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Material flow analysis

n Considered polymers: LDPE, HDPE, PP, PS, EPS, PVC, PET, PUR, PMMA, 
ABS, PA, PC, tires

n Regions: EU, Switzerland, China, Japan
n 9 product sectors, 40 product categories, 11 waste collection systems
n 245 emission flows
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Peak Plastic in Switzerland

Liu and Nowack (2025) Resources, Conservation and Recycling 214: 108011.

Peak plastic
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Quantification of release

n Release assessment based on material flow models
n Identification of release processes throughout the whole 

life-cycle
n Parameterizing the amount released (release factors, 

emission factors)
n Identifying the receiving technical or environmental 

compartment
n Performed separately for macro- and microplastics



Plastic emissions to the environment

Jiang and Nowack (2025) 
Environ. Pollut. 383: 126800.



Release to water in Switzerland

Jiang and Nowack (2025) 
Environ. Pollut. 383: 126800.



Emission factors

Jiang and Nowack (2025) 
Environ. Pollut. 383: 126800.



Jiang and Nowack (2025) Environ. Pollut. 383: 126800.

Comparison of release assessments

Study Region Year Considered 
Polymers

Rubber 
emissions 
(g/capita)

Microplastic 
emissions 
excluding 
rubber 
(g/capita)

Macroplastic 
emissions 
(g/capita)

Jiang	&	Nowack,	2025 Switzerland 2022 LDPE, HDPE, PP, PS, EPS, 
PVC, PET - 40.3 ± 7.5 182 ± 49

Kawecki & Nowack, 2019 Switzerland 2014 LDPE, HDPE, PP, PS, EPS, 
PVC, PET - 75 ± 14 550 ± 140

Sieber et al., 2020 Switzerland 2018 Rubber 960 - -

Schwarz et al., 2023 Switzerland 2017 LDPE, HDPE, PP, PS, EPS, 
PVC, PET, rubber 402 471 3362

Amadei et al., 2023 EU27 2019
LDPE, HDPE, PP, PS, EPS, 
PVC, PET, rubber, PA, 
PUR

72 61 3308

Ryberg et al., 2019 Global 2015 LDPE, HDPE, PP, PS, EPS, 
PVC, PET, rubber 192 106 644

Hoseini & Bond, 2022 Global 2015 LDPE, HDPE, PP, PS, PVC, 
PET, fibers, rubber 245 ± 177 232 1167

Luan et al., 2022 China 2020 PE, PP, PS, PVC, ABS, PET - 250 9001



Plastic release fraction
Environmental release in % of consumption

microplastic macroplastic total % as micro

PET 0.05 1.17 1.22 4
LDPE 0.12 0.53 0.64 18
HDPE 0.08 0.55 0.62 12
PP 0.10 0.51 0.61 16
PVC 0.10 0.38 0.48 21
EPS 0.02 0.38 0.40 5
PS 0.03 0.31 0.34 10
PMMA 0.06 0.26 0.32 18
PA 0.10 0.14 0.23 41
PC 0.10 0.06 0.16 61
ABS 0.10 0.03 0.14 75
PUR 0.02 0.05 0.07 30
Average 0.08 0.51 0.58 19

Liu and Nowack (2022) Resources, Conservation & Recycling 179: 106071 



The European model

Switzerland

EU 27 + Norway + UK + Switzerland

Modify and add emission processes

Product sectors

Packaging
Construction
Agriculture
Automotive

EEE
Other

Clothing
Household textiles
Technical textiles

+
Fishery

Aquaculture

Waste collection systems

…
+

Fishing gear

Waste treatment

Incineration
Dumping

Reuse and recycling
+

Landfill

Environmental sinks

Surface water
Residential soil
Agricultural soil

Natural soil
Roadside soil

Subsurface soil
+

Ocean
Coastal water

Beach soil

Emissions 
to ocean

Waste 
system

Country-specific plastic release model for 30 European countries
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Regionalization emission flows

Final result

Using the proxies for 
the summed emissions

Litter to road sides:
1’246 tonnes

Litter to natural surfaces
145 tonnes

Litter to residential soil
87 tonnes

Largest emissions of 
PET macroplastic to 

soil
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More emission flows
Σ = 70 tonnes More proxies



Emission maps for Switzerland

Kawecki and Nowack (2020) 
STOTEN 748: 141137
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Macro- and microplastic fate models

exported toward neighboring countries based on the example
of Switzerland. The potential transport and retention processes
were evaluated to estimate both the short-term and long-term
retention of macroplastics in rivers and lakes. The model was
developed based on a microplastic fate model for rivers and
lakes21 and parametrized with data from experiments and
measurement campaigns for macroplastic. To predict macro-
plastic concentrations, we used modeled data by a high-
resolution macroplastic release model18 as input data.

k METHODS
The presented model predicts macroplastic transport (in mass
per time unit) for all waterbodies in Switzerland (an area of
about 40 000 km2) based on direct macroplastic emissions into
freshwaters. This included 35 000 km of river lengths and more
than 10 000 lakes, reservoirs, and ponds. We modeled the
macroplastic masses individually for each model segment
corresponding to a river segment or one lake (including
dammed rivers). Within one segment, macroplastics were
considered as mobile mass (in suspension), temporarily stored
mass, and mass stored in three diWerent final sinks (removed,
cleaned, and accumulated; see Figure 1). River segments
extended from a few meters to several kilometers in length with
an average of 165 m and were typically framed between two
river confluences. The final sinks of macroplastics were
determined by two main pathways. Macroplastics are directly
removed at weirs and dams with hydropower plants (“weirs” in
Figure 1), or they are first temporarily stored before being
cleaned through anthropogenic activities (“cleaning” in Figure
1) or being long-term accumulated in the river or lake
environment (“accumulation” in Figure 1).
Mass movement along the model compartments was

described via factors that were calculated individually for
each river segment to account for retention, accumulation,
cleaning, and removal. In our model, we predicted mass
transport and fate under steady-state conditions for the time
step of 1 s. All segments were connected according to the
water flow direction to predict macroplastic transport and
retention across the entire river and lake network of

Switzerland. The model was written in R (version 4.1.1) and
mainly was built upon an existing microplastic fate and
transport model presented by Mennekes and Nowack.21 The
code is available here: 10.5281/zenodo.10727419 (see the
Supporting Information for further details).
The following sections provide a detailed description of the

model parameters.
Retention of Macroplastic in Rivers. Retention through

temporary storage was considered one of the most important
parts of our modeling, since it influenced sinks and the
downstream transport of macroplastics. The probability of
temporary storage was calculated for all rivers based on land
use (LU), discharge (Q), and sinuosity (S) to cover
experimental findings by Newbould et al.11 They found that
vegetation, rough channel banks, and meander bends in
combination with river width were describing the probability
of air-filled bottles being trapped in a river. In our model, LU
in proximity to the rivers was used as a representative value for
the channel banks and Q was used to represent river width due
to better data availability.
For the presented modeling approach, we assumed a

simplified flow velocity of 1 m s−1 throughout the river
network, which can be seen as representative velocity for
rivers.23 Consequently, macroplastic masses travel in our
steady-state modeling 1 m s−1. Please note that retention
processes based on discharge (Q) are indirectly still based on
variable flow velocities as presented below.

Land Use (LU). Seven land use (LU) categories were used as
a proxy to describe the potential influence of vegetation on
macroplastic transport in the river and the river bank
roughness. The LU categories were calculated by buWering
the river line features (shapefiles by the Swiss Federal O(ce of
Topography swisstopo) up to 200 m depending on the river
width (see Supporting Information, Section S2.1.1 for further
information). The land use categories were then grouped into
four groups of retention potential [none (e.g., water), low (e.g.,
urban), middle (e.g., rocks), and high (e.g., forest); see
Supporting Information, Section S2.1.1] to assign a retention

Figure 1. Schematic representation of one model segment, corresponding to one river segment or one lake (including dammed rivers) in the
model, with all model parameters and factors describing the allocation of plastics. Mass movement along solid line arrows was calculated based on
the corresponding factors. In contrast, transport along dashed line arrows resulted from remaining masses in one compartment after all factor-based
mass movements were calculated. The color coding is used for better understanding across all figures.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.3c00817
ACS EST Water 2024, 4, 2470−2481

2471

Nature Water | Volume 1 | June 2023 | 523–533 530

Article https://doi.org/10.1038/s44221-023-00090-9

time the water needs to flow through the corresponding section (for 
possible ways to derive average flow velocities, see Supplementary 
Information Section 5).

Fate processes
Considering only advection can be interpreted as maximum possible 
microplastic flow, which from here on will be referred to as scenario 0 
(S0). To model retention processes such as sedimentation, including 
burial into deep sediments, we used factors that were multiplied with 
the masses in each segment and each state.

Following the pathways in Fig. 6 we derived sedimentation  
factors (fsed) as a first step of microplastic reduction from masses  
in suspension. Sedimented microplastic masses then can be trans-
ported to deep sediments and accumulated according to the corres-
ponding factor facc. We applied both factors, fsed and facc, for each  
river segment and lake and each polymer individually on the basis 
of available literature data. Removal, for example, through cleaning 
or pick-ups, can be ignored for microplastics, and no other removal 
process was included in the current model.

Sedimentation factors (fsed) for rivers were estimated on the 
basis of the modelling results by Besseling et al.19, Siegfried et al.24 and 
Domercq et al.20 and measurement results (for example, refs. 45,46).  
While existing modelling results suggest that spherical particles  
bigger than around 0.2 mm sediment immediately after entering  
the waters (for example, refs. 19,20), measurement studies show 
that the dominant size class in the environment, including rivers, 
are 0.5–5 mm in size16,35,46,47. Estimating retention factors remained 
challenging due to the lack of existing data and contradictory data of 
measurements and published modelling results. We estimated fsed on 
the basis of the modelling results of Besseling et al.19 using the 5 µm size 
class. We used this size class because it showed medium sedimentation 
rates with differences among the different polymers. Using the results 
of larger size classes, that is, the representative 2 mm, would have 
resulted in full microplastic retention through sedimentation within 
a very short distance according to Besseling et al.19. However, this is 
contradictory with the monitoring results presented above. Besseling 
et al.19 found for the 5 µm size class that the two most dense polymers 

(PVC and PET) would be almost fully retained over the 40-km-long 
modelled river, while retention for less dense polymers would be pro-
portionally lower based on polymer density (for further information, 
see Supplementary Information Sections 7 and 8). For polymers less 
dense than water that were not considered in existing models, we used 
literature data mentioned above to estimate fsed in relationship with the 
heavier polymers used by Besseling et al.19.

Finally, fsed was derived for an entire river segment on the basis of 
the travel time (L in s) through the river segment and the sedimenta-
tion rate extracted from Besseling et al.19 (Fig. 6 and Supplementary 
Information Section 7). Furthermore, we used a negative compound 
interest approach shown in equation (1) to assure that microplastics 
lost in the beginning of the segment cannot be lost afterwards. For 
rivers, fsed is calculated as follows:

f

sed, river

= 1 − (1 − k

s

)

L

(1)

where ks is the sedimentation factor per second derived from the results 
of Besseling et al.19 and given in Fig. 6. L is the average travel time in 
seconds through a river segment calculated by equation (2).

L =

l

v

(2)

Here, l is the river segment length in m and v is the average flow velocity 
in the river segment (in m s−1). Consequently, higher L corresponds with 
longer residence time in a river segment, which causes higher plastic 
retention in the river segment for equation (1).

For facc we used 10% as a default value, meaning that 10% of 
the microplastics in the sediment will be buried in rivers across all  
polymers. For the more dense polymers PVC and PET, this assumption 
is in alignment with findings by Drummond et al.48. However, the maxi-
mum facc was set to 1 × 10−8 s−1, which is between values used by Domercq 
et al.20 and Besseling et al.19 who based their long-term sedimentation 
rates on Praetorius et al.49 and Koelmans et al.50.

To derive fate processes in lakes, we aimed for a single fsed per 
lake. However, we found very few studies describing a mass balance 
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Fig. 6 | Conceptional model setup per each river segment including processes within one segment and transport processes to the next segment. Additionally, 
parameters to derive sedimentation and long-term sedimentation (burial) are listed. The parameterization is different for rivers and lakes and depends on the 
microplastic polymer.
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Mennekes et al (2024) ACS ES&T Water 4: 2470−2481. Mennekes and Nowack (2023) Nature Water 1: 523–533.



Macroplastic in Swiss freshwaters

Mennekes et al (2024) ACS 
ES&T Water 4: 2470−2481. 



Comparison between macro- and microplastics

Mennekes und Nowack (2024) 
Aqua und Gas 6/2024: 44-49.

Macroplastic
Microplastic

River length Aare (incl. Rhine) in km

M
ob

ile
 p

la
st

ic
s 

(n
or

m
al

iz
ed

 a
xi

s)



Conclusions

n Life-cycle based view allows prediction of plastic releases
n Knowledge about release processes is key for quantification
n Plastic releases in Switzerland are much smaller than all 

other published release estimates
n First country-specific release estimates obtained
n Coupling of a chain of models allows prediction of 

environmental concentrations



Outlook

n Fragmentation in the environment not part of the model
n Soil and water releases are not yet linked
n Microplastic particle size is not yet included
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