies in the indicators. This complicates the construction
of a unified national profile of WEEE flows and makes it
impossible to assess the effectiveness of regulatory meas-
ures in a consistent manner (Kumar & Dixit, 2018; Baldé et
al., 2024). Overall, the comparison shows that the differenc-
es between countries are due not only to the scale of waste
generation, but also to how statistics are collected and what
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tools are used to describe flows. Australia and Brazil pro-
vide more comprehensive data sets through national pol-
icies, while in the United States, the fragmentation of the
regulatory framework creates structural gaps in accounting.

The analysis is based on a comparison of official sta-
tistics, international reports and scientific sources that re-
veal the peculiarities of the functioning of waste electrical
and electronic equipment (WEEE) management systems
in the European Union countries, as well as in Ukraine,
the United States, Australia and Brazil. The summary data
presented below provide an overview of the scale of elec-
tronic waste generation, the level of collection and the main

institutional factors that influence the effectiveness of the
relevant systems. According to Eurostat (n.d.), between
2011 and 2022, EU countries saw a steady increase in the
volume of electrical and electronic equipment entering the
market (EEE POM) (Fig. 2). While in 2011 this figure was
7.65 million tonnes, by 2022 it had increased to 14.44 mil-
lion tonnes. The volumes of waste collected also showed
growth, but lagged significantly behind the rate of increase
in production. In 2022, only 4.99 million tonnes of WEEE
were collected, which is 40.06% less than the 65% target set
by Directive of the European Parliament and of the Council
No. 2012/19/EU (2012).
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Figure 2. Generation and collection of WEEE in the EU (2011-2022)

Source: compiled by the authors based on Eurostat (n.d.)

The collection rate is presented separately as a per-
centage of the weight of electronic equipment placed on
the market. From 2011 to 2019, this indicator showed

an upward trend, reaching a maximum of 48.61%. How-
ever, after 2020, it began to decline, reaching 40.06% in
2022 (Fig. 3).
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Figure 3. Dynamics of the level of WEEEE collection in the EU, 2011-2022

Source: compiled by the authors based on Eurostat (n.d.)
According to estimates by L. Hlavatska (2021), approx-

imately 28,000 tonnes of WEEE are generated annually in
Ukraine. At the same time, official statistics do not cover
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a significant part of the household sector, which leads to
significant discrepancies between actual and documented
volumes. The market has limited infrastructure: of the 128
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enterprises capable of accepting hazardous waste, only 22
are licensed to process WEEE, and only 4 are operational. A
major problem is the illegal import of electronic waste from
EU countries, which, according to The Global E-waste
Monitor, accounts for 14-18% of the total volume of WEEE
generated in Ukraine. This further complicates the already
inadequate infrastructure (Baldé et al., 2024).

The United States is one of the world’s largest producers
of electronic waste. However, official data show significant
differences depending on the methodology of the source.
In 2021, the country generated 6.9-9.9 million tonnes of
e-waste. The recycling rate fluctuates between 15.4 and
25%, which does not correspond to the scale of WEEE gen-
eration. A fragmented management system, with 25 states
having their own e-waste laws, results in a lack of uniform
national standards for collection and accounting. This
complicates the creation of a reliable database and hinders
the development of national infrastructure. Australia has
one of the highest rates of e-waste generation per capita, at
20-22 kg per year (Clean Up Australia, 2024). In 2019, the
total volume was 511,000 tonnes, and by 2030, it is expected
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to grow to 657,000 tonnes. The basis of the national collec-
tion system is the National Television and Computer Recy-
cling Scheme (NTCRS), which aims to increase the collec-
tion rate to 80% and the material recovery rate to 90% by
2027. However, the scheme covers only certain product cat-
egories, which results in a significant portion of the WEEE
stream remaining outside the formal system.

Brazil generates 2.1-2.4 million tonnes of electronic
waste annually, which is 10.2 kg per capita (International
Trade Administration, 2022; Vargas et al., 2024). The recy-
cling rate remains low at less than 3%. The National Solid
Waste Policy (PNRS) sets a recycling target of 17% by 2025
and introduces reverse logistics for electronics. A signifi-
cant element of the PNRS is the integration of informal col-
lectors (“catadores”) into the formal system, but uneven in-
frastructure development and low consumer participation
remain key constraints. A comparison of per capita e-waste
generation shows significant differences between the
countries considered. Australia has the highest rate (over
20 kg/person), Brazil — approximately 10.2 kg, and the
United States — approximately 7 kg (Fig. 4).
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Figure 4. Comparison of e-waste generation per capita (Australia, Brazil, United States)
Source: compiled by the authors based on International Trade Administration (2022), C.P. Baldé et al. (2024)

A comparison of approaches to waste electrical and
electronic equipment management in different countries
covered by the study shows that the volume of electronic
waste generation is on a steady upward trend. At the same
time, existing institutional and infrastructural mechanisms
are unable to keep pace with technological progress. Accord-
ing to analytical reports by international organisations, the
scale of WEEE generation exceeds the capacity of official
collection and recycling, which creates systemic pressure
on resource turnover and the functioning of secondary raw
material markets (Baldé et al., 2024). Similar trends are also
observed in individual regional analyses: researchers cite the
short service life of electronic goods and the lack of a system-
atic approach to eco-design as key reasons for the increase in
waste generation (Liu ef al., 2023; Kumar ef al., 2024).

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 2

The example of European Union countries shows a com-
bination of a developed legislative framework with a range
of structural challenges in policy implementation. Although
the EPR principle is consistently applied and the collection
infrastructure covers a significant part of the population, the
actual achievement of WEEE treatment targets remains be-
low the regulatory requirements. This is due, in particular,
to the fact that some of the waste accumulates in the house-
hold sector, while the rest is diverted into illegal streams.
Therefore, the effectiveness of EPR models in the European
context is largely determined not only by regulatory policy,
but also by consumer behaviour, the level of access to repair
services and the quality of state control over the market.

The situation in Ukraine is characterised by a struc-
tural imbalance between the volumes generated and the
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capacity to process them. National data indicate approx-
imately 28,000 tonnes of WEEE annually, but the actual
volumes may be significantly higher due to the lack of sys-
tematic accounting. Limited infrastructure remains a key
challenge: only a small proportion of existing enterprises
have valid processing permits, leading to the dominance of
mixed waste and the informal sector. Another barrier is the
influx of illegal flows from the EU, which exacerbates the
imbalance between the state’s environmental obligations
and its actual capabilities.

The experience of the United States shows that the
fragmentation of the regulatory framework creates a sys-
temic problem of reliability and comparability of statisti-
cal data. In contrast to the EU or Australia, where national
accounting frameworks are in place, in the US, indicators
are compiled by different agencies using different methods,
leading to discrepancies in estimates of WEEE and recy-
cling volumes (Kumar et al., 2024). This approach compli-
cates comparisons of trends and the development of long-
term strategies.

Australia and Brazil, despite their different levels of
economic development, demonstrate a significant impact
of consumption patterns on the scale of e-waste generation.
Australia is characterised by high per capita e-waste gen-
eration and the existence of national accounting and reg-
ulatory schemes (Liu ef al., 2023), while in Brazil, national
policy focuses on developing reverse logistics and integrat-
ing the informal sector into waste management. However,
even within a legally defined system, the actual recycling
rate remains low, indicating a need to expand information
campaigns and develop collection infrastructure.

A common conclusion for all countries analysed is the
need to transition from quantity-oriented assessment mod-
els to systems capable of incorporating qualitative aspects
of circularity, such as repairability, reusability, and preser-
vation of material value. Academic reviews (Liu et al., 2023;
Mibhai et al., 2024) emphasise the need to introduce dynamic
material flow analysis models focused on forecasting stocks
and identifying priority fractions. For Ukraine, it is neces-
sary to combine regulatory innovations with the develop-
ment of applied mechanisms for creating a national EEE
accounting system, strengthening control over cross-border
flows, institutional support for the formal recycling sector,
and stimulating eco-design. This will harmonise national
policy with international practices and gradually transition
to a functional circular economy model.

The results of the study can be used to conduct a com-
parative analysis with the conclusions of other researchers
working in the field of waste electrical and electronic equip-
ment management. The methodological approach to WEEE
analysis is undergoing significant changes. Material flow
analysis (MFA) is considered one of the leading analytical
tools in this field, but existing reviews highlight a range of
limitations, including a lack of research on countries out-
side the OECD and insufficient use of dynamic models
and uncertainty accounting methods (Azizi et al., 2023).
The demand for more flexible approaches has led to the

146

emergence of combined forecasting models that combine
principal component analysis methods with neural network
algorithms. Such solutions improve the reproduction of con-
sumer behaviour patterns, which are a determining factor in
the formation of WEEE flows (Guo & Zhong, 2021).

At the national level, the problem of e-waste manage-
ment is complicated by both low recycling rates and the
complex structure of the waste streams themselves. Stud-
ies show that small household electronics have the lowest
return rates to collection systems, despite their significant
share in the total volume of WEEE (Yafen & Shevchen-
ko, 2021). At the same time, electronic waste is considered
a valuable source of critically important raw materials. EU
documents, including Regulation of the European Parlia-
ment and of the Council No. 2024/1252 (2024), emphasise
the need to reduce the loss of such materials (Souza, 2020;
Kumar et al., 2024).

The observed decline in the relative level of WEEE
collection in EU countries from 48.61% (2019) to 40.06%
(2022), despite the growth in absolute volumes, is consistent
with the conclusions of M. Compagnoni (2022), who stated
in a systematic literature review that the ERP mechanism
does not always ensure the achievement of targets. At the
same time, the study supplements these conclusions with
quantitative verification: a correlation analysis revealed a
weak negative relationship (r=-0.23) between the volumes
of products placed on the market and the relative collection
rate, indicating a systemic inability of the infrastructure to
adapt to the growth rate of electronics consumption. M.
Compagnoni (2022) did not provide similar quantitative
estimates, focusing mainly on qualitative policy analysis.

The results of a study by K. Liu et al. (2023), which em-
phasised the need to transition to dynamic material-spe-
cific indicators in a global review of electronic waste recy-
cling, are confirmed by the analysis. Traditional collection
indicators for EEE POM proved to be insufficiently sen-
sitive to the actual effectiveness of management systems.
However, in contrast to a study by K. Liu et al. (2023),
which considered the problem mainly from a technological
point of view, the presented study emphasised regulatory
and institutional factors as determinants of effectiveness.
Regarding methodological approaches, D.D.S. Azizi et
al. (2023) highlighted in their content analysis of material
flow analysis (MFA) applications the insufficient coverage
of countries outside the OECD and the limited use of dy-
namic models. The presented study partially fills this gap by
including Brazil and Ukraine in the analysis, but confirms
the conclusion of D.D.S. Azizi et al. (2023) regarding the
absence of dynamic models in the national monitoring sys-
tems of most of the countries studied.

The identified problem of illegal imports of electron-
ic waste to Ukraine at a level of 14-18% expands on the
conclusions of a study by E Mihai et al. (2024) on waste
management in Eastern European countries. The study
noted common regional challenges but did not emphasise
cross-border flows as a separate barrier to effective policy.
Thus, the study complements the regional analysis with a
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specific quantitative measure of the problem. The results of
the analysis of the situation in the United States are consist-
ent with the findings of P. Kumar et al. (2024), emphasising
the fragmentation of the regulatory system as a key obstacle.
At the same time, the presented study adds a comparative
dimension: the discrepancy in estimates of WEEE genera-
tion, ranging from 6.9 to 9.9 million tonnes, demonstrates
the scale of statistical uncertainty, which significantly com-
plicates international comparisons and prevents a correct
assessment of the effectiveness of individual states’ policies.
Of particular scientific interest is a comparison of the
results with the study by R.G. Souza (2020) on the role of
the informal sector in Brazil. The study described the par-
ticipation of catadores in the reverse logistics system as a
unique feature of the Brazilian model. The study confirms
this conclusion, while noting that the low overall recycling
rate (<3%) indicates the limited effectiveness of integrat-
ing the informal sector without the parallel development
of formal infrastructure. This raises a substantial point for
discussion: is the formalisation of the informal sector a suf-
ficient condition for building an effective WEEE manage-
ment system? The findings of L.H. Xavier et al. (2021) on
the concept of urban metal mining as a promising direction
for the circular economy are only partially confirmed in the
current study. Although the potential for recovering valua-
ble materials is undeniable, the analysis shows that realising
this potential requires first addressing basic infrastructure
issues, especially in transition economies such as Ukraine.
In contrast to a study by N.M. Franz & C.L. Silva (2022),
which viewed e-waste primarily as a global production
challenge, presented a study focusing on behavioural bar-
riers. In particular, the study determined that a significant
proportion of small electrical appliances are kept in house-
holds due to “emotional attachment’, a factor that is not
sufficiently considered in traditional management models
and requires separate research in the field of consumer be-
haviour. Research by I. Issah et al. (2022) on the risks of
informal recycling in Africa demonstrates problems simi-
lar to those identified in this study in the context of WEEE
exports from developed countries. This confirms the global
nature of the problem and the need for international policy
coordination that goes beyond national regulatory systems.
In summary, the study confirms most of the conclu-
sions of previous scientific works on challenges in the field
of e-waste management, while supplementing them with
quantitative assessments and comparative analysis between
countries with different regulatory models. A key finding
is that none of the models studied - neither the powerful
European EPR system, nor the decentralised American
approach, nor the co-regulatory models of Australia, nor
the integrative Brazilian experience — provides an adequate
response to the growth rate of e-waste. For Ukraine, this
means the need to develop a comprehensive approach that
takes into account both international experience and na-
tional specifics, in particular, the role of the informal sector,
the problem of cross-border flows, and limited financial re-
sources for infrastructure development. Promising areas
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for further research include analysing consumer behaviour
factors, modelling material flow dynamics, and assessing
the economic effectiveness of various EPR policy instru-
ments in the Ukrainian context.

© Conclusions

The study provided a comprehensive analysis of the charac-
teristics of electrical and electronic equipment waste man-
agement in the EU, Ukraine, the United States, Australia,
and Brazil. Official reports from international institutions,
scientific sources, and national regulatory acts were used
for the analysis. The results demonstrated that, despite the
existence of regulatory frameworks and infrastructure de-
velopment, none of the models studied currently provides
a level of recycling that corresponds to the rapid growth in
electronics consumption.

In European Union countries, despite a strong legal
framework and the implementation of the EPR principle,
there has been a decline in the collection of electronic
waste, indicating a gap between targets and actual results.
The situation in Ukraine is characterised by a lack of in-
frastructure and the significant influence of the informal
sector, which significantly limits the coverage of waste by
official channels in the context of growing shadow imports.
In the United States, the lack of a unified regulatory ap-
proach and the fragmentation of the regulatory system lead
to serious statistical discrepancies, which make it difficult
to form a complete picture. Meanwhile, in Australia and
Brazil, despite the existence of national systems and stand-
ardised accounting methods, there are difficulties associat-
ed with high per capita waste generation and limited con-
sumer participation in return systems.

The uniqueness of the study is determined by the com-
parative analysis of regulatory approaches, infrastructure
characteristics and statistical data in different countries
within a single methodological framework. This identified
common problems: weak use of material flow methods in
planning, insufficient effectiveness of existing EPR instru-
ments, underdeveloped monitoring systems, and a lack of
incentives for reuse and repair of electronic equipment. The
practical value of the study is determined by the identifica-
tion of areas for improvement in the Ukrainian model of
electronic waste management, incorporating international
experience and the principles of the circular economy: in
particular, the introduction of differentiated environmen-
tal rates, strengthening control over the movement of waste
across borders, developing infrastructure for reverse logis-
tics, and introducing new economic instruments to sup-
port product reuse.

Further research should emphasise modelling of waste
flows using dynamic material flow analysis, studying the
impact of the shadow sector on statistics, analysing con-
sumer behaviour, and testing new approaches to imple-
menting the EPR principle. Promising solutions include
the introduction of digital product passports, environmen-
tally oriented tax mechanisms, and repair incentive pro-
grammes. This will form the basis for the transition to a
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circular model of e-waste management and a reduction in & Funding

the loss of strategically significant materials. None.
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© AHoTauifl. Y cBiti cnocrepira€rbcs CTpiMKe 3pOCTaHHA OOCATIB BifIXOMiB €IEKTPUYHOTO Ta €TEKTPOHHOTO
obmagnanns (BEEO), sike Bumepemkae TeMIM PO3BUTKY iHPpPacTpyKTypm mist ix 36upanHs i1 mepepoOkm. Ile
3aroCTPIOE eKOMOTIYHI BUK/IMKY Ta TIOTTNOTIOE HeDilUT KPUTUIHUX pecypcis. MeTtoio gocimxeHHs 6y/10 34i/ICHeHHA
[IOPiBHSIBHOTO AHAJII3Y MiIXOAIB O yIPABIiHHS BiAXOZaMU €IEKTPUYIHOTIO T €JIEKTPOHHOrO 00/IafHAHHS B YKpaiHi,
KpaiHax €spomelicbkoro Corw3y, A¢puxy, /larmacpkoi Amepuku, CIIA, ABcrpanii ta Bbpasmnii. OcHoBHa yBara
30CepelpkeHa Ha BJABJICHHI BiMIHHOCTeNl y peryIATOpPHUX IiIXOfaxX, IOKasHMKaxX 360py, MeTomax IepepoOKu,
a TakoXX Ha (QOpMyBaHHI PeKOMEHMALill IIOfO0 BIIPOBA[PKEHHA e(PEeKTMBHUX HPAKTUK B YKPaiHCHKUX YMOBaXx.
Meroponorisi oxomnoBaaa CUCTEMHUI aHali3 3aKOHOJABYMX PaMOK, CTAaTMCTUYHI METOAM [IA OLIHKM JUHAMIKM
06csriB yreopenns ta 36opy BEEO, nopiBHsiipHO-reorpadiunmit aHasis HaljiOHaIbHUX MOJeIeil Ta KOHTEHT-aHaIi3
HOPMAaTUBHMX JOKYMeHTiB. JJocmimkeHHA mokasano, mo €C Mae Haibilbll CTPYKTYpOBaHY MOJe/Nb yIpaBIiHHA
BifIX0[aMM, 3aCHOBAHY Ha INPUHIUII PO3IIMPEHO] BifITIOBiIa/IbHOCTI BI/IPO6HI/IKa, OJIHAK HaBiTh 32 HASIBHOCTI YiTKUX
HOpPMAaTUBiB piBeHb 300py CYTTEBO HIDKYMI 3a LinboBi 3HadeHHA. Y CIIA ynpasninna BEEO xapakrepusyerbcs
($parMeHTOBaHICTIO Ta BiICYyTHICTIO €fUHOTO (efiepaIbHOTO PeryIIBaHHA, O YCKIafHIOE GOPMYBaHH:A TOCTOBipHOI
CTAaTUCTUKU. ABCTPaIis JeMOHCTPYeE e(peKTUBHICTb KO-pery/IATOPHMX MifX0fiB, a bpaswia — yHikanbpHy iHTerpaniro
HeOpPMaIBHOTO CeKTOpPYy n0 O(ililiHol cucTeMy 3BOPOTHOI JIOTICTMKM. POSIIAHYTO KOMIUIEKCHe IIO€THAHHA
3aKOHOJIaBYOrO, iHQPACTPYKTYPHOTO Ta IOBefiiHkoBOro BuMipiB ympasininaa BEEO B marm kxpaiHax i3 pisHuUMM
eKOHOMIUHMMM MopenAMu. IlpakTudHe 3HadeHHA HomArae y (OpMyBaHHI peKOMeHAaLill mid YKpaiHu IIOJO
iMIIeMeHTaLil pO3LIMPeHO] BiIIOBifa/IbHOCTI BUPOOHNKA PO3BUTKY CUCTEMI MOHITOPIMHTY, Hi/iBUIIIEHH IIPO30POCTi
PMHKY Ta afianTanii yCIiIIHNX Mi>)KHapOJHUX iHCTPYMEHTIB [/ IEPEXOAY O UMPKYIAPHOI eKOHOMIKM

© KniouoBi cnoBa: eneKTpOHHI BiIXOAM; PO3IIMPEHA BifIOBiNaNbHICTD BUPOOHMKA; LUPKYIAPHA €KOHOMIKa;
MbKHapopHi Mopieni ynpasiinHs; iHQpacTpyKTypa 300py; eKolIoriyHa ImojaiTuka
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