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ABSTRACT: Plastic has been identified as an emerging
contaminant in aquatic and terrestrial ecosystems. Uncertainties
remain concerning the amounts present in the environment and
the main responsible sources. In this study, the emissions of
macro- and microplastics have been mapped for seven polymers
in Switzerland. The modeling is based on a complete analysis of
the flows from production and use to end-of-life using
probabilistic material flow analysis. We estimate that 94 ± 34
g/capita/year of low-density polyethylene, 98 ± 50 g/cap/a of
high-density polyethylene, 126 ± 43 g/cap/a of polypropylene,
24 ± 13 g/cap/a of polystyrene, 16 ± 12 g/cap/a of expanded
polystyrene, 65 ± 36 g/cap/a of polyvinyl chloride, and 200 ±
120 g/cap/a of polyethylene terephthalate enter the Swiss
environment. All polymers combined, 540 ± 140 and 73 ± 14 g/cap/a are emitted into soil as macroplastics and microplastics,
respectively, and 13.3 ± 4.9 and 1.8 ± 1.1 g/cap/a are emitted into freshwater as macroplastics and microplastics, respectively.
The leading emission pathway is littering for both terrestrial and aquatic environments. Construction, agriculture, and pre- and
postconsumer processes cause important emissions of microplastics into soils, and postconsumer processes, textiles, and
personal care products release most of the microplastics into waters. Because mass flows into soils are predicted to be 40 times
larger than those into waters, more attention should be placed on this compartment. Our work also highlights the importance of
referring to specific polymers instead of just “plastics”.

■ INTRODUCTION

Microplastics (MP) have been reported in numerous fresh-
water systems in Europe,1−3 North America,4 Africa,5 Asia,6−8

both in densely populated areas9 and remote systems.10 The
presence of MP in soil is not as well documented as it is in
freshwater since accurate methods for measuring MP
concentrations in soil are still being developed;11−13 however,
first estimates hint that burdens in soil may be consid-
erable.14,15 MP have been reported in soils where sludge has
been applied16 but also in areas with reduced direct human
impacts.11 The main sources of MP to soil have been suggested
to be compost and sludge application onto land, mulching
plastics, littering, street runoff, and atmospheric deposition.17

Emissions to outdoor and indoor air have so far only been
marginally addressed.18

The risk associated with MP is currently under debate19−22

due to challenges arising in both hazard and exposure
assessments. Current preliminary risk assessments predict little
to no risk on average in marine23 and freshwater24 environ-
ments. In order for science to support actions from policy
makers and citizens, a solid assessment of the present degree of
pollution needs to be undertaken. MP emission assessments
have been performed for Norway,25 Denmark,26 Germany,27,28

Sweden,29 Europe,30 and the whole world.31 The receiving

environmental compartment is sometimes not mentioned,25,28

or the focus is only on aquatic environments.26,27,29−31 Existing
estimates for soil burdens are only preliminary and call for
more precise assessments.17,32 MP originating from macro-
plastic fragmentation are often outside of the scope of
published MP-release studies26,29−31 or based on a rough
estimate of the fraction of mismanaged waste.25,27 In one
instance, the method of quantifying release remains unclear.28

Some published emission assessments have focused entirely on
the release of macroplastic to the oceans,33,34 likewise based on
roughly estimated fractions of mismanaged waste.35 To this
day, large segments of the emission pathways are not well-
known,32 since data on specific release processes is scarce and
subject to high variability.
To the best of our knowledge, no release model has

systematically investigated the material composition of the
emission flows. The distinction between different polymers for
the exposure assessment is needed for several reasons. First, a
risk assessment should ideally distinguish between individual
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materials, since toxicities may be different depending on the
material itself and the additives included. Since release
pathways may also be very different depending on the life-
cycle of the material,36 the exposure is also polymer dependent.
Second, if fate models are to be developed, a differentiation
between lower and higher material densities needs to be made.
At last, for the implementation of the MP release into life cycle
inventories (LCI), a distinction between material and life-cycle
stage is needed.
The goal of this study is therefore to quantify the emissions

of different plastics based on a complete analysis of the life-
cycle of all products containing the chosen materials. This
modeling is being undertaken for different polymers, with an
increased level of detail compared to existing studies, and
targets both macro- and microplastics. This allows us to
compare in a complete picture the different emission sources
of plastic to the environment, identify the polymers emitted,
and pinpoint possible points of action. The model focuses on
emissions to water and soil environments without including
fate processes such as fragmentation of macro- to micro-
plastics. The modeling is based on probabilistic material flow
analysis (PMFA)37 which allows us to account for the various
uncertainties associated with the data sources. Moreover, by
considering the whole life-cycle, all emissions may easily be
compared to one another and no double accounting occurs.
The modeling was done separately for seven of the most highly
used thermoplastics. Switzerland was used as the geographic
region due to the high availability of data.

■ METHOD
Algorithm.Material Flow Analysis (MFA) is an established

method for analyzing the flows of materials through the
anthroposphere in a systematic fashion.38,39 The probabilistic
MFA (PMFA) method used in this work builds upon MFA by
including a systematic uncertainty analysis and propagation
using Monte Carlo simulations.37 This method has already
been used for modeling the flows of polymers through the
anthroposphere40 as well as several other materials.41−43 The
basic principle of the model relies on two mathematical
objects. The first object is a transfer coefficient (TC) matrix,
which describes all the flows from one process to another. The
second object is an input vector containing all the external
inputs to the defined system. The matrix and vector constitute
a system of linear equations, which is solved using matrix
inversion. This matrix equation is solved 105 times in a Monte
Carlo setup, where every element is randomly taken from
predefined probability distributions depending on data
availability and quality.44,45 A schematic description of the
method is given in the Supporting Information (SI) (Figure
S1), and more details are available in the original
publications.37,40 For simplicity, most of the results will be
presented as the mean and standard deviation of the
distributions where the mean is rounded to the second
significant digit of the standard deviation.46

Materials. The polymers chosen for this analysis are
identical to the ones for which the flows within the
anthroposphere were modeled in a previous study:40 low-
density polyethylene (LDPE), high-density polyethylene
(HDPE), polypropylene (PP), polystyrene (PS), expanded
polystyrene (EPS), polyvinyl chloride (PVC), and poly-
ethylene terephthalate (PET). These polymers were chosen
on the basis of their popularity of use47 and the frequency at
which they were reported in freshwaters.48,49 No additives are

included in the masses reported. More details on the material
definition are available in the first study.40

Flows Considered. The basis for assessing the flows of the
polymers to the environment is the modeled life-cycle of the
polymers within the anthroposphere.40 Some adjustments to
the life-cycle description were necessary compared to the
previous study to permit the modeling of emission flows. First
of all, additional product categories were included to the 35
already defined in the previous study: wet wipes, sanitary pads,
panty liners, tampons, tampon applicators, cotton swabs,
disposable cutlery, straws, and shotgun cartridges. Second, a
distinction between preconsumer waste generated by textile or
plastic industries was made in order to model the emissions of
pellets more accurately (Figure S16).
Building on the description of the life-cycle, emission flows

were included describing the initial emission and the pathways
followed until the final release into the environment (Figures
S17−21 and Figure S11). Emissions of macroplastic and MP
are tracked individually by creating separate compartments for
both sizes of plastic in our system. This permits to account for
the different processes responsible for the MP release to
freshwater and soils. MP emissions occur for both MP that are
designed as particles for their use, for example, preproduction
pellets and MP in personal care and cosmetic products
(PCCP), and for MP generated from the wear of products, for
instance, fibers shed from textiles (SI chapter 4). MP can also
originate from the abiotic or biotic degradation of macro-
plastics. In order to account for all types of sources, emission
flows of both MP and macroplastics are considered. No fate
processes are implemented in water and soil environments. A
simple air deposition model is nevertheless implemented since
particles do not stay in the air for longer time periods. The
emissions of MP and macroplastics will be presented separately
throughout this study. MP include all particles smaller than 5
mm, with no strict lower size threshold since the different data
underlying the model may have varying lower thresholds, and
macroplastics include all pieces larger than 5 mm.
A total of 168 flows were used to model the life-cycles of the

polymers in Switzerland for the year 2014, mostly on the basis
of the original study.40 They represent the flows of plastic
through production, manufacturing, use, and end-of-life. In
addition, 234 flows were built to model the emission pathways
starting from the individual processes in the life-cycle. For both
MP and macroplastic emissions, the emission pathways can be
either direct or more intricate, by flowing through several
technical compartments before reaching the environment.
Both soil and freshwater environments are modeled as final
environmental compartments, for which the emissions as MP
and macroplastics are separately recorded. Further distinctions
between residential soil, natural soil, agricultural soil, road
sides, and subsurface soil are made. The definitions of
residential, natural, and agricultural soils follow the classi-
fication of surface use in Switzerland.50 Road sides are defined
as the immediate surrounding of highways and smaller roads.
The subsurface soil compartment was defined for the release of
MP due to sewer exfiltration and the MP lost from geotextiles
in use. Emissions from industrial activities are released to
residential soil or road sides depending on the emission
process; plastics and textiles from agricultural origin are
emitted into agricultural soil. MP in outdoor air was
redistributed to soil or water environments using the land
use as a coarse deposition model.
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Many parameters involved in the modeling of the emissions
are identical for the seven polymers since the release mostly
depends on the processes. The largest differences in
parameters among the seven polymers are found in the life-
cycles.40 A short description of the release pathways
considered is presented in the following subsections and in
Table S2. A complete description of the literature and data
used for the modeling of the release flows is presented in the
SI.
Emissions of MP Due to Wear Processes. Most of the

products in use undergo wear processes, which are
implemented in varying levels of detail depending on the
literature available. All textile applications are subject to wear
in different proportions. Emissions of MP fibers (MPF) from
clothing and household textiles by washing, drying, and
wearing are included. These estimates are based on the
amounts of MPF released during one cycle of washing,51−55

drying,54 or wearing,56−58 the number of cycles during the
whole lifetime of the products, and other parameters which
were required for the implementation of the original data. The
technical textiles are subject to an assumed standard shedding

rate.59 The whole description for these and other emissions is
available in the SI.

Intentionally Mismanaged Waste. Four distinct processes
are modeled for the mismanaging of waste: littering, dumping,
flushing, and contamination of organic waste. A short
description of the approach is given in this section. For more
details, refer to the SI.

Littering. Plastic products which are used away from home
may be littered instead of being discarded in bins.60 In order to
model this flow, several intermediate steps were introduced.
Since only the products which are used away from home may
be subject to this process, the consumption of products on-the-
go was estimated. In a second step, a distinction was made
between products used in residential or natural areas or in the
car. Once the consumption of plastic in these three areas is
known, a location dependent littering probability is applied.
The nonlittered portion is collected with mixed waste. The
final step is the modeling of the sweeping of the litter. A
fraction of the litter that is collected flows to mixed waste and
the rest flows to soil, surface water, and stormwater. The
products which may be subject to littering are consumer films,

Figure 1. Aggregated emissions flows for PP in tonnes per year in Switzerland for macro- and microplastic in 2014. The aggregated flow
distributions are represented after being rounded with their mean ± standard deviation. The life-cycle processes are aggregated for visualization
purposes. The life-cycle flows (not shown) are calculated based on the existing life-cycle model40 and generate the input into the aggregated
compartments shown in the middle of the figure. The exact flow values for the individual compartments can be found in the table document of the
SI. Equivalent flowcharts are available for the remaining polymers in Figures S5−S10. The color of the flows is representative of the receiving
compartment, and the width of the flows qualitatively represents its magnitude. Abbreviations: waste collection (waste coll.), nonconsumer
packaging (noncons. packaging), personal care and cosmetic product (PCCP).
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bags and bottles, other consumer packaging, cutlery, and
straws.
Dumping. Mismanaged waste also arises in a more

premeditated manner than littering, with all the waste that is
deliberately dumped outdoors.61 This process is not limited to
consumer products used on-the-go and occurs for any used
goods. This process is implemented for all product categories
in the model except cars and mobility textiles. The litter arising
through this process is redistributed to litter in residential or
natural areas or road sides and then follows the same pathways
as litter arising through littering.
Flushing. Sanitary waste is often flushed down the toilet

instead of being discarded in the waste bin.62,63 A flushing
probability is attributed to wet wipes, sanitary pads, panty
liners, tampons, tampon applicators, and cotton swabs, which
are then collected along with wastewater.
Contamination of Organic Waste. Various plastic products

and types are found in collected organic waste.64−66 The
following products may be collected inadvertently with organic
waste: consumer films, consumer bags, consumer bottles, other
consumer packaging, agricultural packaging films, agricultural
bottles, agricultural pipes and films, other agricultural plastics,
agrotextiles, household plastic, straws, and cutlery. A certain
fraction of this plastic is removed during the processing of the
organic waste, and the rest is distributed to agricultural and
residential soil. The processing of the organic waste also causes
some of the plastic to be fragmented into MP.
Unintentionally Mismanaged Waste. Some of the

products found in the environment, such as plastic films
from construction or industry, may be lost inadvertently due to
weather or during transportation. This release is separate from
plastic that is dumped or littered. Such a release is modeled for
nonconsumer packaging (nonconsumer bags, nonconsumer
films, other nonconsumer packaging), construction plastics
(construction packaging films, pipes, insulation, coverings,
profiles, lining), agricultural plastics (agricultural packaging
films, agricultural packaging bottles), and automotive plastics.
This litter then follows the same steps as littered waste before
it is ultimately considered to have been released to the
environment.

■ RESULTS
Emission Pathways. An aggregated overview of the

emission flows is presented for PP in Figure 1 for MP and
macroplastics, simultaneously, and for the six remaining
polymers in Figures S5−S10. Seven hot spots for plastic
release in Switzerland are as follows:

1 On-the-go consumption: for PET, HDPE, PP, LDPE,
PS, and PVC

2 Postconsumer processes: for PVC, HDPE, EPS, PP, and
PS

3 Use of plastic in agriculture: for LDPE and PP
4 Construction and demolition sites: for PVC, HDPE,
EPS, and PS

5 Flushing of hygiene products: for HDPE, PET, and PP
6 Collection with organic waste: for PP, HDPE, LDPE,
PET, and PS

7 Textiles: for PET and PP

LDPE is typically used for producing films and is largely
used in packaging, construction, and agriculture. The largest
emissions originate from these sectors, with consumer
packaging leading by a large margin via littering with 1380 ±
450 t (Figure S5). From there, most of the emitted plastic is
swept again by the authorities. A large portion, nonetheless,
reaches the environment, mostly on soils. Large amounts of
LDPE are also collected along with organic waste: 880 ± 240 t
from consumer packaging and 400 ± 170 t from agriculture,
where the vast majority is sorted out again. HDPE has a very
broad range of applications which results in many different
kinds of emissions (Figure S6). The largest initial release from
products is found for consumer packaging litter (3500 ± 1100
t), construction (250 ± 130 t), and hygiene products (210 ±
180 t). PP also has a very large range of possible applications
and therefore many types of emissions (Figure 1). Littering of
consumer packaging again has the first position for the initial
emission with 2430 ± 730 t littered, followed by items
discarded in organic waste and flushed hygiene products. Large
amounts of litter also arise from construction (114 ± 73 t) and
agricultural activities (360 ± 210 t to soil and 273 ± 80 t to
organic waste collection). PS is mostly used in packaging, so
littering plays a very important role in its release with a total of
760 ± 230 t littered (Figure S7). Large amounts of PS are also

Figure 2. Detailed pathways for all flows connected to littering in Switzerland in tonnes per year, summed over all polymers. The color of the flows
is representative of the receiving compartment. Dashed flows represent existing flows for which the data is not represented. The flow distributions
are represented after being rounded with their mean ± standard deviation.
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released from nonconsumer activities related to packaging,
construction, and waste management. EPS and PVC are mostly
used in construction, which is again reflected in the predicted
emissions (Figures S8−S9). 240 ± 130 t EPS and 690 ± 260 t
PVC litter arises from construction activities of which a large
fraction is swept. Large emissions of EPS and PVC are also
caused by the collection of construction waste. PVC is also
subject to littering to a large extent with 235 ± 88 t littered
every year. Lastly, for PET, there is a very clear domination of
release through littering with 10100 ± 2800 t before sweeping
(Figure S10). Large amounts of PET MPF are also released
from textile applications, even though the amount initially
released from textiles is 2 orders of magnitude lower than the
amount of PET littered.
For all mentioned polymers, one of the most preeminent

emissions is almost always caused by littering. More details
about the flows during littering are shown in Figure 2. The
only parameters that are polymer dependent for littering are
the fractions of the packaging product categories used on-the-
go, which were available for the seven materials.67 Between 5%
and 35% of the used consumer packaging applications are
consumed away from home depending on the polymer and the
product. Consumer bottles, in particular, of which 35% are
used away from home present a higher potential for littering.
According to our estimates, 25% of this packaging used away
from home is used in transportation, 10% in natural
environments, and the rest in residential areas. A total of
22900 ± 3300 t of litter of all seven polymers are generated
along road sides in residential and natural areas according to
our model. The largest amount of litter generated arises for

PET because of the high consumption of PET bottles and their
high on-the-go consumption. As mentioned earlier, most of the
litter arises in residential areas, followed by road sides and
natural environments. Because of the different sweeping
efficiencies considered, most litter remaining after sweeping
is found along road sides and in natural environments.
Quantitative information on the differences between the
materials is given in the SI.
The second most important release for most polymers is

caused by mismanaged agricultural products. In total, 800 ±
280 t of the seven polymers are directly emitted to agricultural
soil by burying after use. Most of this plastic consists of PP
with 360 ± 210 t and LDPE with 340 ± 180 t buried, followed
by 41 ± 36 t PET, 29 ± 22 t PVC, 24 ± 12 t HDPE, and 2.2 ±
2.1 t PS.
Other important indirect emissions flows are caused by

stormwater and wastewater management (Figure S11). Every
year, 600 ± 300 t of macroplastics and 210 ± 150 t of MP are
emitted to wastewater (Figure S12). All of the macroplastics
released to wastewater are hygiene articles that are flushed
instead of being appropriately discarded. Macroplastics can
only escape WWTPs through combined sewer overflows
(CSOs), except for cotton swabs which may escape secondary
treatment. Nevertheless, cotton swabs are among the least
flushed items in terms of mass along with cleaning cloths
(Figure S12). Much larger masses of wet wipes and feminine
hygiene products are flushed; however, since 100% of the large
macroplastic are retained in WWTPs overall, the emission of
such items through the WWTP becomes negligible. The
emissions caused by CSOs cause the largest emissions of these

Figure 3. Macroplastic and MP emissions to soil and water in tonnes per year for Switzerland and their material composition. Only the ten largest
contributions are shown. The contributions are shown by type of process, either product categories or pre- and postconsumer processes. The total
release is shown in the lower right corner as mean ± standard deviation, rounded to two significant digits of the standard deviation.
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products with a total of 10.6 ± 7.2 of all polymers and products
combined. Less MP enter WWTPs than macroplastics, yet the
emissions to surface water are almost as important. The largest
MP releases to wastewater are caused by PCCP and clothing.
Smaller releases originate from postconsumer processes,
technical clothing, and household textiles. The largest amounts
of MP escape through CSOs at 6.2 ± 4.7 t, and significant
amounts also leave from tertiary treatment at 1.4 ± 4.4 t. The
largest emissions caused by wastewater nevertheless flow to
subsurface soils through exfiltration from sewers at around 23
± 19 t.
An important MP release pathway to soil and surface water

environments occurs through air deposition. MP including 32
± 35 t of PET, 30 ± 15 t of PP, 11.7 ± 6.2 t of HDPE, 9.3 ±
4.9 t of PVC, 8.0 ± 3.4 t of PS, 3.3 ± 1.4 t of LDPE, and 2.42
± 0.60 t of EPS are transported through outdoor air and
deposit onto soil or surface water (Figure 1 and Figures S5−
S10). PET emissions to outdoor air are dominated by
emissions from indoor air of MPF from clothing and
household textiles. Around 33% of the MP emitted to indoor
air are released to outdoor air through air exchanges between
the two environments in our model. The largest emissions to
indoor air are caused by MPF shed from clothing and
household textiles, which also contribute to the largest
emissions to outdoor air after postconsumer processes. PP
emissions to outdoor air are dominated by emissions from
waste collection and recycling at 15.3 ± 6.6 t, more specifically
from automotive shredder residue and waste electrical and
electronic plastic which are often shredded in the open. Large
amounts of PP MP are also emitted to outdoor air from indoor
environments at 11 ± 11 t. Similarly, for HDPE, PS, PVC, and
LDPE, MP emissions to outdoor air are primarily caused by
the recycling processes of cars and electronics. For PS and
EPS, emissions from construction and demolition activities are
also very relevant at 3.4 ± 2.5 t PS and 2.42 ± 0.60 t EPS.
An overview of the final emissions caused by individual

products is given in Figure 3, with aggregated emissions from
pre- and postconsumer processes. The largest emissions to soil
occur for consumer packaging as macroplastics through
littering and from waste management and recycling. Large
amounts of macroplastics are also released by the burying of
agricultural goods that reach their end-of-life. The next largest
emission to soil is caused by the cutting of construction pipes
and agricultural film fragmentation during use, both of which
generate MP. The total macroplastic emissions to soil sum up
to 4400 ± 1200 t and the total MP emissions to 600 ± 110 t.
Similarly, more macroplastics are emitted to freshwater than
MP, at 109 ± 41 t of macroplastic and 14.9 ± 8.8 t of MP.
Consumer packaging littered is the leading emission of
macroplastics also for surface waters. Smaller yet relevant
emissions are caused by MP released from recycling processes.
Emissions of macroplastics by industrial activities, non-
consumer packaging, and construction sites are also relevant.
Hygiene articles flushed and collected with wastewater also
figure in the largest emissions of macroplastics to surface
waters. Other MP emissions to surface water are caused
primarily by clothing and PCCP, followed by fabric coatings,
preconsumer processes, and household textiles.
Receiving Environmental Compartments. The distri-

bution of the release among environmental compartments
varies as a function of the polymer and the type of emission
(Figure 4). The main reason for this variation is due to the
different applications of each polymer. LDPE and PP MP are

mostly emitted to agricultural soil due to the use of LDPE films
and PP agrotextiles in agriculture. Around 80% of LDPE MP
emissions flow to agricultural soil, and 45% of PP MP. The

Figure 4. Comparison of the total emissions by polymer, type of
emission (MP or macroplastic), and final compartment in tonnes per
year for Switzerland. The total amount of polymer released as MP or
macroplastic is displayed in the upper right corner as mean ±
standard deviation, rounded to two significant digits of the standard
deviation.
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emissions of LDPE MP to other compartments are much lower
in comparison. Around 30% of the PP MP is emitted to
residential soil and only around 10% to natural soil. HDPE MP
is mostly emitted to residential soil with 50% of the emissions
because of nonconsumer activities, followed by subsurface soil
with around 30% because of the assumed wear of HDPE pipes
in use. Around half of PS MP is emitted to residential soil
because of nonconsumer activities. Around two-thirds of EPS
and half of PVC MP emissions land in residential soil, because
of preconsumer processes in the case of EPS and construction
activities for PVC. A large amount of PVC MP also ends in
subsurface soil because of the wear of pipes during use. PET
MP is mostly emitted to agricultural soil (around 36%)
through air deposition, wear of agrotextiles, and compost and
digestate application onto land. With all polymers combined,
MP is mainly emitted to agricultural soil, followed by
residential soil and subsurface soil (Figure S13).
Macroplastics of all polymers are found mostly on road sides

(Figure 4) because of littered consumer packaging and lost
construction and demolition waste. An exception to this exists
for LDPE and PP for which around half of the macroplastics
are emitted to agricultural soil, caused by burying of
agricultural products. With all polymers combined, road side

pollution constitutes 67% of all the macroplastic emissions
(Figure S13). Agricultural and residential soils then contribute
to around 24% of the emissions together. Only 6.3% of all the
macroplastics emitted flows to natural soil, and 2.4% flows to
surface water. It thus appears that for both MP and
macroplastic emissions, most of the burdens is initially emitted
into soils.

Emission Factors. According to our model, 0.59 ± 0.16%
of the mass of polymer consumed in Switzerland is released to
the environment when emissions occurring outside of the
consumption phase are neglected. This overall emission factors
are different for the seven polymers: 0.64 ± 0.23% of LDPE,
0.53 ± 0.28% of HDPE, 0.57 ± 0.19% of PP, 0.24 ± 0.14% of
PS, 0.037 ± 0.012% of EPS, 0.177 ± 0.047% of PVC, and 1.25
± 0.73% of PET.
In Figure 5, the emission factors and the mass of the

products emitted are compared for all product categories
considered in the model and pre- and postconsumer processes.
Consumer packaging is responsible for the largest macroplastic
emissions to soil, followed by postconsumer processes,
agricultural applications, construction pipes, and preconsumer
processes. The remaining emissions are much smaller
compared to those of these products. The largest emission

Figure 5. Emission factors (left) and total mass released in tonnes per year (right) by product and receiving environmental compartment for
Switzerland. The emission factors are averaged over the seven different polymers and the emission masses are summed over the seven polymers.
For “pre-consumer processes” and “post-consumer processes”, a weighted average over the emissions from the subprocesses was calculated, using
the mass in the subprocesses as weight. All displayed numbers are shown as mean ± standard deviation, rounded to two significant digits of the
standard deviation. Abbreviations: electrical and electronic equipment (EEE), personal care and cosmetic products (PCCP), textile (text.).
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factors are found for shotgun cartridges with 71.4 ± 8.4% of
the cartridges consumed being released directly into the
environment during use. The second largest emission factor is
found for PCCPs with 13.6 ± 2.4% of the total mass consumed
being released of which a large amount is released to
subsurface soil through exfiltration from sewers. Agricultural
products also have large emission factors, ranging from 7.8 ±
1.5% for agrotextiles to 1.26 ± 0.29% for bottles. Other
products with large emission factors are consumer packaging,
hygiene products, straws, and cutlery.

■ DISCUSSION
Overall Release of Polymers to the Environment.

Several assessments of macro- and microplastic emissions have
already been published. Nevertheless, the results from different
studies cannot be compared easily because of the differences in
scope. More often than not, the largest emission flows in
previous assessments originate from tire wear25,26,29,30 which
consist of other polymers than those considered here. The
materials included in the present study were chosen according
to the prevalence of the polymer types measured in
freshwater.40 This issue highlights the importance of moving
away from references to “plastics” instead of specific polymers.
For Europe, it was previously assumed that approximately

6−10% of the plastic produced was emitted to the oceans.27

On a global scale, estimates of the amount of mismanaged
waste reaching the oceans was estimated to be 2−5%.33 The
plastic litter input into the oceans from rivers was estimated
based on the amount of mismanaged waste34 by countries
around the world. Globally, 32% of all the plastic waste
generated was modeled as being mismanaged and after
calibration, with measurements in rivers, it was estimated
that 1−2% of the plastic waste generated globally reached the
oceans.34 Such broad estimates are good first estimates, yet
they need to be improved by more accurate and specific
numbers. Our results clearly show that using a generic release
estimate for all existing plastic products is not feasible, as the
life-cycle of the different applications is very different.
Moreover, large regional differences may be expected,
depending on the regional waste management practices, and
global emission rates will not be representative of the emissions
of any one country.
A comparison by emission type can be done for the most

important flows in this model, starting with the largest
emission source of plastic to the environment according to
the present study: littering. Previous estimates of quantities of
plastic released due to littering use littering rates of around
2%.33 This value combines the different parameters modeled in
our study: on-the-go consumption, littering probability, and
sweeping efficiency. According to our results, 1.2 ± 0.5% of the
products consumed on-the-go is released to the environment
due to littering. However, the previous studies applied the
littering rate to all plastic applications which led to a large
overestimation of the amount of plastic pollution caused by
littering, since only products used on-the-go may be littered.
Little information can be found on other emission flows in

literature. Emissions from agriculture and construction which
may both be very relevant are omitted from existing plastic
emission assessments.
Per Capita Polymer Emissions. In order to allow a

comparison with other published plastic release estimates, we
converted the released masses into per capita flows using a
population of 8.19 million68 in Switzerland for 2014. In total,

94 ± 34 g/cap of LDPE enter the Swiss environment per year,
aggregated over all environmental compartments and consid-
ering both MP and macroplastic. The corresponding numbers
for the other polymers are 98 ± 50 g/cap of HDPE, 126 ± 43
g/cap of PP, 24 ± 13 g/cap of PS, 16 ± 12 g/cap of EPS, 65 ±
36 g/cap of PVC, and 200 ± 120 g/cap of PET. With all seven
polymers combined, 630 ± 150 g/cap of plastic enters the
environment per year. Modeled emissions to soil are much
higher than emissions to freshwater for all polymers: 610 ±
150 g/cap are emitted to soil and 15.1 ± 5.1 g/cap are emitted
to water; 1.8 ± 1.1 g/cap enters waters as MP, and 13.3 ± 4.9
g/cap enters water as macroplastics. For soils, the correspond-
ing flows are 73 ± 14 g/cap as MP and 540 ± 140 g/cap as
macroplastics. The difference in MP and macroplastic
emissions is primarily due to the prevalence of emissions
from consumer packaging for most polymers. We predict that
soils receive 40 times more plastic (both macro- and
microplastics) than waters. This means that much more
focus should be placed on this compartment, both in relation
to future research as well as for regulators.
Previous estimates of plastic emissions range from 8 g/cap69

for MP added intentionally in products to 5400 g/cap28 for
many types of emissions. When we compare all of these studies
together, our estimates are much smaller, especially for MP. It
should however be noted that depending on the study, tire
wear represents between 2627 to 79%29 of the total MP
emissions. Publishing release estimates while distinguishing
between materials involved will therefore be central to the
assessment of the impacts of synthetic microparticles. Tire
wear particles may be linked to entirely different environmental
issues and risks70 than particles consisting of nonrubber
plastic.23,24 Paints and coatings also represent large portions of
the previously published estimates. When all the emission
sources which are not included in the present study are
removed from previously published estimates, one obtains
emissions of 129,25 3.6−95,26 4.7−32.25,31or 108 g/cap30 for
MP reaching aquatic environments or 858 g/cap28 emitted
without specification of the receiving compartments. Our
estimate of MP reaching surface waters is 1.8 ± 1.1 g/cap
lower than all these estimates. This highlights the importance
of moving away from generic release estimates to more
product- and polymer-specific assessments and also shows that
using global values will not capture the release flows in an
industrialized country with an efficient waste management
system.

Comparison with Measured Emissions. Although many
measurements of MP in freshwater exist, it is difficult to use
them for a comparison with our model results as we predict
releases and not environmental exposure. Fate processes
occurring after the emissions are not part of the model,
which is very important in order to predict actual
concentrations. The macroplastics and MP will be affected
by sedimentation, runoff, fluvial transport, fragmentation, and
degradation. The presented data may serve as the basis for the
creation of such fate models71 but cannot predict environ-
mental concentrations.
The order of magnitude of the modeled emissions can be

put into perspective using the estimated amount of plastic litter
on Swiss lakes and river shores obtained from the Swiss Litter
Report by sampling of litter.72 According to this study, around
276 t/year of plastic can be found along shores in Switzerland,
assuming that the litter collections are independent for an
interval of one month.73 Our model estimates 109 ± 41 t/year
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of macroplastics released to water, which is of the same order
of magnitude as the value obtained through upscaling of the
data from the Swiss Litter Report to Switzerland.
For a few of the processes in our model, a comparison with

measured values can be made. The high amount of sanitary
items in surface waters predicted by our model is correlated to
the prevalence of such products in litter inventories from field
studies. According to the Swiss Litter Report,72 one cotton
swab is found on every 100 m2 of shores in Switzerland per
month. A rough estimation of the number of cotton bud sticks
on river and lake sides can be made by using the length of the
hydrographic network of Switzerland and the length of the
shorelines of the lakes.74 Assuming a shore is 1−5 m broad,
one cotton swab may be found every 20−100 m of the shore
every month, resulting in 2.9 million−4 million cotton swabs
per year. A total of 2.3 million cotton swabs are emitted per
year to surface waters in Switzerland according to our model,
using the mass of a single cotton swab (see SI), which lies on
the lower range of the estimate based on the Swiss Litter
Report.
A comparison can also be made with the total amount of

sanitary textiles collected on screenings in four different
WWTPs in France, which were reported to range from 400 to
1700 g/cap/year.75 The present model predicts that a total of
73 ± 37 g/cap/year of macroplastics enter the WWTPs in
Switzerland. This value encompasses only the seven polymers
considered in the model which make up 6−73% of the
composition of the sanitary product (see SI). This comparison
tends to show that the amount of sanitary items flushed is not
overestimated.
Emissions of MP through wastewater can be compared using

measurements of MP burdens in wastewater in 28 WWTPs in
the canton of Zurich.76 From these measurements, it was
estimated that 600 g/day of MP enter surface waters from the
Canton of Zurich alone. When we scale up these values to
Switzerland, we obtain a resulting value of 1.2 t of MP.77 A
total release of 1.5 ± 4.6 t MP through WWTPs from the seven
polymers considered was estimated within this study, which is
in good agreement with the estimate obtained from the
measurements.
The predicted emissions to air can also be put into

perspective with other approaches. According to our model,
98 ± 47 t of MP are emitted to outdoor air per year,
originating to a large extent from postconsumer processes due
to dust generated from shredding in recycling sites and from
textile wear. This value can be compared to the reported
atmospheric deposition of MPF in Paris.78 Between 3 and 10 t
of fibers were estimated to deposit on the Parisian
agglomeration every year of which around 29% were
synthetic.78 By scaling to the area and the Swiss population,
we can estimate that 0.57−1.97 t/year are deposited on soil
and water environments. Two key uncertainties are worth
mentioning: the shedding rate which can be applied to various
types of textiles, and the air exchange rate between indoor and
outdoor air. The estimated dust mass that is deposited in
households in Switzerland can be compared to dust deposition
rates as known from literature79−81 which are in the range of
1.1−2.4 g/m2/year. The useful floor space in Switzerland is
estimated to be 0.62 billion m2,82 resulting in approximately
680−1500 t/y of indoor dust deposited in Switzerland. The
synthetic fiber content in dust was reported to be 1−5%83 by
volume in a household or 1.5%84 by mass in an office.
Consequently, 6.8−34 t of synthetic fibers would be a possible

range of the amount of synthetic fibers deposited in indoor
environments in Switzerland every year compared to a model
prediction of 109 ± 69 t MP. The discrepancy of the two
estimates by a factor of 3−16 may suggest that our evaluation
of the fiber shedding processes may be overestimated.
However, it is smaller than the discrepancy in the estimates
of MP in outdoor air presented earlier. Very large uncertainties
are attached to the dust generation rate and the useful floor
space to which the dust generation rate is applied. The
shedding rate of MPF used in the presented model may
depend on parameters such as the activity performed, the type
of garment, the cleanliness of the clothes, and the ambient
relative humidity.58 Because of the lack of literature on
emissions of fibers caused by wear and drying, their description
was simplified. More research on the mechanics underlying
these shedding processes as well as the various uses of textiles
would clarify the importance of MPF shed indoors for the MP
present in outdoor air.

Assessment of Model Uncertainty. The PMFA method
enables us to consider the uncertainty associated with each
parameter used in the model. This uncertainty is then directly
reflected in the final results which may have greatly varying
relative uncertainties (Figure S15). These differences in
confidence in the predicted results can easily be explained by
considering the distribution of the parameters influencing it.
The relative uncertainty of the mass contained in compart-
ments ranges from 7 to 538%, with a median relative
uncertainty of 39%. Low relative uncertainties are found for
results depending on well-known parameters, and higher
uncertainties are given for less confident predictions. In this
manner, no false confidence in the results is given from the
model. For example, a very high relative uncertainty is
attributed to the amount of MP found in tertiary treatment
in WWTPs, with a value of around 300% for most polymers
and as high as 538% for PET. For all polymers, a strong
influence on this final relative uncertainty comes from the high
variability in removal efficiencies for the different treatment
stages in the WWTP (see additional table document in the SI).
The removal efficiencies during primary treatment range from
50%85 to 98%86 and during secondary treatment from 7%86 to
81%.76 In the case of PET, there is an important additional
uncertainty coming from the release of fibers from textiles
(Figure S22) where data scarcity and variability leads these
parameters to have very long tails in their distributions and a
high skewness. This leads the calculated standard deviation to
reach very high values. This is reflected in the high relative
uncertainty for the amount of MP released from clothing at 4.8
± 5.8 t (Figure 5) and for the final amount of PET MP found
in surface waters at 4.1 ± 6.7 t (Figure 4). In conclusion, while
we can expect to have considerable uncertainty in a few
parameters considered in the model, this uncertainty is then
reflected and presented in the confidence attributed to the
results.
An additional uncertainty may come from the processes

considered in the model itself. To reduce this uncertainty as
much as possible, a high degree of detail was chosen for the
modeling. Nevertheless, specific emission flows may be missing
from the inventory if the corresponding processes are not part
of the system. It is noteworthy to mention that fishing products
were not included in the study, since the fishing industry has a
low importance in Switzerland. However, if these results were
to be applied to another country, regional differences should
be taken into account. Other plastic emissions may be
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expected if their origins were not included in the modeled life-
cycle, but we expect this to be of low importance for
Switzerland, considering the low mass contained in the process
“other products”.
Policy Recommendations. A comparison of the emission

factors and the mass of the product emitted gives insight into
the efficiency of the mitigation options. According to the total
masses, consumer packaging would need to be examined first
to reduce the exposure of plastic in the environment. A
reduction of emission for these products would have the most
impact on the total mass of plastic emitted. However, if one
considers that only around 1% of the consumer packaging used
causes such large emissions and that littering is a widespread
phenomenon, mitigation seems more difficult. The next largest
emission is found for postconsumer processes for which very
small emission factors are responsible. Most of these emissions
are caused by construction sites and construction waste
collection. Similar to consumer packaging, mitigation might
be difficult. Agricultural products also cause considerable
emissions and have large emission factors, making a possible
mitigation easier. For products with great emission factors,
there is a large potential for improvement on an individual
scale. The products with the biggest emission factors are
shotgun cartridges and PCCP, yet only 0.22 ± 0.24 t of
shotgun cartridges and 1.5 ± 1.2 t of PCCP reach the
environment. A large fraction of the PCCP released flows to
subsurface soil due to exfiltration from sewers. When these
emissions are compared to the total annual emissions of 5300
± 1100 t in Switzerland, the reduction of these emissions
seems less urgent than the other ones.
From our analysis of the polymer flows to the environment,

we can conclude that the following initiatives would be the
most effective solutions in the reduction of plastic pollution:

1 Increased attention needs to be given to MP in soils
where the largest flows are occurring. There is currently
more information available on MP in waters likely
because of the easier analytics and the experience gained
in the oceans, yet the modeling results clearly advocate
for a much larger focus on soil.

2 Many of the largest emissions of macroplastics to soil
and water are caused by single-use plastics (Figure 3).
An action plan such as the one proposed by the
European Parliament87 may improve the situation, since
it is meant to cover single-use plastics, for example,
takeaway packaging and sanitary products.

3 Reducing littering and/or improving sweeping may have
a large impact on the total environmental burden. Large
efforts have already been made in that direction, through
education, campaigns, and cleaning. Even though the
efficiency of the campaigns is debated, an improvement
of the situation has been suggested over the last couple
of years in Switzerland.88

4 Improving the waste management practices in con-
struction and agriculture would reduce the emissions
caused by these sectors, which are only second to
consumer packaging. It should nevertheless be high-
lighted that the emission flows from agriculture are very
uncertain and not specific to Switzerland due to a lack of
data, and the emission flows from construction are based
on local data. More research into this area should be
encouraged.

5 For further improvement, many measures aiming at
incremental improvement may be suggested, for
example, reducing the occurrence of combined sewer
overflows. The inhibition of the shedding of MP fibers
from textiles caused by washing, wearing, and drying
would reduce one of the largest emissions of MP in
surface waters and should be looked into more in detail.
Similarly, reducing the use of PCCPs would reduce the
emissions of MP in surface waters. With regard to this
specific product, media coverage and public attention
have led companies to reduce their use of some of these
polymers already.89 Legal restriction of the use of
intentionally added MP in products has also been
proposed.90
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