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Land-based litter and leakages from inadequate waste management are
among the primary sources of marine litter. Plastic packaging and small
non-packaging plastic items (PPSI) represent the most extensive application
of virgin plastics produced and the largest fraction of post-consumer plastic
waste. Moreover, PPSI are amongst the top recognizable litter items recorded
on European beaches. This study aimed to estimate mismanaged PPSI waste
generated in 33 countries in Europe, as well as in coastal territories bordering
European seas. A material flow analysis was performed for each country for
2012 and 2018. The results indicate that most countries generated higher
amounts of PPSI waste in 2018, both in absolute amounts and per capita.
We estimate that 26.1 million tons of PPSI waste were generated in 2018 in
the whole region, corresponding to 42.9kg per capita (compared to 38.7 kg
in 2012). This was also the case for mismanaged PPSI waste, with 3.01
million tons estimated for 2018, compared to 2.90 million tons in 2012,
even if most countries managed to reduce their shares of mismanaged PPSI
waste. Furthermore, differences in litter pressure around the regional seas
are clear, with 90% of the estimated mismanaged PPSI in European coastal
territories being generated in the Mediterranean and the Black Sea regions.
Limitations related to data gaps and reporting lead to significant uncertainties
in our estimations, even if the study made use of officially reported data
from European countries. Our study suggests that reductions in the share of
mismanaged PPSI waste seem to be mainly driven by efforts at the end-of-life
stages of plastics (i.e., waste collection, recycling, disposal) but that these
were not sufficient to offset higher amounts of PPSI waste generated in 2018,
compared to 2012. Furthermore, exports of plastic waste, including from EU
countries, may result in intensified shares of mismanaged PPSI. Responses on
both waste management and waste prevention are needed to transition to a
circular economy and to reduce the amount of plastic waste that ends up in
the marine environment.
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Introduction

Marine litter, particularly the dominant plastic fraction, has
significant harmful implications for marine life (Kithn et al,
2015; Werner et al., 2016; Angiolillo and Fortibuoni, 2020) and
for our socio-economic spheres (Mcllgorm et al., 2011; Newman
et al., 2015; Diggle and Walker, 2022). Plastic marine litter can
originate from a wide range of sources, from activities both on
land and in the sea. Most mismanaged plastic waste (MPW)
results from a lack of waste collection services, inadequate
or uncontrolled waste disposal, illegal dumping and littering,
and unsanitary landfills (Velis et al.,, 2017; Kaza et al., 2018;
Woods et al, 2021). Plastics can escape from uncontained
landfills and dumpsites, mobilized by environmental factors
such as wind, surface runoff, coastal erosion and flooding or
scavenging activities, and slope failure (Fei et al, 2022). In
addition, leakage of plastics can occur during waste management
activities, including collection, transport, handling, storage, and
treatment (Renaud et al., 2018; Ryberg et al., 2018). Littering by
citizens usually occurs shortly after the use phase, often despite
existing waste management infrastructure, and can be associated
e.g., with tourism (Wilson and Verlis, 2017), large public events,
and busy urban areas (Grelaud and Ziveri, 2020). Part of this
litter can be captured by cleaning services, but data are lacking
and estimates of losses due to littering are highly uncertain
(Ryberg et al., 2019).

Acknowledging that plastic litter pollution is a consequence
of the way we produce, use, dispose, and manage plastics,
several European policies have been designed and amended to
prevent plastic pollution. A transition to a circular economy
is one of the cornerstones of the European Green Deal and
aims at adjusting the entire lifecycle of materials, in sectors
that include plastics, packaging, and waste. Enhanced measures
to prevent and manage plastic waste, and in particular plastic
packaging, are reflected in the revised Waste Framework
Directive (2008/98/EC, amend 2018/851) and the Packaging and
Packaging Waste Directive (94/62/EC, amend 2018/852/EU).
The Directive on Single-Use Plastics (SUP) (2019/904/EU)
restricts the consumption of the most abundant plastic items
found on European beaches, a.o. cotton bud sticks, plastic
cutlery, plates, straws, stirrers, and sticks for balloons. More
recently, the European Commission defined ambitious targets
pertaining to waste and plastics for 2030, namely the recycling

Abbreviations: BAL, Baltic Sea; BS, Black Sea; EEA, European Environment
Agency; Eionet, European Environment Information and Observation
Network; EU, European Union; MED, Mediterranean Sea; MFA, material
MSFD, Marine Strategy Framework Directive; MSW,
NEA, North-East Atlantic Ocean; NUTS 3,

flow analysis;
municipal solid waste;
Nomenclature of Territorial Units for Statistics—level 3; PPSI, plastic
packaging and small non-packaging plastic items; UK, United Kingdom;

ZPAP, Zero Pollution Action Plan.
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of 55% of plastic packaging (European Commission, 2020), the
significant reduction of waste generation and the reduction by
half of the plastic litter at sea [Zero Pollution Action Plan
(ZPAP), European Commission, 2021a].

Most of the studies to date that estimate leakages of plastic
litter into the sea (e.g., Jambeck et al., 2015; Lebreton et al,
2017; Lebreton and Andrady, 2019) make use of MPW data
from global datasets (e.g., World Bank, Waste Atlas). Limited
reliability associated with the underlying waste management
data leads to high uncertainties and significant differences in
the national and global estimates among these studies (Edelson
et al., 2021). In Europe, countries are required to report on
waste management indicators, which have shown improvements
in waste collection coverage, recycling, and disposal among
European Member States in recent years (Eurostat, 2022b).
Remarkably few studies exist on the amount and trends of plastic
waste that is mismanaged and has the potential to end up in the
environment and, ultimately, the sea. The recent study by Hsu
et al. (2021) aimed to address this gap by quantifying plastic
flows for Europe, including the end-of-life routes for over 400
plastic-containing products.

Plastic packaging and other consumer plastics represent
the largest application of virgin plastic production and the
largest fraction of post-consumer plastic waste (Geyer et al,
2017; Ryberg et al., 20195 Plastics Europe, 2020), largely due to
their short lifetime and single-use nature. According to Plastics
Europe (2019), packaging constitutes 61% of post-consumer
waste generated, while small non-packaging items, including
consumer and medical items, sum up to 17%. Moreover, these
categories encompass litter items most frequently recorded on
European beaches (Addamo et al.,, 2017), namely those targeted
by the European SUP Directive.

The general objective of this study was to strengthen the
knowledge about the sources of a critical fraction of plastic
marine litter in Europe, corresponding to plastic packaging and
small non-packaging plastic items (PPSI). Specifically, our study
aimed at providing a detailed whilst region-wide quantification
of the amount of PPSI waste generated and mismanaged in
Europe by applying country-specific material flow analyses of
this type of waste for the years 2012 and 2018.

Materials and methods

Scope and geographic coverage

The assessment covered the 27 EU Member States plus
Iceland, Liechtenstein, Norway, Switzerland, Turkey, and the
United Kingdom (UK), and was further detailed for each
regional sea coastal territory. Some non-European countries
bordering the Baltic Sea, the Black Sea, and the Mediterranean
Sea were also considered in some elements of the analysis,
namely Russia and the Balkan States.
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Material flow analysis (MFA) was performed for each
country for 2012 and 2018, to compare the situation at two
points in time. These years were selected as defining the first
implementation cycle of the Marine Strategy Framework
Directive (MSED, 2008/56/EC), a European policy instrument
2018
provided the most up-to-date datasets of reported EU waste

specifically addressing marine litter. Furthermore,
data when this study was conducted.

The PPSI fraction assessed accounts for all the plastic
packaging waste, from both consumer and industrial sources,
as defined in the Waste Framework Directive, and small non-
packaging plastic items, i.e., household, leisure, sports, and
medical items, e.g., cigarette filters, cotton-bud sticks, and tooth-
brushes (as considered by Plastics Europe, 2019). Excluded
are plastic wastes from agriculture, automotive, electrical and
electronic appliances, construction, and textiles. For each
country and year, mismanaged PPSI waste was estimated and
expressed as a total national amount, per capita (based on
population data of 2012 and 2018; World Bank, 2022), and as
a share of the total PPSI waste generated.

The fraction considered as “mismanaged” includes all the
non-collected PPSI waste; littered waste; losses from collection
(e.g., overflowing bins, fly-off from sorting, transport); as well as
the PPSI waste that is disposed of in non-sanitary landfills (i.e.,
poorly managed landfills, active, and/or illegal dumpsites).

Country-specific per capita estimates were used to calculate
amounts of mismanaged PPSI generated in coastal territories
bordering the four European regional seas, based on the
population of the coastal European Nomenclature of Territorial
Units for Statistics—level 3 (NUTS 3) for the two reference years
(data by Eurostat, 2022a; supplemented by EEA—European
Environment Agency, 2010).

Data sources and material flow analysis
(MFA)

Data on plastic packaging placed on the market, plastic
packaging waste generated, recovered, and recycled were
retrieved from Eurostat, as reported by the EU countries under
the EU Packaging and Packaging Waste Directive (94/62/EC,
amend 2018/852/EU). These data account for all packaging,
whether it originates from industrial or commercial sources,
offices, shops, services, households, or any other entities
(Eurostat, 2022b). Small non-packaging plastic items were added
with a 17:61 ratio, following the average fraction of plastic waste
generated of 61% to packaging, 4% to household items, and 13%
to other small items (Plastics Europe, 2019). Data on collection
rates of municipal solid waste (MSW) were based on countries’
factsheets (FEA—ETC/WMGE, 2016). The share of uncollected
PPSI waste is assumed to be the same as for MSW. Landfilling
was based on the share of post-consumer plastic waste going
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to landfills in each EU Member State in 2012 (Plastics Europe,
2013) and 2018 (Plastics Europe, 2019).

To account for non-sanitary final disposal, we considered a
share of 1-10% of collected waste but still disposed of in non-
sanitary landfills. This range was applied only to those countries
that either have open infringement procedures initiated by the
European Commission, concerning poorly managed landfills
and/or active dumpsites (European Commission, 2021b) or
from reported evidence on the existence of active illegal
dumpsites (e.g., Kubdsek., 2013; Renaud et al,, 2018). Data on
losses from collection and littering in Europe are scarce or
inexistent. Therefore, we have assumed losses from collection
to be 1% and a littering rate of 2% (as in Jambeck et al., 2015)
of the national PPSI waste generated. For Austria, we used a
littering rate of 1% instead, since more detailed information was
available (Stoifl and Oliva, 2020) and extrapolated it to countries
with similar recycling rates.

For non-EU countries (e.g., Switzerland and Turkey), which
are not required to report on packaging waste, data on MSW
generation, uncollected waste, and share of plastics (12% for
high-income and upper middle-income countries; 10% for low-
income countries; assuming 50% uncertainty) were retrieved
from the World Bank database (Kaza et al., 2018) and country-
specific studies (Kawecki and Nowack, 2019; Syversen, 2019).
For the plastic fraction present in MSW, a share of 78%
was assumed to be PPSI (Plastics Europe, 2019). For the
specific case of Turkey we accounted for the plastic waste
imports, which increased from 260 thousand tons in 2012 to
440 thousand tons in 2018, as reported by TUIK—Tiirkiye
[statistik Kurumu (2021a,b). The imported plastic waste was
assumed to be primarily plastic packaging (EEA—European
Environment Agency, 2019a). These imports were added to the
fraction of plastic in solid waste generated as retrieved from
the World Bank database with a share of 78% assumed to
be PPSI.

The MFA was performed using the software STAN (Cencic
and Rechberger, 2008) (Figure 1) and mismanaged PPSI waste is
calculated according to the following formula:

Mismanaged PPSI waste = uncollected PPSI waste
+collection loss + littering + PPSI waste collected, but

disposed in non — sanitary landfills.

Estimation of mismanaged PPSI waste in
coastal territories

To assess the pressure of mismanaged PPSI waste in coastal
territories, the NUTS 3 and available population data for the
two reference years were used. The population data (Eurostat,
2022a) exist for all the EU countries and the comparable regional
units of the Balkan States, Iceland, Norway, Turkey, and the UK.
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FIGURE 1

small non-packaging plastic items.

Conceptual material flow model to quantify mismanaged PPSI waste (STAN software, Cencic and Rechberger, 2008). PPSI, plastic packaging and

Data for two NUTS 3 regions in Estonia, five in Italy, one in
Lithuania, four in the Netherlands, and eight in Norway were
not available. For those, a spatial raster dataset of the population
in 2008 (EEA—European Environment Agency, 2010) was used
to extract the sum of population by NUTS 3 unit. The estimation
of the coastal PPSI waste in the 2 years is thus a function
of national per capita PPSI waste estimates and population
change in respective NUTS 3 region, particularly prominent
in the areas of coastal urban development with a substantially
increasing population.
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Accounting for uncertainty

Data gaps required a number of assumptions, which have
been described above. Still, it can be expected that accessed
data has also a variable range of uncertainty associated. Due to
various issues with collecting data on packaging, some countries
either under-report quantities of packaging materials placed
on the market and/or over-report the amounts of recycled
materials (Eurostat, 2020). To account for these reporting
uncertainties, we cross-checked the share of plastics in residual
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municipal waste (Eunomia CRI, 2014; EEA—ETC/WMGE,
2018), assuming that 61% of these plastics represented packaging
waste and added the separately collected plastic packaging waste.
This calculated amount was compared to the data reported to
Eurostat and the difference was applied an uncertainty range
in the MFA inputs. In addition, many other data are linked
to different types of uncertainties (e.g., from measurements or
different degrees of reliability). To assess the quality of data
sources and their translation to different levels of uncertainty,
the pedigree matrix, and uncertainty factors by Weidema and
Wesnees (1996) were used and incorporated in the MFA (see
example in Supplementary Table S4).

Results

PPSI waste generated

Estimates of total PPSI waste generated varied widely among
European countries, mainly as a reflection of the size of their
population. When comparing the two selected years, our results
indicate that, except for the UK, all countries generated higher
amounts of PPSI waste in 2018 than in 2012 (Figure 2). The
difference between the 2 years can be substantial, with nine
countries presenting increments of over 30% or more, as is
the case of Norway (40.3%), Malta (42.1%), Iceland (46.0%),
and Ireland (56.6%) (see Supplementary Table S1). Similarly,
the amount of annual PPSI waste generated per capita varies
significantly between countries, from 20kg (Croatia) to 69kg
(Ireland), estimated for 2018, and, with a few exceptions, these
are consistently higher than in 2012 (Figure 3).

Considering the whole region, the total PPSI waste generated
in the 33 countries assessed was estimated at 22.94 million tons
in 2012 and 26.09 million tons in 2018, an increment of 13% in
relation to 2012. The average per capita PPSI waste generation
in the region was estimated at 38.7kg in 2012 and 42.9kg in
2018. Aggregating the results of the EU27 countries, the total
PPSI waste generated was estimated at 16.01 million tons in 2012
and 18.94 million tons in 2018.

Mismanaged PPSI waste

The results of the assessment of mismanaged PPSI waste for
individual countries for 2012 and 2018 are presented as share of
total PPSI waste generated and total amounts. National shares
of mismanaged PPSI waste in 2018 range between 2% and 49%
(Figure 4). Compared to 2012, several countries managed to
reduce the share of mismanaged PPSI waste in 2018. In some
cases, these reductions have been significant, as it is the case of
Poland, Ireland, Lithuania, Finland, Slovenia, and Croatia. In
most countries, however, the percentage of mismanaged PPSI
waste remained relatively unchanged. Only in Turkey the share
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of mismanaged PPSI waste is relatively higher in 2018, compared
to 2012.

Figures 5, 6 show the estimated amounts of mismanaged
PPSI waste estimated for 2012 and 2018 and the comparison
between these years. The total amount of mismanaged PPSI
in the overall assessed area was estimated at 2.90 million tons
(1.75-4.04 million tons) in 2012 and 3.01 million tons (1.89-
4.12 million tons) in 2018, which represents an increment of
almost 4%. This results from a higher amount of mismanaged
PPSI waste in most individual countries (27 out of 33) in 2018,
when compared to 2012. Finland, Ireland, Lithuania, Slovenia,
Poland, and the UK were the only countries where the total
amount of mismanaged PPSI was effectively lower in 2018 than
in 2012. Considering the EU27 countries, we estimated a total
of 1.26 million tons of mismanaged PPSI waste in 2012 and 1.17
million tons in 2018.

Mismanaged PPSI in coastal territories

The mismanaged PPSI waste computed for the NUTS 3
coastal units in 2018 shows wide spatial variations (Figure 7),
with Southern European territories presenting generally higher
amounts than Northern ones. Aggregation at the European
regional seas level show that the Mediterranean and Black
Seas collectively make 90% of the total mismanaged PPSI
waste generated in all the European coastal NUTS 3. The total
mismanaged PPSI waste in aggregated European NUTS 3 coastal
units was estimated at 1.47 million tons in 2012 and 1.64
million tons in 2018, corresponding to an increment of 12%.
Comparing 2018 to 2012, the total mismanaged PPSI waste
in coastal NUTS 3 seems to have increased substantially in
coastal territories of both the Mediterranean and Black Seas,
while for the Baltic Sea and the North-East Atlantic (NEA), the
total amounts remained relatively unchanged or even decreased
slightly (details in Supplementary Tables 52, S3).

Discussion

Uncertainties related to data

Limitations related to data availability and reliability lead
to high uncertainties in our estimations, an issue prevalent in
other plastic flows studies (Laner et al.,, 2016; Edelson et al,
20215 Hsu et al,, 2021). Our study relied to a large extent
on Eurostat data, which are reported by official statistical
bodies of European countries and, as such, is a data source
considered to be highly reliable (Hsu et al., 2021). Nevertheless,
it is known that some countries under-report on (waste)
packaging materials, e.g., due to online sales and cross-
border trade or due to inaccurate or incomplete industry data
(Eurostat, 2020), which would lead to an underestimation
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of PPSI waste generated and thus mismanaged. This issue
was accounted for by applying uncertainty ranges based on
cross-checks with the sum of plastic shares in a country’s
residual waste plus separately collected amounts. For most
countries, the uncertainties associated with estimates of PPSI
waste generated decreased in 2018, compared to 2012 for most
(24) countries. This suggests an improvement in the accuracy
of the reported data, likely due to enhanced reporting following
the implementation of Extended Producer Responsibility (EPR)
schemes and better monitoring programs in place (Ahlers et al.,
2021).

Moreover, data on plastic production and conversion of
polymers to specific applications provided by the industry
do not always account for synthetic fibers (Bartl, 2020;
EEA—European Environment Agency, 2021). Therefore, the
fraction of plastic production and post-consumer plastic waste
attributed to plastic packaging based on Plastics Europe may
be overestimated. Hsu et al. (2021) modeled the plastic
polymers’ flows for different applications, resulting in 26%
of plastic and plastic-containing products being consumed
as packaging, 25% as “other; and 6% as textiles. More
accurate and transparent data on plastic production are
needed to enhance plastic flows analyses and reduce the levels
of uncertainty.

Significant data gaps exist, which relate to crucial end-of-
life pathways that plastic waste may take, namely littering rates,
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losses from collection, and reporting of unsanitary landfills. This
required several assumptions to be made, which are inherently
uncertain and consequently lead to high levels of uncertainty
in the resulting estimates. The share of uncollected PPSI waste
in generated plastic waste is assumed to equal the share of
uncollected waste in total MSW generated. This is likely an
overestimate, as the situation is likely more favorable, at least
for industrial/trade plastic packaging waste. Recycling rates
for the latter, representing 36% of overall plastic packaging
waste, are higher than for packaging from household sources,
which also implies higher collection rates (EPRO Statistics,
2016).

Finally, although many EU Member States report high
recycling rates for plastic waste, significant amounts of plastic
waste are exported to developing countries for recycling, where
the rejects can end up in waterways and the ocean (Bishop et al.,
2020). In 2015 and 2016, plastic waste monthly exports from the
EU were 300 thousand tons (about 3.6 million tons per year),
according to (EEA—European Environment Agency, 2019b).
After the import restrictions by China in 2017/2018, the EU still
exported around 150 thousand tons of plastic waste per month
in early 2019, corresponding to about 1.8 million tons per year.
However, there is limited reliable data about how plastic waste
exported from the EU is managed in other countries (EEA—
European Environment Agency, 2019b), which was therefore
not accounted for in this study.
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FIGURE 5
Total amount of mismanaged PPSI waste (thousand tons, kton) estimated for 2012 (blue bars) and 2018 (yellow bars) in the EU-27 plus Iceland,
Liechtenstein, Norway, Switzerland, Turkey, and the UK. Uncertainties are represented in the bars. Note the difference in the scale for Turkey,
Italy, and Poland. PPSI, plastic packaging and small non-packaging plastic items.

Production, consumption, and waste
management of PPSI in Europe

The analysis by Hsu et al. (2021) estimated 34.36 million
tons of post-consumer plastic waste for the EU27+UK, with
packaging making up 47% of that waste. Even if this corresponds
to the largest plastic flow, it is lower than the fraction assumed
upfront in our study, as reported by Plastics Europe. This
may be partially explained by the fact that Hsu and colleagues
accounted for textiles and other plastic-containing products,
which are not included in the data provided by the industry.
Nevertheless, in terms of amounts, our results are in line with
Hsu et al. estimates of 16.12 million tons of plastic packaging
waste generated in 2016, considering the ratio of 17:61 and
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thus assuming that approximately 78% of our PPSI waste
estimations correspond to plastic packaging (15.08 million tons
in 2012 and 17.17 million in 2018 for the EU27+4+UK). In
terms of mismanaged amounts, Hsu and colleagues estimate
3.38 million tons of mismanaged post-consumer overall plastic
waste in the EU274UK for 2016, including cross-contamination
and illegal dumping, deposits in non-compliant landfills, and
the littering of single-use plastic packaging. Our aggregated
estimates of mismanaged PPSI waste for the EU27+UK are
1.39 million tons in 2012, and 1.29 million tons in 2018,
which are naturally lower as these refer to a sub-category of
plastic waste.

Differences in waste management performances across
countries are visible regarding the shares of mismanaged PPSI
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Total estimated amounts of mismanaged PPSI waste in 2018 (tons per year, t/y) (left) and index of change 2018/2012 (right) in the EU-27 plus
Iceland, Liechtenstein, Norway, Switzerland, Turkey, and the UK (estimates for other countries displayed are based on World Bank data). PPSI,

waste estimated in our study. They are generally in line with
regional differences highlighted by previous publications that
use waste performance indicators (e.g., Castillo-Giménez et al,
2019). Eastern European countries generally present higher
fractions of mismanaged PPSI waste, compared to Western
and Northern European countries. By comparing 2 years, our
results provide evidence of the impact of improvements in the
waste management sectors in reducing the share of mismanaged
PPSI waste across many of the countries assessed, as well
as in the European region as a whole. These achievements
were likely driven by the expansion in waste collection
coverage, programs against illegal dumping, and enhancement
in landfill management (as in Poland, Ireland, Slovenia, and
Lithuania) (EEA—ETC/WMGE, 2016); a reduction in the
overall generation of plastic waste, combined with reduction in
illegal dumping and poorly managed landfills (as in the UK)
(EEA—ETC/WMGE, 2016); and implementation of preventive
actions to reduce leakages from waste management operations
(as in Finland) (Dahlbo, 2019).

However, according to our analysis, only six out of the 33
countries assessed show an effective reduction in the absolute
amounts of mismanaged PPSI waste in 2018, compared to
2012, without a clear regional pattern. This suggests that,
despite improvements in waste management, those efforts were
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insufficient to offset higher amounts of PPSI waste generated
across Europe when comparing these 2 years. Considering only
the EU27, higher amounts of total PPSI waste generated did
not result in overall higher amounts of mismanaged PPSI waste
when comparing the 2 years, showing that waste management
policies were effective in enhancing recycling and end-of-
life of plastic waste. Nevertheless, even if waste management
performances are already quite optimal in many of these
countries, relatively small shares of mismanaged waste are still
translated in substantial amounts of PPSI waste that may end up
in the environment, e.g., as a result of littering.

The issue of exports of plastic waste

Following China’s ban on plastic waste imports in 2017/2018,
Turkey has become one of the main alternative destinations
for the global plastic waste trade (Gundogdu and Walker,
2021). This may help explain the high share of mismanaged
PPSI waste obtained for Turkey in 2018, despite the share
of uncollected waste decreasing from 23% in 2012 to 12%
in 2018. According to the Turkish Court of (Turkish Court
of Accounts., 2022), Turkey imported 277 thousand tons of
plastic waste in 2017, while in 2018, after China’s ban, the
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import was 437 thousand tons. This waste entered Turkey’s
waste handling system, which includes a strong informal sector
and where non-sanitary landfilling and illegal dumping are
still frequent, resulting in high rates of mismanaged MSW
in the country (Kaza et al, 2018). In the specific case of
Turkey, this study shows the link between the plastic waste
trade and MPW. Nevertheless, when it comes to responsibility,
it could be argued that at least part of the MPW attributed
to Turkey should be instead attributed to the exporting EU
countries where that waste was generated. This would, in
turn, mean that actual recycling rates in the EU may deviate
significantly from the reported rates, as waste exports are
usually declared as “recycled” by the EU Member States
(Bishop et al., 2020). Taking into account total plastic waste
exports from the EU to third countries, which amounted to
about 1.8 million tons in 2019 (EEA—European Environment
Agency, 2019b), the EU’s mismanaged fraction of PPSI waste is
most likely underestimated, particularly for those EU countries
that export plastic waste to countries with worse waste
management performances. However, according to (EEA—
European Environment Agency, 2019b), the knowledge about
how plastic waste imported from the EU is managed in other
countries is very limited. Assuming that all exported waste will
be mismanaged would most likely not adequately reflect reality
either, since (at least parts) of these waste materials do enter local
recycling processes.
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Spatial and temporal differences in
mismanaged PPSI waste as
environmental pressure

Given its importance in the plastic mass flows (Ryberg
et al., 2019), the fraction of PPSI waste is relevant to be
monitored in terms of production, consumption, and end-of-
life management, as well as its occurrence in the environment.
The abundance of marine litter that can be classified as PPSI
varies widely between and within marine regions but they are
consistently reported among the top identifiable litter items in
the NEA (OSPAR, 2017; Maes et al., 2018), the Mediterranean
Sea (Vlachogianni et al., 2018; Fortibuoni et al., 2019; Lambert
et al., 2020), the Baltic Sea (HELCOM., 2018), and the Black Sea
(Simeonova et al., 2017; Chuturkova and Simeonova, 2021), as
well as in observations of riverine floating litter across Europe
(Gonzélez-Ferndndez et al., 2021).

Our study analyzed the level of mismanaged PPSI waste in
coastal territories to assess regional differences in the intensity of
this type of litter in these areas. As concluded in the recent study
by Gonzélez-Fernandez et al. (2021), small coastal drainage
basins (<100 km?) can be very significant in discharging litter
into European seas. Our results indicate that the pressure on
the coast from mismanaged PPSI waste is particularly intense
in the Mediterranean Sea and the Black Sea, which collectively
make most of the total mismanaged PPSI waste estimated
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for the coastal territories in Europe. This results from the
higher amounts of mismanaged PPSI per capita in Southern
and Eastern Europe countries, and from the littoralization of
the Mediterranean Sea, which concentrates a higher share of
the population along the coast. Furthermore, these results may
also be explained by the enormous influx of tourists to the
Southern regions, particularly the Mediterranean (UNEP/MAP-
Plan Bleu., 2020), which may generate substantial amounts of
waste and be accounted for in the reported waste data used.
Even if the studies detailing the specific impact of tourism on
waste generation in Europe are sparse, the tourism sector is
known to exert intense environmental pressure in terms of solid
waste, including packaging and other disposable items (Muiioz
and Navia, 2015). According to Mateu-Sbert et al. (2013), each
additional tourist in Menorca Island will generate 1.3kg of
MSW per day, while Martins and Cr6 (2021) estimate that the
tourism sector is responsible for approximately 45% of the solid
waste generated per capita in Madeira Island (Portugal). In
fact, seasonal fluctuations are visible in reported accumulation
rates of beach litter in the Mediterranean, particularly in what
concerns consumer-related items such as PPSI (Grelaud and
Ziveri, 2020). It is worth noting, though, that our estimations
in coastal regions are computed as a function of the permanent
population only and do not specifically capture seasonally
increased population in tourist areas. This, however, would be an
important subject of future research. Moreover, country-based
analyses of MPW can be further refined by using sub-national
waste data and thus map plastic waste flows with more spatial
accuracy. Subsequent studies can make use of MPW estimates to
model plastic emissions from land into the sea and to assess how
those correlate with levels of environmental plastic pollution.

Conclusions

Our results suggest that improvements in the proportion
of plastic waste being adequately managed in Europe are
mainly driven by interventions at the end-of-life stages
of plastics (i.e., waste management—collection, recycling,
disposal). Contrastingly, an increase in plastic packaging
production seems to have led to an intensification in the
generation of plastic waste, and in turn to higher amounts
of plastic waste that is mismanaged in many of the countries
assessed. In fact, according to data from Eurostat (2022b),
plastic packaging waste generated in EU27 presents an
increasing trend between 2012 and 2019, even if many
European Member States have identified plastic waste as a
priority in their waste prevention programs (EEA—European
Environment Agency, 2019a). An increasing trend in waste
generation contrasts with the European policy ambition of
preventing (plastic) waste and applying the waste hierarchy,
as formulated in the Waste Framework Directive (2008/98/EC,
amend 2018/851), the European Circular Economy Action
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Plan (European Commission, 2020), and more recently the gth

Environmental Action Programme (EU Decision 2022/591) and
the ZPAP (European Commission, 2021a). Responses in both
waste prevention (upstream) and management (downstream)
are needed to transition to a circular economy and reduce the
amount of plastic waste that ends up in the marine environment.
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