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ABSTRACT

Waste generated from electrical and electronic equipment, known as e-waste, is increasing worldwide. Devel-
oped countries like those in Europe produce the most significant proportion of e-waste worldwide and, therefore,
rely on exporting it to other countries for waste disposal. As Europe is transiting towards a Circular Economy and
tackling environmental-related problems, there has been an increase in environmental policies and regulations in
this area. This paper presents empirical evidence of how European Union regulations have affected the exports of
e-waste. Yearly data from 2010 to 2018 for a panel of 18 European Union countries were analysed using the PCSE
(Panel-Corrected Standard Error) estimator. In order to measure environmental regulation, Environmental Tax
Revenues from the manufacture of computers, electronic, and optical products were selected. The findings of this
paper suggest that taxation is ineffective in reducing e-waste exports, with a tax on manufacturers actually
increasing them. Also, high dependence and sub-standard e-waste collection systems increase e-waste exporta-
tion. Given that countries often depend on foreign raw materials, a sensible approach would be to invest in

collection points for e-waste to take economic advantage of this waste's vital elements.

1. Introduction

The Circular Economy (CE) is an economic model that allows
countries and economies to achieve sustainable growth by minimising
waste generation. As of today, there is no single definition of CE.
Therefore, this study adopts the definition of Kirchherr et al. (2017), p.p.
229, defining CE as “an economic system that replaces the ‘end-of-life’
concept with reducing, alternatively reusing, recycling and recovering mate-
rials in production/distribution and consumption processes”. CE is the
alternative to a linear economy where the material is converted into a
product and later waste, with a beginning and end. Contrary to this
concept, a CE tries to tackle the end of life by either recycling, reusing or
extending the useful life of the said object, thus reducing waste gener-
ated and resources lost.

In 2015, the European Union (EU) released the first Circular Econ-
omy action plan, mapping 54 measures to be implemented, and pro-
posing four legislations for waste, thus creating the foundation of the EU
plans towards a CE (European Commission, 2015). In December 2019,
the European Green Deal was presented to transition the EU's economy
to a more sustainable one. Therefore, the EU aims to take advantage of
CE practices, improve resource efficiency, and transit towards

renewable energy. The Green Deal also aims to control climate change
and biodiversity loss to achieve a carbon-neutral Europe by 2050 (Eu-
ropean Commission, 2020a).

Waste from electrical and electronic equipment (WEEE), commonly
known as electronic waste or e-waste, can be defined in numerous ways.
Some of these differences result from how it is classified from country to
country (Islam et al., 2016) and the lack of definition of what is actually
e-waste. According to [lankoon et al. (2018), e-waste can be described as
any end-of-life piece of electric equipment. The EEE industry is rapidly
changing and evolving. This progress can cause a significant rise in
demand for EEE due to the increasing desire for superior equipment. As
a result, e-waste generation has also risen rapidly and is now the fastest-
growing waste stream (European Parliament, 2020). Most European
countries manage their waste either by recycling, landfill disposal, or
exporting it to other countries. Although landfill disposal has decreased
substantially in the last few years, it is still tremendously hazardous to
the environment and public health.

Exposure to e-waste has been shown to affect children, lead
poisoning being a significant example. Repeated exposure to lead,
possibly through breastfeeding, affects future generations, hindering
their development, reproduction, and even neurobehavioral systems if
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this exposure occurs without appropriate precautions (Frazzoli et al.,
2010). E-waste export has also been a public health issue and environ-
mental hazard to host countries. With most e-waste trading being made
illegally, it has become a serious talking point. To stem the tide of ex-
ports, the EU is continuously establishing new regulations and tight-
ening already existing waste shipment guidelines. By exporting waste,
EU countries could disrupt the environment and go against EU initia-
tives of transition towards a CE. If CE plans are met, the increase in
recycling levels could provide most of the raw materials needed for EEE
production.

With the burgeoning issues derived from e-waste management, such
as the rise of e-waste in Europe and the illegal exporting to less-
developed world countries, EU policymakers have increased focus on
environmental topics and regulations. Such regulations can contribute
to enlarging the incorporation/recycling of e-waste, or instead, they can
incentivise the escape and loss of e-waste. Remarkably, removing e-
waste, for instance, through exports, represents a significant economic
loss. In 2019 alone, the loss of precious metals and critical raw materials
in e-waste amounted to 12.9 billion dollars (Forti et al., 2020). Thus, this
study aims to analyse how regulation, namely the taxation of the
manufacture of computers and electronic and optical products, has
affected e-waste exports. In sum, the main objective of this paper is to
answer the following central question: is environmental regulation
keeping e-waste under control?

The EU context analysis is especially relevant given its recent pledge
to be a leader in the transition to a CE. Furthermore, all EU countries
follow similar environmental policies and regulations. The main
contribution of this paper is to address and provide empirical evidence
on e-waste management practices, which are crucial for environmental
protection and a successful transition towards a CE. In detail, this paper
innovates by empirically analysing the relationship between regulation
and e-waste exports in the context of 18 EU countries. At this time, the
literature acknowledges that more evidence is required about the effects
of regulation initiatives on people's behaviour, recognizing the impor-
tance of behavioural spillovers of law and regulation for e-waste man-
agement practices (Newaz and Appolloni, 2023). This paper contributes
to a deeper understanding of the effect of regulation on e-waste exports
and its effect on the behaviour of e-waste exporters. According to our
best knowledge, a limited number of papers empirically analyse the
effect of environmental regulation on the exports of e-waste. One
exception is Callao et al. (2021), who studied hazardous waste exports
for disposal in Europe and found that the EU acts under the proximity
and self-sufficiency principles.

Even under the limitation that the e-waste export statistics do not
cover all the e-waste streams because a large proportion of end-of-life e-
waste is not documented (Habib et al., 2022), the findings of this paper
are crucial for policymakers to improve the efficiency of the current e-
waste management practices, particularly in reducing the exports of e-
waste. The issue of e-waste exports is even more relevant if one considers
the exports to developing countries, as some of those countries lack
recycling systems, and e-waste is usually managed in informal e-waste
recycling facilities, resulting in environmental damage and potential
risk to human health (Andeobu et al., 2023; Hoang et al., 2023).

The remainder of this paper is organised as follows. Section 3 de-
scribes the central literature on the field. The data and methodology
used are presented in Section 4. The results are described in Section 5
and discussed in Section 6. Section 6 presents the main conclusions.

2. Literature review

The lack of an overarching global definition of e-waste makes it
challenging to track the global e-waste illegal trade network (Bakhiyi
et al., 2018). Lepawsky (2015) mentions that measuring e-waste trade is
a significant challenge since there is no single definition of e-waste and a
lack of trade data that can differentiate new and old equipment. In fact,
the literature argues that a major issue in global e-waste trade is
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presented as the fine line separating legal and illegal trade and how this
line can easily be infringed (Efthymiou et al., 2016). As Robinson (2009)
highlighted, exporting countries tend to violate treaties concerning the
trade of hazardous e-waste. Furthermore, the illegal trade of e-waste
tends to occur from economically and socially developed countries to
countries with lower economic and social development (Efthymiou
et al., 2016).

E-waste, along with other types of waste, have been exported from
the EU to other countries to avoid stricter treatment requirements
locally or exploit low wages abroad. It has also been shown that this
illegal shipment has increased, but it is not yet clear if this growth is real
or just a result of improved monitoring by the countries (European
Environment Agency, 2009). Furthermore, in 2012, the expected
amount of e-waste exported by EU countries was about 1.5 million
tonnes, but only 200,000 t were documented. It was also found that 3.15
million tonnes of e-waste were recycled but not following the current
regulation and that 4.65 million tonnes were mismanaged or illegally
traded between European countries (Huisman et al., 2015).

In the last few decades, the majority of e-waste collected in the EU
has been exported to Asia, specifically China and India, due to the lack of
regulation and cheaper disposable facilities in these locations (Ilankoon
et al., 2018). However, due to increased regulation in the exporting
countries and receiving ones, a shift started concerning e-waste exports.
As a result, West Africa has become one of the new areas to which
countries export waste (Ilankoon et al., 2018).

Since the production of EEE is highly dependent on the use of scarce
materials such as precious metals, the recovery of this commodity pre-
sents a remarkable economic opportunity (Cucchiella et al., 2015) and
an obstacle to be surpassed so that the EU countries reach the goals set
by The Green Deal. In 2019, Europe generated 20 Million tonnes of e-
waste or 16.2 kg per capita, with an estimated value of raw materials of
around 12.9 million USD (Forti et al., 2020). Although the value of e-
waste is high, only a fraction of its value is extracted in recycling, which
means that various precious metals are lost in the process (Chancerel
et al., 2009). In fact, less than 40% of this waste was recycled, and only
20% of the total waste generated was recycled correctly (European
Parliament, 2020).

The high demand for EEE has created challenges in managing the
additional e-waste it creates. Furthermore, these challenges are also a
consequence of manufacturers of this type of product refusing to show
interest or not being forced to take responsibility for what happens to
these products at the end of their useful life (Andeobu et al., 2021). For
most EEE products, when they are damaged, they tend to be immedi-
ately replaced and not repaired. This problem arises from the limited
technology, high labour costs, and the time-consuming task of repairing
the product (Bakhiyi et al., 2018). Another relevant challenge is the
current inadequate product design. The products are designed to be
replaced and not repaired. They are frequently assembled in such a way
that carrying out repairs is hugely time-consuming, thus not worth it at
all, and in some cases, the designs can even hinder the recycling process
(Pickren, 2015).

According to the UNEP (2009), the lifespan of computers ranges from
five to eight years, televisions eight years, and mobile phones four years.
Huang et al. (2020) showed that the average lifespan for the household
appliances category is between eleven and nineteen years but that the
average lifespan of products depends highly on the region. According to
the author, second-hand markets could be a possible solution to increase
the lifespan of some EEE. By promoting reutilization, the products are
kept in the market as long as possible, reducing the generated e-waste
and the need to extract primary resources to produce new equipment.

Regarding environmental legislation, policymakers can adopt
several instruments, such as regulations, informative programmes,
subsidies, and taxation (OECD, 2011). According to the European
Environment Agency (2016), EU legislation tends to be implemented in
environmental policy areas, such as energy, greenhouse gas emissions,
ozone-depleting substances, waste, sustainable consumption and
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production, and biodiversity, among others. These legislations can
either set a binding or non-binding goal. Binding goals are established by
EU legislation containing goals the EU has agreed to implement. All
other targets are deemed non-binding and thus are not obligatory. In the
case of binding targets, the respective legislation comes with a specific
time period to either achieve the set target or apply the said legislation
(European Environment Agency, 2016).

Over the last few decades, countries have started to develop policies
and legislation to reduce the environmental impact of products. Several
of these policies are based on Extended Producer Responsibility (EPR)
(Nnorom and Osibanjo, 2008), where producers are responsible for the
treatment and disposal of the products they make. Although it is not a
policy, policymakers can apply EPR principles to developing new
legislation (Ilankoon et al., 2018). Environmental policies are in-
struments that can be used by policymakers so that new legislation and
regulations can be established in order to tackle environmental
problems.

Developed countries such as those in the EU tend to implement
environmental policies such as taxation to be climate-friendly and
achieve sustainable growth (Kang and Lee, 2021). Taxation is the main
instrument used by policymakers because it can directly address the
inability of the markets to take environmental impacts into account.
Taxation increases the prices of products or activities to reflect the
environmental harm they cause. This fact allows policymakers to
include in the price the negative externalities of pollution, incentivizing
enterprises and consumers to consider these environmental problems
(OECD, 2011).

The relationship between environmental regulation and trade has
already been studied in the literature (Cantore and Cheng, 2018; Jug
and Mirza, 2005; Kuik et al., 2019; Tsurumi et al., 2015; Van Beers and
Van Den Bergh, 1997). The findings are not consensual, possibly due to
the variables selected to measure environmental regulation and the
countries chosen for the study sample. For example, Jug and Mirza
(2005) note that environmental expenditures are able to decrease ex-
ports of goods and services. On the other hand, Tsurumi et al. (2015)
express that those proxies of environmental policy stringency, such as
energy intensity and abatement costs, are shown to increase the export
flow.

The findings by Rodriguez et al. (2019) show that green tax reforms
can improve environmental quality. Likewise, Esen et al. (2021) argue
that environmental taxes can reduce environmental problems and
improve the ecological balance if they are well implemented. In the
same way, Tao et al. (2021) and Safi et al. (2021) state that both envi-
ronmental taxes and eco-innovation play a significant role in carbon
abatement and, therefore, achieving carbon neutrality. Romano and
Fumagalli (2018) presented that if governments are reluctant and not
committed to adopting green policies, these can negatively impact the
environment and governments. Furthermore, Callao et al. (2021)
showed that the absence of landfill taxes in the receiving country does
not affect Hazardous Waste Shipment for disposal, and the EU countries
act under the proximity and self-sufficiency principles.

Concerning e-waste collection, it is essential to increase the collec-
tion rate since it is the largest growing waste stream and a significant
environmental hazard in Europe and for host countries. Increasing
collection control of e-waste is vital, but this alone will not be enough. It
is also essential to improve and develop the treatment of waste. As such,
recycling will need to be further developed and implemented for the EU
to reduce the existing dependency on external raw materials essential
for EEE production (European Commission, 2020b).

Economic growth of economies has been achieved through a signif-
icant environmental footprint. Much of this footprint is caused by using
energy based on COy emissions. Ghosh (2010), and Wang and Wang
(2011), have already shown the bidirectional relationship between
economic growth and CO; emissions. Following this bidirectional rela-
tionship, Kasman and Duman (2015) also found that GDP (Gross Do-
mestic Product) can help explain and somewhat predict the COy
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emissions of a named country. Furthermore, Kumar et al. (2017) have
already stated that the higher a country's GDP, the higher the e-waste
generation will be. Furthermore, Boubellouta and Kusch-Brandt (2021)
also found that GDP has a positive and statistically significant effect on
uncollected and mismanaged e-waste in the EU.

3. Data and methodology

This study used annual data from 2010 to 2018 and a sample of 18
countries from the European Union, namely Austria, Belgium, Czech
Republic, Denmark, Finland, France, Germany, Hungary, Ireland,
Latvia, Lithuania, Luxembourg, the Netherlands, Poland, Slovakia,
Slovenia, Spain, and Sweden. These countries were selected based on the
criteria of data availability. Table 1 contains the description, source, and
descriptive statistics of the variables used in this study.

The dependent variable in this study is related to the exports of e-
waste. Therefore, data for exports of e-waste both inside and outside of
the EU were obtained from UN COMTRADE using HS 2002 code
854810" in US dollars. For consistency, the variable was converted to
Euro (2015) prices using the GDP deflator (base = 2015) and exchange
rates obtained from Eurostat and OECD databases, respectively. It is
important to highlight that this variable does not ensure that all the
major e-waste categories have been taken into account (Petridis et al.,
2020) because it measures only one category of e-waste (Kahhat and
Williams, 2012), which is primary cells, batteries, and electric accu-
mulators. Notwithstanding, the adequacy of this variable for the study at
hand is noticeable for three main reasons. Firstly, this variable over-
comes the lack of data on the e-waste trade (Petridis et al., 2020). Sec-
ond, this variable provides the primary information on the behaviour of
exports of e-waste by the countries despite its lack of capability to
capture all the e-waste categories. Third, the literature supports the
suitability of this variable use (Lepawsky, 2015; Lepawsky and McNabb,
20105 Petridis et al., 2020), and it allows the use of data from a single
database, avoiding the inconsistency of using national databases.

Given that the main objective of this paper was to analyse the impact
of regulation on e-waste management, specifically on e-waste exports,
Environmental Tax Revenue from the manufacture of computers, elec-
tronic, and optical products was included as the explanatory variable as
a proxy for environmental regulation. This variable measures the total
environmental revenue taxes from the manufacture of computers,
electronic and optical products in a million euros, later converted to
euro (2015) prices per capita (ETEpc). Since environmental taxes are a
significant part of the environmental regulation stringency index for
energy (OECD, 2016), the value of the environmental taxes was used as
an environmental regulation proxy.

The ratio between Gross Domestic Product and CO, Emissions
(COxdep), the Recycling rate of e-waste (REC), WEEE collected (Wcoll),
Gross Domestic Product per capita (GDPpc), Domestic credit to the pri-
vate sector (DCPS), and Material Import Dependency (MID) were also
used as explanatory variables. COzdep was used due to its ability to
measure how dependent on pollution the country is in terms of eco-
nomic growth (Ma et al., 2019; Wen and Dai, 2020). This variable was
constructed by dividing GDP (Euro, 2015 prices) by CO, Emissions ob-
tained from the WDI (World Development Indicators Database). The
recycling rate of e-waste was included to quantify the treatment of e-
waste since it is one of the main processes EU regulations have to
incentivise and tackle waste issues. Recycling is expected to reduce the
level of e-waste exports.

Closing the loop is one of many initiatives from the EU created to
address the dependency on materials from outside its borders. The de-
pendency of Europe on external material is noticeable; the region has a

1 854,810 - waste and scrap of primary cells, primary batteries, and electric
accumulators; spent primary cells, spent primary batteries, and spent electric
accumulators
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Table 1

Variables used in this study and descriptive statistics.
Variable Description/ Measurement Data Source Obs Mean Std. Dev. Min Max
LEXPew Export of E-waste (total), (Euro, 2015 prices) UN Comtrade 162 15.0291 2.4113 6.9304 18.7901
LETEpc Environmental taxes revenues per capita, (Euro (2015 prices) WDI 162 —0.7433 1.4319 —4.0712 2.3876
LCO»dep GDP per Co2 Emissions, (Euro (2015 prices)/kg) Eurostat/WDI 162 1.3652 0.5266 0.1707 2.6030
LREC Recycling rate of e-waste (% of total e-waste collected) Eurostat 162 3.5773 0.2975 2.6741 4.2121
LWeoll WEEE collected, (Kg) Eurostat 162 17.9736 1.3905 15.2692 20.5644
LMID Material Import Dependency (% of direct material inputs) Eurostat 162 3.6478 0.3975 2.7408 4.5207
LDCPS Domestic credit to private sector, (%GDP) Eurostat 162 4.3311 0.4363 3.4777 5.2629
LGDPpc Gross Domestic product per capita (2015 prices) Eurostat/WDI 162 10.1994 0.6279 9.1883 11.4892

Note: All variables were converted to their respective natural logarithms.

high material import dependency (Giljum et al., 2015). In the case of
metal ores, only 13% of the required metal ores are acquired within the
EU (Giljum et al., 2016). Many of these critical raw materials are
essential for the manufacture of electronic equipment, and as such, the
Commission aims to encourage recovery to reduce EU dependency on
imported critical raw materials (European Commission, 2015). For that
reason, Material Import Dependency was included as an explanatory
variable.

Although variables like Gross Domestic Product per CO, Emissions,
the Recycling rate of e-waste, and Material Import Dependency (MID)
cannot measure environmental regulation as a whole, these could
represent the effects of specific directives and regulations. For example,
COqdep can somewhat measure regulations regarding the transition to
cleaner energy and the EU commitment to reaching carbon neutrality in
2050, with plans like the LIFE Clean Energy transition sub-programme.
The recycling rate could quantify the adoption of directives such as the
Batteries and Accumulators regulation and the WEEE regulation
regarding the EU's commitment to increasing the recycling level to
reduce its need for virgin material. Further increase in recycling will also
decrease dependency on importing certain materials to manufacture
EEE.

WEEE collected was selected to measure the amount of waste
collected in the EU. This variable was later converted from kilogram per
capita to kilograms. A higher level of e-waste collection is expected to
result in a higher level of e-waste export. GDP per capita (2015 prices)
was used as an economic growth proxy, following the studies of Kang
and Lee (2021), De Pascale et al. (2021), and Tamazian et al. (2009).
Furthermore, it aims to capture the macroeconomic dimension of the
countries. GDP per capita was constructed using GDP (Euro, prices
2015) and total population, obtained respectively from Eurostat and the
WDI. Kumar et al. (2017) have already stated that the higher a country's
GDP, the higher the generation of e-waste, but an effect on waste
exportation needs to be established.

Regarding DCPS, it intends to capture the effects of economic
development and ascertain if it impacts the environment, as suggested
by Esen et al. (2021) and Shahbaz et al. (2013). According to Tamazian
et al. (2009), financial and economic development can decrease both
environmental degradation and CO, emissions. This variable was also
used by Boubellouta and Kusch-Brandt (2021), who found that the DCPS

increases the uncollected e-waste. E-waste causes environmental dam-
age, even when it is exported. Therefore, it is expected that DCPS could
reduce the exportation of e-waste.

The preliminary analyses of the variables included (i) a Variance
Inflation Factors test (VIFs), (ii) Correlation matrix values, (iii) a Cross-
sectional Dependence test (CD-test), and (iv) a Panel unit root test. The
VIF test and the correlation matrix values were used to analyse the
multicollinearity and the correlation between the presented variables,
respectively. As shown in Table 2, both VIF and correlation matrix
values do not raise concern, implying that neither correlation nor mul-
ticollinearity compromises the robustness of the estimations.

The cross-sectional dependence in the variables was evaluated by
employing the CD-test proposed by Pesaran (2004). The result of this
test is essential because if a variable indicates the presence of cross-
sectional dependence, traditional unit root tests are unreliable. Thus,
the second-generation unit root tests must be performed.

The null hypothesis of the CD-test indicates that there is cross-
sectional independence. The results presented in Table 3 indicate that
the null hypothesis was rejected for the majority of the variables, except
LETEpc and LDCPS. As the CD-test fails to reject the null hypothesis for
LETEpc and LDCPS, the first-generation test proposed by (Maddala and
Wu, 1999) and the second-generation test CIPS proposed by (Pesaran,
2007) were conducted. The second generation CIPS test was carried out

Table 3
Cross-sectional dependence test and second-generation unit root test.

CD-test CIPS Maddala and Wu

Variable Without Trend Without Trend
Trend Trend

LEXPew 6.82%** —1.806%* —1.819%*

LETEpc —-0.92 —-0.617 —0.691 45.403 85.714%**

LCOxdep  31.59%**  —2.250%* —1.488*

LREC —1.941%* 0.751

Lwcoll —1.495* —1.452%

LMID 34.0 —2.000%* 0.252

LDCPS —1.00 —0.693 0.469 65.287%** 25.233

LGDPpc 5.04%** —2.254%* 0.602

Notes: ***, ** and * denotes statistical significance at 1%, 5% and 10% levels of
significance, respectively.

Table 2
Correlation matrix values and variance inflation factors (VIF).
LEXPew LETEpc LCO,dep LREC Lwecoll LMID LDCPS LGDPpc
LEXPew 1.0000
LETEpc 0.3398 1.0000
LCO2dep 0.3490 03734 1.0000
LREC 0.0274 0.2760 0.3757 1.0000
Lwcoll 0.3453 0.3930 0.2117 0.1181 1.0000
LMID 0.1225 0.0183 0.2497 0.0185 —0.2058 1.0000
LDCPS 0.2081 0.3222 0.6587 0.0000 0.3287 0.1465 1.0000
LGDPpc 0.1843 0.6148 0.7828 0.2942 0.1721 0.4901 0.6386 1.0000
VIF 2.64 3.81 1.42 1.41 1.99 2.57 7.58
Mean VIF 3.06
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for the variables that showed cross-sectional dependence under the null
hypothesis of the variables being I(1). The result of this test is displayed
in Table 3. Although the tests do not prove the stationarity of the vari-
ables in level unequivocally, it is important to consider that when the
time spam under analysis is small, the unit root test may not be robust
(Karlsson and Lothgren, 2000).

In order to know if there were no omitted variables that could result
in biased results in the model, the Ramsey (1969) regression
specification-error test (RESET) was conducted after a simple Ordinary
Least Squared estimation (OLS). The null hypothesis of the RESET test is
that the model has no omitted variables. Table 4 presents the result of
the Ramsey Reset test, where one can see that it is failing to reject the
null hypothesis. Accordingly, the test does not identify evidence of the
existence of omitted variables.

Remembering that the main objective of this paper is to analyse the
impact of environmental regulation on the exports of e-waste, one model
was estimated. The functional form of the model is described in Eq. (1).

I[EXPew;, = p, + B\ [ETEpc,, + p,lva; + p5IREC;, + p,IWcoll,, 1
+ B5IMID;, + IDCPS;, + ,IGDPpc;, + i, @
where i denotes de countries and t the time. f, denotes the intercept, f;
denotes the coefficients of the parameters, and y;, represents the error
term.

The Hausman (1978) test was employed to test the presence of fixed
effects or random effects in the model, following the Eq. (1) specifica-
tion. The null hypothesis predicts that the random effects model is
appropriate. Table 4 shows that the null hypothesis was not rejected at
the significance level of 5%; therefore, there are no statistical significant
evidence supporting the use of fixed-effects model. Aware that the
Hausman test could produce biased results in small samples, the robust
Hausman test was also performed. The null hypothesis of this test could
not be rejected, which reinforces the findings of the traditional Hausman
test (Kaiser, 2015). As robust Hausman test is failing to reject the null
hypothesis, the random effects model could be appropriate.

Given that the Hausman test does not support the adequacy of fixed
effects, the suitability of random effects should be tested against a simple
OLS regression. Accordingly, the Breusch and Pagan (1980) Lagrangian
multiplier test for random effects was carried out. The results in Table 4
show that the null hypothesis cannot be rejected, supporting that a
simple OLS regression is not appropriate.

In order to use an adequate estimator for the data features, a set of
specification tests was performed. These features include the evaluation
of cross-sectional dependence, first-order serial correlation, and heter-
oskedasticity. In this sense, the Pesaran (2004) test for cross-sectional
dependence was carried out under the null hypothesis of cross-
sectional independence. The Wooldridge (2002) test for serial correla-
tion was performed to evaluate the existence of first-order serial corre-
lation. It follows the procedure of Drukker (2003) and its null hypothesis
predicts the there is no serial correlation in the specification.

To assess the existence of heteroskedasticity, two tests were per-
formed after a single OLS, namely the Breusch and Pagan (1979)
Lagrange multiplier test for heteroskedasticity and the Breusch and
Pagan (1979) and Cook and Weisberg (1983) test for heteroskedasticity.
Both tests were performed under the null hypothesis of

Table 4
Preliminary tests.
Model

Breusch and Pagan LM test for random effects 250.55%**
Ramsey Reset test 1.24
Hausman test 13.67*
Robust Hausman test 1.64

Notes: *** and * denotes statistical significance at 1% and 10% levels of sig-

nificance, respectively.
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homoscedasticity.

The results of the specification tests are displayed in Table 5. The null
hypotheses of all the realised tests were rejected; therefore, there is
evidence of the existence of cross-sectional dependence, first-order se-
rial correlation, and heteroskedasticity, which may be considered for
choosing the appropriate estimator.

The estimators PCSE (Panel-Corrected Standard Error) and FGLS
(Feasible Generalized Least Squared) could have been adequate for this
study due to their ability to deal with the presence of cross-sectional
dependence, heteroskedasticity, and first-order serial correlation.
However, given that the panel data presented has a small-time dimen-
sion (T) compared to the cross-sectional dimension (N) and as the FGLS
estimator is mainly used with panels where T > N, the PCSE estimator
was used since it is suitable for panel data with T < N (Hoechle, 2007).

4. Results

The model was estimated using the PCSE estimator as in Table 6.
Different options were used in the PCSE estimation to ensure the sta-
bility of the findings. The PCSE without any robust option (PCSE) is
robust to first-order serial correlation (AR1), robust to hetero-
skedasticity (HET), and robust to both first-order serial correlation and
heteroskedasticity (AR1/HET) (see Table 6). Additionally, the signifi-
cance of the squared residuals was evaluated to secure the specification
of the estimations. These were not significant in all four estimations,
indicating that no omitted variables in the model could bias the results.

Firstly, regarding the variables that presented similar levels of sig-
nificance for all the estimations, LCOz2dep can be seen to have a strong
positive effect on the exporting of e-waste, which means that countries
whose economies are highly dependent on CO5 emissions tend to export
more e-waste. Secondly, for the variable Lwcoll, it can be said that the
more e-waste collection there is, the higher the export of e-waste.

In terms of material import dependency, it can be stated that it has a
positive effect on the export of e-waste, meaning that in the countries
studied, the higher the dependency of a country on imported material,
the higher the exportation of e-waste. The high dependency of EU
countries on importing vital materials to produce electric and electronic
equipment could explain this positive effect of LMID on e-waste exports.
Lastly, the LGDPpc has a negative and statistically significant effect on e-
waste export.

Although LETEpc appears to be significant in all the estimations, in
PCSE(AR1) and PCSE(AR1/HET), the variable is only significant at the
10% and 5% significance levels, respectively. Nevertheless, it is shown
that environmental taxes from the manufacture of computers, elec-
tronic, and optical products increase the exports of e-waste. This finding
deserves particular attention in the Discussion Section.

When the recycling rate of e-waste is considered, it is found that this
could reduce the amount of e-waste exported, which is not surprising
and could signal the robustness of the results. Lastly, a country's finan-
cial and economic development (LDCPS) did not show a significant ef-
fect in any of the PCSE estimations; therefore, it does not impact the
export of e-waste.

Table 5
Specification tests.

Statistics

Pesaran's test 4.632%**
Wooldridge test 4.519%*
Breusch-Pagan LM 52.312%**
Breusch-Pagan/Cook-Weisberg 26.100%**
Notes: ***, ** and * denotes statistical significance at 1%, 5% and

10% levels of significance, respectively.
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Table 6
Estimated model.
PCSE PCSE(AR1) PCSE(HET) PCSE(AR1/HET)

LETEpc 1.1564%** 0.4422* 0.4422+**
LCO,dep 4.2772% 3.1447%** 3.1447%**
LREC -1.610 —0.4904 —0.4904
Lwcoll 0.3735%** 0.5278*** 0.3735%** 0.5278%***
LMID 3.0863*** 2.0005%** 3.0863%*** 2.0005%**
LDCPS —0.0879 0.1652 —0.0879 0.1652
LGDPpc —4.5578%** —2.9305%** —4.5578%** —2.9305%**
Constant 44.7076%** 25.2325%** 44.7076%** 25.2325%**
R? 0.4684 0.7589 0.4684 0.7589

** %% and * denotes statistical significance at 1%, 5% and 10% levels of
significance, respectively. PCSE represents the estimation without any robust
option; PCSE(AR1) represents the estimation robust to first-order serial corre-
lation; PCSE(HET) represents the estimation robust to heteroskedasticity; PCSE
(AR1/HET) represents the estimation robust to first-order serial correlation and
heteroskedasticity; R means R-squared.

5. Discussion

Increasing production and dependency on EEE creates more e-waste,
increasing legal and illegal e-waste export to other countries. To deal
with this, the EU has implemented measures to control e-waste trade.
This paper aims to understand the impact of environmental regulation
on the management of e-waste, particularly its export, considering 18
EU countries. Is regulation contributing to more remarkable reincor-
poration/recycling, or, on the contrary, does it encourage the escape and
loss of e-waste? When analysing the question, there is an evident lack of
data on the matter (Lepawsky, 2015; Luther, 2010; Petridis et al., 2020;
Shamim, 2015). This lack of data can be explained by the majority of the
e-waste trade being conducted illegally.

Focusing on the main findings of this paper, environmental regula-
tion apparently contributes to the loss of precious materials found in e-
waste because stricter environmental regulations lead to increased e-
waste exportation. This finding proves that taxation on the manufacture
of computers, electronic, and optical products is ineffective in reducing
e-waste export. Instead, producers of EEE should be further incentivised
by governments to take responsibility for a product's whole life. Ideally,
this process should start in the design and production process. A prod-
uct's environmental footprint can be reduced by extending its lifespan
and ensuring that the design and assembly of the product are accom-
plished to facilitate the recycling process (Petridis et al., 2020; The
Lancet, 2013). As stated by Pickren (2015), many current product de-
signs are far from ideal - the finished products are not designed to be
repaired — and in some cases, they can even hinder the recycling process.
Furthermore, as proposed by Lancet (2013), producers of EEE should be
responsible for the end-of-life recycling process. Consumers should
ideally return products to manufacturers at their end-of-life. The
collection and recycling process should be either done by the producers
or supervised in case of resorting to third parties. Additionally, policy-
makers should raise consumers' awareness regarding the need to
manage e-waste and dispose of it properly.

The findings of this paper demonstrate that richer countries are
responsible for lower levels of e-waste export, given that economic
growth reduces e-waste exports. As Mazzarano (2022) pointed out, GDP
per capita enlarges the in-use stock of EEE and, consequently, as high-
lighted by Kumar et al. (2017), GDP enlarges e-waste generation.
Accordingly, it could indicate that, although economic growth causes a
possible increase in e-waste generation, economic development can also
allow the countries to invest in internal recycling facilities. Economic
growth could also make countries more committed to environmental
protection and allow them to employ strict regulations to reduce the
exports of e-waste. This finding could be explained by the country
sample of the study that only includes EU countries (developed coun-
tries), in contrast to most e-waste trade studies (Abalansa et al., 2021;
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Lepawsky, 2015; Petridis et al., 2020). EU policymakers could finance
those EU countries with more modest GDP growth so that these coun-
tries can invest in waste management and treatment, further preventing
e-waste export.

Evidence in the literature shows that receiving countries are not
prepared and equipped to properly deal with imported e-waste (Luther,
2010). As such, it is essential to develop the required infrastructure in
host countries to deal with e-waste soundly, minimising human health
risks and environmental damage (Abalansa et al., 2021; Petridis et al.,
2020; The Lancet, 2013). Policies would also be required to ensure the
safety of workers and that the recycling process is done under the stated
regulation (Abalansa et al., 2021; Ilankoon et al., 2018; Petridis et al.,
2020; The Lancet, 2013). Furthermore, Lancet (2013) supports that this
legislation would have to enter into force locally, nationally, and glob-
ally. As a result, the first step would be recognizing the problem at hand
and tackling it at all levels and worldwide. Legislations should also be
established to guarantee that the developed countries assist the
receiving sub-developed ones to protect them from the environmental
damage of e-waste importation. Exporting countries should be
accountable for e-waste management in receiving countries and penal-
ized if mismanagement occurs.

As expected, e-waste collection is a significant positive predictor of
the exports of e-waste. To avoid unnecessary export, the EU should in-
crease the number of recycling centres focused on large e-waste mate-
rials, such as household appliances and small EEE, such as smartphones.
Populations need easy access to collection systems, and policymakers
should significantly increase the supply of e-waste collection points.
Currently, e-waste recycling is not as easy to practice as plastic or paper
recycling. By developing an efficient and easy-to-access collection sys-
tem, citizens will be incentivised to partake, thus upping the collection
level. Simultaneously, the existence of suitable e-waste collection points
and the importance of not putting e-waste in traditional municipal waste
collection points must be advertised close to the population. Media
campaigns or sensitising actions could be an effective way of increasing
consumers' awareness and their willingness to recycle e-waste.

Some consumers tend to dispose of EEE within their lifecycle not
because they are damaged, unsuitable, or malfunctioning but because of
improved technological options in the market. Also, producers often
push updates to force consumers to purchase the products latest version.
Incentives should be put forward to prolong the lifespan of EEE through,
for instance, the creation of second-hand markets and incentives to
consumers not to relinquish the products but to extend their use as much
as possible. At the same time, policymakers could incentivise the
collection of products that are perfectly functioning and could be, for
instance, donated to charitable institutions or less wealthy countries.

The findings support that high carbon dioxide emissions are linked to
increased e-waste export. Countries with high emissions from elevated
economic growth may be less environmentally responsible and export
more e-waste. Further measures must be taken in the EU, as exporting e-
waste means losing vital raw materials, materials essential in the supply
chains in producing batteries for electric vehicles, for example. To
deepen the circularization in EU countries, e-waste recycling is essential
and can be achieved by incentivizing the recycling industry, funding
research for new recycling technologies, and implementing policies such
as the Batteries and Accumulators regulation and the WEEE regulation.
These policies will push and encourage e-waste recycling, contributing
to achieving a viable path for sustained raw materials within Europe. As
Forti et al. (2020) demonstrated, the quantity of precious metals within
e-waste already presents a viable economic opportunity if well pursued.
Lastly, further monitorisation of the existing WSR is crucial due to the
constantly evolving global e-waste trade network.

6. Conclusions

Regulation is crucial for improving the management of e-waste and a
critical way to avoid the loss of precious materials found in it. Therefore,
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the impact of environmental regulation on the export of e-waste from
the EU was analysed for 18 EU countries from 2010 to 2018. In order to
measure environmental regulation, the total environmental taxes from
the manufacture of computers, electronic, and optical products per
capita were used. Empirically, various tests were conducted to ensure
the robustness of the results and the appropriateness of the estimator
used. The data features made the use of the PCSE estimator appropriate.

The main findings suggest that environmental regulation drives the
export of e-waste. On the other hand, recycling e-waste reduces the
volume of e-waste exported. It implies that policymakers should invest
in recycling facilities. At the same time, consumer incentives should be
pursued to encourage proper e-waste disposal. Also, deploying collec-
tion points with easier access for the population is crucial. This paper
also points out that economic growth hampers the export of e-waste. It
could indicate that economic growth is crucial to managing e-waste
properly and avoiding the transfer of the e-waste to other countries.
Policymaking could be focused on creating and improving local recy-
cling facilities for e-waste, contributing to reducing e-waste exports.

If it is necessary to send e-waste to another part of the world to be
treated and recycled, then safeguarding the environment and protecting
workers' health in the recipient country must be paramount. More
affluent countries should urge host countries to develop structurally and
policy-wise so that these countries are better suited to deal with im-
ported waste. Secondly, exporting countries should improve both the
quality of e-waste they send abroad and its design, as these factors are
crucial in terms of lifespan and the ease of recycling when the product is
at the end of its life. Thirdly, EU policymakers should increase the
collection points for e-waste, enabling citizens to partake. Further
regulation should also be pursued to reduce the current persistence of
high CO5 emissions in EU economies. As for recycling, the government
must continue to implement policies that advocate its use while
providing the necessary measures for its development. Lastly, the cur-
rent WSR should be kept up to date to control the export of e-waste.

The presented study has three main limitations. Firstly, it could be
stated that there is a lack of data about e-waste exports, which makes it
challenging to analyse the topic at hand comprehensively. An
improvement in the data availability containing data in a broader
spectrum of types of e-waste would allow further analysis and studies on
the matter. In this paper, the e-waste exports variable does not ensure
that all the major e-waste categories have been considered, and there-
fore, the conclusion could change if the e-waste exports measured all the
e-waste categories. The second limitation was the brief time span of the
study due to a lack of available data, which is a common issue when
secondary databases are used for current topics that require balanced
panel data. Besides this recognised limitation, all the appropriate steps
and tests were conducted to guarantee the robustness of the results. The
third limitation of this study is that, it does not include all the relevant
information to study the e-waste export phenomena, given that illegal
exports of e-waste are not encompassed.

Future lines of research are suggested, namely: (i) apply a similar
approach to a different geographical area with developed countries but
with different characteristics and (ii) provide an analysis of the envi-
ronmental effects of imported e-waste on host nations, which could aid
policymakers in regulating e-waste trade more effectively.
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