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PREFACE

This report provides a technical description of the ePLAS model, i.e. a network model that aims to describe the
fate of microplastics in European rivers and lakes. It is the result of Task 7.1 of the LABPLAS project, called
Source-to-Ocean Model. The aim of this task was to develop an infrastructure for a European PLastic
informAtion System (ePLAS). The original title of this deliverable (D7.1) was “Technical report describing the
ePLAS model, including case studies for the Elbe, Thames and Mero-Barcés river basins”. Deliverable 7.1 will
be followed by a second deliverable, i.e., D7.2, entitled “Guideline for parameterizing and operationalizing ePLAS
for Europe”.

As the original title of D7.1 indicates, our initial intention was to include case studies on the Elbe, Thames and
Mero-Barcés river basins in this technical report. However, we decided that these case studies would better fit
in D7.2 since then the user can actually see how we applied the ePLAS model to these three case study areas.
Hence, the case studies on the Elbe, Thames and Mero-Barcés river basins are not included in this technical
report, but instead are included in D7.2.

The current version of the ePLAS model focuses on the fate of microplastics in river water and sediments.
Initially, we aimed to expand our river model to the estuary and ocean and include other fate processes such
as bioaccumulation and deposition of microplastics from air. This is Milestone 23 of the LABPLAS project
description. We discussed the options with other WP7 partners and concluded that the modelling concepts
currently applied for estuaries, oceans, bioaccumulation and exchange with air (i.e., dynamic process
formulations) are incompatible with the steady-state assumption applied in the ePLAS model. It was therefore
decided not to include these compartments and processes in the current version of the ePLAS model. As
explained below, in a later stage (i.e., after the formal end data of the LABPLAS project), we intend to refine
and further expand the ePLAS model once the current model structure and process formulations have been
implemented and tested. We will then also explore whether a dynamic version of the model can be deloped.
Once this step has been taken, we can consider to expand the model with a module for estuaries and oceans,
and include fate processes like bioaccumulation and deposition of microplastics from air.

The author team
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1 INTRODUCTION

APIs are widely used and typically not completely metabolized during passage through the human body and
wastewater treatment plants (WWTPs), resulting in partial entry into the environment. Pharmaceutical residues
primarily enter the environment through the effluent of WWTPs. Although reported concentrations are generally
low, i.e., in the ng/L to pg/L range (aus der Beek et al., 2015; Fatta - Kassinos et al., 2011; Kiimmerer, 2010),
certain pharmaceuticals may pose ecological risks due to their specific modes of action and high potency.

The ePiE (exposure to Pharmaceuticals in the Environment) model, initially developed by Oldenkamp et al.
(2018), has been designed to estimate concentrations of active pharmaceutical ingredients (APIs) in European
surface waters. This model uses national consumption data of pharmaceuticals to provide spatially explicit
estimates of pharmaceutical concentrations across various aquatic compartments, i.e. surface water and
sediment. The ePiE model effectively captures the transition of these compounds from emission at the point of
consumption through various environmental fate processes, ultimately estimating their long-term (yearly)
average steady-state concentrations in surface waters and sediments post-WWTP treatment.

The ePiE model follows a structured methodology from emission and fate in the aquatic environment to
exposure. It starts by calculating the emission of APIs into wastewater, attributing it to factors such as patient
non-compliance and subsequent disposal (e.g., through flushing), as well as the actual consumption and
excretion as the parent compound in urine and faeces. The pharmaceutical residues are then distributed to
various urban agglomerations based on population size. Depending on the level of WWTP connectivity,
wastewater from partially or completely unconnected urban agglomerations may be directly discharged into
surface waters. Additionally, the ePiE model uses regressions to estimate local, year-specific flow metrics
(annual average, minimum, and maximum monthly flow). Combined with spatially explicit information on the
location and characteristics of WWTPs throughout Europe, this enables the prediction of concentrations in
surface waters at specific coordinates. Furthermore, because it performs directed calculations through the river
network, ePiE incorporates the contribution of upstream sources in the assessment of individual WWTPs. This
approach offers advantages over traditional process-based hydrological models, which can be time-consuming
and data-intensive and do not always provide the ability to pinpoint locations of interest.

However, the urgency of environmental concerns is not confined to pharmaceuticals alone. Microplastic
pollution of aquatic ecosystems has emerged as a parallel and pressing issue. Microplastics have been
identified in nearly all aquatic environments, from marine ecosystems to river systems, polar regions, and even
deep ocean environments (Rowley et al., 2020; Sarkar et al., 2021; Fragdo et al., 2021; Cunningham et al.,
2020), and may pose a threat to those systems. The large amount of microplastics found in marine
environments are traced back to land-based sources, underscoring the role of rivers as critical conduits for the
transport of these pollutants from terrestrial to aquatic environments (Morales-Caselles et al., 2021). Indeed,
the ePiE model is precisely a high-resolution model for the transport of environmental pollutants across river
and lake networks, providing a suitable infrastructure to simulate the fate of microplastics.

Given the similarities between pharmaceuticals and microplastics as environmental pollutants and the current
lack of large-scale, high-resolution models for microplastic transport, there is a compelling rationale to adapt
the existing ePiE framework to simulate the transport of microplastic particles within river and lake systems.
Due to the unique physical properties of microplastics, their transport processes do not fully align with those
of APIs as included in the ePiE model. For instance, microplastics originate from a wide range of sources (e.g.,
tyre wear, pellets, microfibers, etc.) and cannot be simplified to a single uniform size or shape. Notably, particles
from tyre wear, which constitute a significant source of microplastic pollution (Wagner et al., 2018), are typically

The contents of this document are the copyright of the LABPLAS consortium and shall not be copied in whole, in part, or otherwise reproduced,
used, or disclosed to any other third parties without prior written authorisation.

LABPLAS - 101003954 Page 7



*

RN Horizon 2020
PSSO European Union Funding
ks for Research & Innovation

ellipsoidal in shape. In contrast, tiny microplastic fibers tend to be cylindrical. Beyond the differences in shape,
the size of microplastic particles also varies widely, i.e. from the nm-range to the mm-range. Particles from
different sources exhibit distinct size distributions and, similarly, the polymer types and densities may vary. In
addition to these inherent unique physical properties, microplastics in river environments interact with
suspended particulate matter (SPM) and microbial communities. These factors significantly influence the
transport dynamics and distribution patterns of microplastics in river systems, which is crucial for identifying
potential hotspots and developing strategies to reduce microplastic accumulation in rivers.

This report describes the adaptation of the original process formulations of the ePLAS model to enable the
prediction and assessment of microplastic concentrations in European rivers, lakes and sediments. By utilizing
the high spatial resolution (~1x1 km) and comprehensive data integration capabilities of the ePiE model, the
updated model (ePLAS) aims to capture the complex transport dynamics of microplastics across extensive
geographic areas, with the aim to provide insight into their environmental dispersion and potential impacts.
This adaptation not only extends the utility of the ePiE model but also enhances our capacity to address an
emerging environmental challenge with significant ecological and health implications.

This technical manual primarily differs from the original ePiE model's technical description (Oldenkamp et al.,
2018) in that it focuses exclusively on microplastic particles. Chapter 2 revisits the original structure of the ePiE
model along the lines of a multimedia box model, explaining how different boxes are distinguished for improved
analysis of microplastic behavior in riverine environments. Chapter 3 delves into the derivation of some key
hydrological parameters essential for modeling microplastics in rivers and lakes. Chapter 4 outlines the methods
for quantifying microplastic emissions, incorporating per capita emission data with wastewater treatment
coverage and efficiency to correctly allocate emissions across river segments. Chapter 5 details how
microplastics from different sources are defined across dimensions (size, shape, and density) to simulate their
transport in aquatic environments. Finally, Chapter 6 traces the fate processes of microplastics once they enter
into aquatic systems, establishing mass conservation equations under steady-state conditions of microplastics.

The contents of this document are the copyright of the LABPLAS consortium and shall not be copied in whole, in part, or otherwise reproduced,
used, or disclosed to any other third parties without prior written authorisation.
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2  MODELLING CONCEPT

ePiE is a network model representing a system of connected rivers and lakes (Figure 2). It consists of dots
(nodes) which are typically 1 km apart and which can represent different system elements, e.g., a river stretch,
a WWTP, a confluence, a bifurcation or a lake. Directed calculations are performed based on API loads that are
discharged from WWTPs and transported from one node to the next. Dissipation processes are currently
modelled based on the average time it takes the water to flow from one node to the next.

The ePiE modelling concept works fine for predicting APl concentrations in the water compartment under the
assumption of constant water flow, WWTP discharge(s) and related fate and dissipation processes, but cannot
be used for modelling (dynamic) fate processes between multiple compartments, i.e. water and sediment. The
exchange of microplastics between the water column and sediment changes over time with the build-up of
microplastic concentrations in the sediment. These dynamics can theoretically be simulated by applying a time
loop to the ePiE model (i.e., repeating the calculations for finite time steps), but this requires substantial
computational time. Furthermore, given the fact that water flow and pollutant discharge are currently assumed
constant, this would ultimately result in a steady-state situation.

A multimedia box model approach simulates fate processes in multiple compartments. Multimedia box models
were first introduced by Mackay (1991). In these models, the environment is represented by a limited number
of boxes, such as soil, water and air, and the exchange processes between these boxes are captured in a set
of differential equations, i.e., one for each box. The differential equations can be solved for different situations
(or levels), with level 3 representing the steady-state situation, i.e., a situation of dynamic equilibrium which is
typically obtained when emissions and flows are constant. This option is chosen here to simulate the fate of
microplastics with ePLAS, i.e., each river stretch between two consecutive nodes is represented by three boxes,
i.e., the water layer, the bed load layer and the sediment layer (Figure 2) that are assumed to be in a dynamic
equilibrium.

It should be noted that the assumption of a dynamic equilibrium is debatable for river systems which are
typically characterized as highly dynamic systems. Continuous temporal changes in water flow (and pollutant
discharges) are likely to result in fluctuations impeding the system to reach a steady-state. Nonetheless, the
steady-state assumption will initially be applied for ePLAS to obtain a first impression of the fate microplastics
in European riverine systems. Once the steady-state model has been established, it will be explored whether it
is feasible to turn the model into a dynamic model. The availability of temporal data on water flow and
microplastic discharges, as well as computational considerations (i.e., the time step versus the computational
time required to run the model), will play an important role in this future refinement.

This report describes how the multimedia box model approach is integrated into the ePiE model in order to
simulate the fate of microplastics. This is illustrated in Figure 2, where each pair of adjacent river nodes is
considered as a river stretch consisting of three interrelated boxes, i.e., a water layer, a bed load layer and a
sediment layer. As shown in Figure 1, different fate processes occur within and between the compartments,
including advective transport between boxes such as transport of water and bed load transport (sediment). It
also encompasses the heteroaggregation of microplastic particles with suspended particulate matter within the
water compartment. Additionally, processes of deposition and resuspension occur between the water layer and
bed load layer, while erosion process occurs between the sediment layer and bed load layer. Burial transports
sediment particles and microplastics from the bed load layer into the sediment, but also results in dissipation
from the sediment layer (into deep layers and out of the system).

The contents of this document are the copyright of the LABPLAS consortium and shall not be copied in whole, in part, or otherwise reproduced,
used, or disclosed to any other third parties without prior written authorisation.
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The dimensions of the river stretch between two nodes can vary, including the width and depth of the river.
These dimensions will be introduced in Section 3.2. The various fate processes mentioned above will be

detailed in Section 6.
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3 HYDROLOGY OF RIVERS AND LAKES

For a location-specific estimation of microplastic concentrations, the ePLAS model requires hydrological
characteristics such as river discharge volumes (Q; m%s), river flow velocities (v; m/s), and river depth (H,;
m). For lakes and reservoirs, necessary data include the hydraulic retention time (HRT; s) and lake depth (H;
m). This chapter first summarizes how the FLO7K dataset, which provides high-resolution river flow metrics
globally using artificial neural network regressions, was initially integrated into the original ePiE model, allowing
accurate assignment of discharge data to each river node. Additionally, it provides a detailed explanation of
how important hydrological parameters, such as river flow velocity and river depth, are being derived from
these discharge data.

River discharge volume Q

In the ePLAS model, year-specific flow data are automatically assigned to the nodes in the river network based
on the year and flow conditions selected by the user. For characterizing annual mean flow, and the highest and
lowest monthly mean flow, the global FLO7K dataset (Barbarossa et al., 2018) is incorporated into ePLAS.
FLO1K relies on an ensemble of artificial neural network regressions, with upstream-catchment physiography
(area, slope, elevation) and vyear-specific climatic variables (precipitation, temperature, potential
evapotranspiration, aridity index, and seasonality indices) as covariates. It offers estimations of flow at a spatial
resolution of 30 arc seconds (~1x1 km) for the years 1960-2015, aligning well with independent data (global
R? of single-year metrics up to 0.91). A further comparison with independent data from 1,007 European
monitoring stations for the period 2010-2015 (GRDC, 2015) indicated that the model accurately predicts year-
specific annual mean flow, and highest and lowest mean monthly flow in European rivers, with R? values of
0.97, 0.95, and 0.91, respectively (Figure 3).

,Q[m’s™)

Predicted Log,

-2

-4

' ' ' ' ' , ' ' ' ' ' ' ' ' '
-4 -2 0 2 4 6 -4 -2 V] 2 4 6 -4 -2 0 2 4 6
Measured Log,c Q[ m*s™ ]

Figure 3. Validation results of river discharge volume for year-specific annual mean (A), maximum (B), and minimum (C) monthly flow
conditions. Independent validation dataset consisted of yearly measurements from 2010 to 2015 at 1,007 GRDC European stations. The
solid line represents a perfect model fit (1:1 line), and the dashed lines indicate a difference of one order of magnitude.

River flow velocity v and river depth Hw

River flow velocity is commonly estimated with the widely used Manning-Strickler equation for open channel
flow (Equation 1) (e.g., Pistocchi and Pennington, 2006; Schulze et al., 2005).

R2/3 . §1/2
v, = — Equation 1
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where,

Vu = the river’s flow velocity (m/s);

R = the hydraulic radius of the river (m);
S = the slope of the river section (m/m).
n = the river bed roughness (s/m?).

The Manning-Strickler equation makes use of the hydraulic radius R, which is defined as the ratio of the cross-
sectional area A (m?) over the wetted perimeter P (m): R=A/P. For estimation of this hydraulic radius R, it is
often assumed that the river bed is shaped as a rectangle. Moreover, since the depth of the river’s water column
Hw (m) is generally much smaller than the width of the river (W; m), especially for major rivers, R can be
approximated by depth (Pistocchi and Pennington, 2006):

A  H,-W  H, W

RZEzZ-HW+Wz W =H, Equation 2
where,
A = the cross-sectional area of the river (m?);
P = the wetted perimeter of the river (m);
Hy = the depth of the river's water column (m);
w = the width of the river (m).

Additionally, the assumption of a rectangular river bed means that the flow velocity v is related to the discharge
volume Q, river depth H,, and river width W (Equation 3), enabling the calculation of river depth via Equation
4.

Q0 .
vy, = 1= H o« W Equation 3
H, = ¢ Equation 4
Thus, R in the Manning-Strickler equation (Equation 1) can be substituted by the term > (iW, resulting in
Equation 5.
2 2 2z 3
vy = N 3% Q5% W 5% S10 Equation 5

Consequently, in order to estimate flow velocity v, four parameters are required: river discharge volume Q,
river width W, river bed roughness n, and river slope S (m/m). For @, we used location specific estimations via
the spatial regression model described above, and for S we used the HydroSHEDS Digital Elevation Map (DEM)
at 3 arc-seconds resolution (Lehner et al., 2008a).
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For the other two parameters, i.e. river width W and river bed roughness n, continuous spatially explicit data
are generally not available. Andreais et al. (2013) calculated width and depth for all streams in the HydroSHEDS
database. However, they used relatively poor estimations of discharge, and one overall global equation
describing the relationships between discharge and width and between discharge and depth, without any spatial
differentiation. Since the relationship between discharge and river dimensions varies spatially, we applied
Equation 6 for river width of European rivers specifically, as derived by Pistocchi and Pennington (2006)
(R?=0.868). They based this regression on 186 river width measures across the European continent covering
a range of ~10 m to ~1000 m.

W = 7.3607 - Q052425 Equation 6

In addition to a European average equation, Pistocchi and Pennington (2006) also derived regional equations
for specific river catchments in Europe. However, the spatial extent of these regressions (i.e., where does
which regression apply), does not become clear from the reported information. They are merely indicatively
described (e.g., “East of the Rhine”), and therefore not usable for the ePLAS model.

Values for Manning’s roughness coefficient n in natural streams generally vary between 0.015 s/m"and 0.07
s/m'? for flows with less than bankfull discharge. They can reach up to 0.25 s/ m'? for overbank flows (Schulze
et al., 2005). Very few local data exist, and assessing local river bed roughness throughout Europe is currently
considered infeasible. Based on Pistocchi and Pennington (2006), we applied an overall value for n of 0.045 s/
m'?. This value represents optimality: using it ensures that errors on the estimated velocity are maximally
limited, and approximately within £40% for any “true” value of n that might occur locally.

Table 1. River parameters

Parameter Symbol Value Unit Reference
B /.
River discharge volume Q - m3/s arbarossa et al,
2018
Distance between river nodes dist_nxt - m
) ) ) 3 Pistocchi and
River flow velocity Vi vy =n 3x Q5% W 5% S10 m/s Pennington, 2006;
Schulze et al., 2005
River width w W = 7.3607 - Q05242 Andreais et al. 2013
Q Pistocchi and
River depth Hy WU e W m

Pennington., 2006

Markovic et al.,

Local water temperature Tw 285 K 2013
Dynamic viscosity of fluid at 11.4°C 0.001255 kg/m*s
Kinematic viscosity of fluid at i 1 566 m2/s

11.4°C
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* %

e

Volume of water in box n of the

. . Viwn dist_nxt * H,* W m?
river sediment
Density of suspending medium 3
water, at 11.4°C Pw 0.9996 glem
Gravitational acceleration on earth g 9.81 m/s?
Mixed depth of sediment column Praetorius et al.,
Hsed 0.02 m
relevant for exchange 2012
Boltzmann constant Ks 1.38E-23 JK
Praetorius et al.,
Density of sediment Dsed 2.5 g/em?® o
2012
Praetori t al
Porosity of the sediment Dseq 0.85 - ragtorius et at,
2012
Praetorius et al.
Velocity of sediment transfer (bed ’
l0ad slf:;ft) I ( Vsed_transfer 9.00 kg/s 2012; Faulhaber et
al. 2007
Vol f sediment in b f th
'o umeq sediment in box n of the Vaaan dist_nxt * Heg * Wy m3
river sediment
Mass of sediment in box n of the o (1-0560) * Desg * Vo kg

river sediment
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4  EMISSION ESTIMATION

This chapter begins by determining the per capita emissions for different sources of microplastics to align with
the ePLAS model. It then introduces Sections 4.2 and 4.3, which describe how per capita emissions are
combined with WWTP population connectivity and microplastic treatment efficiency. Finally, Section 4.4 focuses
on the specific allocation methods that were adopted for point source and diffuse source emissions,
respectively.

4.1 Per capita emission

Unlike APIs, where the estimation of emissions requires consumption data of drugs (or their precursors) and
adjustments based on the proportions of the drug excreted through urine and faeces, the estimation of
microplastic emissions, due to their diverse sources, necessitates establishing detailed methods for each
source and distinct emission pathways across different environmental compartments.

ePLAS addresses seven key sources of riverine microplastic pollution: tyre wear, textile fibers, pellets,
architectural paints, road markings, marine paints, and scrubbing agents. To ensure that emission data fully
align with administrative/political boundaries as well as hydrological boundaries and sewage service areas, the
model requires per capita emissions for each country. This approach is necessary because factors like GDP
per capita vary significantly between countries, influencing the amount of microplastic emissions from sources
such as tyre wear. As an example, Table 2 presents the estimation of the annual per capita emissions of various
types of microplastics by individuals in the Netherlands (Sun et al., in prep.). The emissions vary significantly
across different microplastics categories, from as low as 0.003 kg/year per capita for marine paints to as high
as 1.52 kgl/year per capita for tyre wear. In order to run ePLAS for microplastics, it requires an estimate of the
national per capita emission for each of the microplastics categories analyzed and for each of the countries
which are part of the geographical area studied (i.e., the river basins).

Table 2. Estimated per capita emission of different categories of microplastics by the Dutch population (Sun et al., in prep.)

Tyre | Pelle Textile | Architectural Scrubbing Road Marine
MP Sources . . . .
wear ts fibers paints agents | marking paints
Per capita emission | 4 5> | 022 | 0,05 0.05 0019|  0.007|  0.003
[ka/y*cap]

4.2 European wastewater treatment plants and agglomerations

In our study, wastewater treatment plant (WWTP) data are sourced from the HydroWASTE database, a spatially
explicit global compilation of 58,502 WWTPs. HydroWASTE was developed by integrating national and regional
datasets with supplementary information to complete missing data points, enhancing the robustness of our
environmental assessments. This database supports the ePLAS model by detailing locations, waste loads
entering, and connection percentages of agglomerations to WWTPs, essential for assessing the distribution
and characteristics of agglomerations and their associated wastewater systems. Each WWTP is documented
with its geographic coordinates, incoming load, design capacity, and the level of treatment provided, ranging
from primary to advanced treatments such as nitrogen removal, phosphorus removal, chlorination, ozonation,
UV treatment, and sand filtration.
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The database utilizes the HydroSHEDS river network and streamflow estimates to geo-reference the outfall
locations of WWTPs, ensuring accurate alignment with the global river network provided by the HydroRIVERS
database. This alignment is crucial for analyzing the distribution and impact of wastewater on a global scale. By
integrating the per capita annual emissions of various microplastic types with the population density of
catchment areas linked to each WWTP and their operational efficiencies, the database allows us to compute
the annual microplastic emissions for each point source. It ensures that our calculations of annual microplastic
emissions and other pollutants from point sources are based on precise and comprehensive WWTP
characteristics and their operational efficiencies.

4.3 Fate during wastewater treatment

In the original ePiE model, after APIs are consumed and subsequently excreted, the wastewater containing
these compounds may be directed to a wastewater treatment plant (WWTP). In environmental risk assessments
of pharmaceuticals, the removal rate of APIs within WWTPs is typically assessed either through literature review
of full-scale measurements or by employing predictive models. The SimpleTreat 4.0 model was implemented
to simulate the chemical fate in WWTPs, focusing on processes such as partitioning and degradation in activated
sludge systems.

Unlike APIs, the fate of microplastics in WWTPs differs significantly, which is why the SimpleTreat 4.0 model
was not used in the updated ePLAS model to calculate the removal efficiencies of microplastics across different
levels of wastewater treatment plants. Additionally, given the diverse sources of microplastics, which correlate
to varying densities, sizes, and shapes, it is currently impractical to include this level of complexity by studying
each category of microplastics separately. Consequently, this report temporarily adopts the coverage and
microplastic removal efficiencies of WWTPs across all EU member states as discussed in the Eunomia report
(Table 3).
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Table 3. European WWT coverage and estimated average microplastic retention rates. Source: Eunomia (2018), Data extrapolated from Eurostat from latest reported data from each country
(2009—2013, 2005 for Cyprus)

Proportionof Population Covered by WWT Type (Eurostat) Average Microplastic Retention fraction by WWT Type and Converge
Country P S T NS IND TT UKN b2 P S T NS IND TT  UKN Avg
Netherlands - - 99% - 1% - - 100% - 02% 85.1% - 05% - - 86%
Malta - 6% 92% - - 1% - 100% - 4.1% 79.1% - - 07% - 84%
Germany - 3% 93% 1% 3% - - 100% - 1.9% 79.8%  0.5% 1.5% - - 84%
Austria - 1% 94% - 6% - - 100% - 06% 80.3% - 28% - - 84%
Switzerland - 11% 87% - 2% - 03% 100% - 7.0% 74.7% - 09% - - 83%
Denmark 1% 2% 88% - 9% - 01% 100% 0.4% 1.2% 75.7% - 4.6% - - 82%
Sweden - 4% 83% - 13% - - 100% - 25% 71.3% - 6.5% - - 80%
Finland - - 83% - 17% - - 100% - - 71.3% - 85% - - 80%
Luxembourg 2% 27% 70% - 2% - - 100% 0.9% 16.8% 59.9% - 09% - - 79%
Greece - 6% 86% - - - 79%  92% - 4.0% 73.7% - - - - 78%
Spain 1% 28% 67% 2% 1% - 1.3%  99% 0.3% 17.8% 57.3% 1.2%  0.5% - - 77%
Belgium - 1% 73% - 11% - 50%  95% - 7.0% 62.7% - 55% - - 75%
UK - 50% 50% - - - 04% 100% - 31.5% 42.8% - - - - 74%
Estonia - 5% T77% - 5% - 128%  87% - 32% 66.2% - 25% - - 72%
Norway 19% 1% 61% - 15% - 30% 9% 9.2%  0.9% 52.5% - 7.6% - - 70%
Poland - 14%  56% - - 25%  48%  95% - 9.0% 48.1% - - 12.5% - 70%

- 8% 72% - 2% - 17.6%  82% 0.1% 5.2% 61.5% - 1.2% - - 68%
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Czech Republic
Latvia 4% 50% 17% - 29% - 01% 100% 1.8% 31.8% 14.8% 02% 14.5% - - 63%
Lithuania - 2% 61% 11% - 7% 188%  81% - 1.5% 52.1%  5.5% - 36% - 63%
France 1% 33% 22% 25% 19% - - 100% 0.4% 21.1% 19.0% 12.6% 9.3% - - 62%
Ireland - 47% 18% - 31% - 40%  96% - 29.8% 15.5% - 15.5% - - 61%
Hungary - 16% 57% - - - 273%  73% - 10.2% 48.5% - - - - 59%
Cyprus - 12% 18% - 70% - - 100% - 7.3% 15.7% - 351% - - 58%
Slovenia 1% 33% 22% - 35% - 94%  91% 0.2% 21.1% 18.6% - 17.6% - - 58%
Bulgaria 2% 19% 35% - 25% - 182%  82% 0.9% 12.3% 30.3% - 127% - - 56%
Croatia 16% 36% 1% - 45% - 1.7%  98% 7.6% 22.8% 0.9% - 227% - - 54%
Slovakia - - - 62% 36% - 1.6%  98% - - - 31.0% 18.2% - - 49%
Italy 3% 22% 35% - 5% - 350%  65% 1.4%  14.0% 30.0% - 25% - - 48%
Portugal 4% 39% 16% 11% - - 293% 71% 1.7%  25.0% 14.1%  57% - - - 46%
Romania 9% 18% 18% - 4% - 51.3%  49% 42% 11.1% 15.5% - 22% - - 33%
Maximum Retention Rates by Technology 78% 98%  99.70% 50% 50% 50% 0% -
Minimum Retention Rates by Technology 17% 29% 72% 50% 50% 50% 0% -
Notes:

(1) P = Primary wastewater treatment: Treatment of wastewater by a physical and/or chemical process involving settlement of suspended solids, or other process in which the Biochemical
Oxygen Demand (BODS5) of the incoming wastewater is reduced by at least 20% before discharge and the total suspended solids of the incoming wastewater are reduced by at least 50%.

(2) S = Secondary wastewater treatment: Post-primary treatment of wastewater by a process generally involving biological treatment with a secondary settlement or other process, resulting
in a Biochemical oxygen demand (BOD) removal of at least 70% and a Chemical Oxygen Demand (COD) removal of at least 75%. Natural biological treatment processes are also considered
under secondary treatment if the constituents of the effluents from this type of treatment are similar to the conventional secondary treatment.
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(3) T = Tertiary wastewater treatment: Treatment (additional to secondary treatment) of nitrogen and/or phosphorous and/or any other pollutant affecting the quality or a specific use of water:
microbiological pollution, color etc. The different possible treatment efficiencies (‘organic pollution removal' of at least 95% for BOD5, 85% for COD, 'nitrogen removal' of at least 70%,
‘phosphorous removal' of at least 80% and 'microbiological removal’) cannot be added and are exclusive.

(4) NS = Not Specified: Other wastewater treatment corresponds to treatment of wastewater in any non-public treatment plant, i.e., Industrial Wastewater Treatment Plants (IWWTPs). Excluded
from "other wastewater treatment” is the treatment in septic tanks. IWWTPs may also be classified under ISIC 37 (Sewerage) or under the main activity class of the industrial establishment
they belong to.

(5) IND = Independent: Facilities for preliminary treatment, treatment, infiltration or discharge of domestic wastewater from dwellings generally between 1 and 50 population equivalents, not
connected to an urban wastewater collecting system. Examples of such systems are septic tanks.

(6) TT = Truck Transported: Systems with storage tanks from which the wastewater is transported periodically by trucks to an urban wastewater treatment plant.

(7) UKN = Unknown/no treatment: wastewater which doesn’t undergo any form of treatment before discharge to the environment.
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4.4 Allocation of emissions to river nodes

4.4.1 Types of river nodes

The river networks in ePLAS were constructed for individual watersheds delineated in the global database
HydroSHEDS (Lehner et al., 2008b). For each watershed, the river network was cropped at a resolution of 30
arcseconds (~1x1 km) using its boundaries, which were derived from the HydroSHEDS database, and converted
to a binary 30 arcsecond raster containing information on the presence or absence of river elements. The raster
cells containing river elements were then used to create a spatial point file, with each point representing a
network node. All nodes were automatically categorized as (Figure 4):

1. Start (node representing the source of a river);

2. Mouth (nodes where a river flows into the sea);

3. Junctions (nodes where two streams meet, with two upstream nodes);

4. Regular nodes;

5. WWTP/Agglomeration discharge points (nodes representing the point source to the river).

Typically, the first four types of river nodes are spaced approximately 1 km apart. However, the fifth type,
WWTP/Agglomeration nodes, usually represents urban population centers and is therefore often situated along
the river stretches between the aforementioned nodes, rather than strictly adhering to the 1 km interval (Figure
4). This placement reflects the practical location of wastewater treatment plants and agglomerations relative to
river configurations.

Flow
e
O
1km
Lk @
1km
A WWTP/Agglomeration ® Start
Woter phase @ Regular nodes
Bed lood phase @ Junctions
Sediment phase O Mouth

Figure 4. Schematic diagram of river nodes for different types (WWTP/Agglomeration will be added to the ePLAS model as a point
source)

4.4.2 Point sources and diffuse sources

Microplastics can enter surface waters either via a sewer system (often via a WWTP) or through direct emission
(e.g., runoff). In our model, the former is defined as a point source, whereas the latter is categorized as a
diffuse source.

(1) For point sources, the calculation begins by using the per capita emission rate of an EU member state
as presented in Table 1, followed by determining the proportion entering WWTPs (i.e., the part of the
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emissions that is treated in a WWTP as part of the environmental pathway segmentation) (Sun et al.,
prep). This is then combined with the population served by the corresponding WWTP, and multiplied
by the average microplastic removal efficiency for the respective EU member state as indicated in Table
2. The final result represents the point source emission from a WWTP into the river network for that
specific point (Equation 7).

Epoint = Ecapp - Fwwre * Fmn * Fremoval Equation 7
where,
Epoie = the point source emissions entering the river network via WWTPs (kgly);
E.pp = the per capita microplastic emissions for certain EU member states from point source(kg/cap*y);
Fwmvre = the proportion of wastewater treated in WWTPs for a certain EU member state (%);
Finn = the number of inhabitants connected to a specific WWTP node (-);
Fremovar = the average microplastic removal efficiency for certain EU member states (%).

(2) For diffuse sources, which represent direct emissions into surface waters, emissions are allocated
based on the proportion of each river stretch in the length of the total river network. First, the total
national diffuse emission is calculated, and then this value is multiplied by the proportion of a specific
river stretch length relative to the total river network length in the country to determine the emission
taking place in that segment (Equation 8).

Eqiffusea = Ecap,a - Fpopuiation 'L;:ﬂ Equation 8
otal
where,
Esmsea = the diffused source emissions entering the river network directly (kg/y);
E.ps  =the per capita microplastic emissions for certain EU member states from diffused source (kg/cap™y);

Foopuition = the population number for certain EU member states (-);
Lwwre = the proportion of a specific river network's length (m);

Lrotar = the total river network length in the country (m).
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5  CHARACTERIZATION OF MICROPLASTIC PARTICLES

Current microplastic fate models typically assume microplastic particles to be spherical and then explore the
impact of particle size and density on their distribution in freshwater systems. This approach is suboptimal to
accurately capture the actual distribution of microplastics in rivers. For instance, the movement of fiber particles
in water significantly differs from that of spherical microplastics, and since fibers represent a relatively
important source of microplastics, treating all MP particles as spherical can lead to considerable uncertainty.
An important difference between our model and existing freshwater microplastic transport models is that we
assign specific size, density, and shape factors to each category of microplastics. This allows us to study their
distribution in aquatic systems and sediment layers more precisely. Another advantage of our approach is the
ability to individually compare our model's results with observed data on particular types of microplastics in
rivers or lakes. For instance, we can compare the observed abundance of fibers or tyre wear particles (TWP)
at specific locations in rivers. Furthermore, by aggregating the abundance of the seven most relevant sources
of microplastics, we can obtain a comprehensive understanding of their overall distribution.

Following the outlined approach, our final report will contain seven subsections, each dedicated to describing
the parameter settings for a specific type of microplastic. In this first version, we focus on the parameters for
car tyre wear particles (TWP). Currently, we have set size bins specifically for tyre wear particles based on their
typical particle size distribution observed in aquatic environments. For other types of microplastic sources, size
bins will be defined according to their common size distributions in riverine system, rather than assigning a
uniform classification to all particles. Additionally, for tyre wear particles, concentrations in various
environmental compartments are calculated based on the mass of the particles. In subsequent studies, we plan
to first quantify microfibers by number, and then convert these counts into mass to better integrate and
compare findings across studies.

5.1 Tyre wear particles

For the parameter settings of tyre wear particles, our description will encompass three key aspects: size, shape,
and density. Tyre wear particles are generated from the abrasion of vehicle tyres against road surfaces. They
vary widely in size, typically ranging from a few nanometers to several hundred micrometers. Although models
often assume these particles are spherical, they are more accurately described as ellipsoidal in shape.
Furthermore, the density of these particles generally exceeds that of water, which influences their sedimentation
and distribution in aquatic environments.

(1) Size

Figure 5 (Wagner et al., 2018) illustrates that the size distribution of TWP ranges from a few nanometers to
several hundred micrometers. In a study conducted by Kreider et al. (2010), different types of tyres were tested
on an asphalt road simulator. They found that the size distribution of the collected TWP ranged between 5.0
pm and 220 um, with the greatest abundance occurring at 70-80 pym. Similar observations were made by
Smolders and Degryse (2002), who found roadside TWP with a mean diameter of 65 pm for passenger vehicles
and 80 um for trucks.
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Figure 4. Particle size ranges and obtained TWP size distributions. 1 (Kwak et al., 2013); 2 (Dahl et al., 2006); 3 (Gustafsson et al.,
2008); 4 (Kreider et al., 2010); 5 (Wang et al., 2017). Derived from Wagner et al., 2018

In our model, we use the size distribution results for TWP obtained by Kreider et al. (2010). This choice is
based on the fact that their findings align closely with other empirical data and fall between the maximum and
minimum values reported in other studies, as illustrated in Figure 6. In this figure, the solid black line represents
the findings from Kreider et al. (2010), while the light gray lines indicate the range of results from other studies,
specifically the extreme scenarios of maximum and minimum values (Charters et al. 2015). Table 4 indicates
the fraction of particles in each size bin based on the findings of Kreider et al. (2010). These fractions represent
the mass percentages of particles that fall within each specified size range. We have defined five size classes
with upper limits up to 250 uym to categorize TWP emissions.

Table 4. Size distribution of TWP used in the present model (base on Kreider et al., 2010)
Particle Size Range (um)

<10 10-50 50-100 100-150 150-250
Mean particle size (um) (5) (30) (75) (125) (200)

Percent of particles (%)

110 0.06% 10.84% 38.00% 32.00% 19.10%

The contents of this document are the copyright of the LABPLAS consortium and shall not be copied in whole, in part, or otherwise reproduced,
used, or disclosed to any other third parties without prior written authorisation.

LABPLAS - 101003954 Page 23



RN Horizon 2020
Sl European Union Funding
for Research & Innovation

* %

e

F
>
=

-
ix!;g i

— TRWP - Kreider et al.

90% 2010
80%
70%
- Lower bound highway
60%

and urban road runoff
from literature review
in Charterset al., 2015

Upper bound highway
and urban road runoff
20% from literature review
in Charters et al., 2015

Cumul ative percent
L")
Q

1 10 100 1000

Particle Diameter (um)

Figure 6. Particle size distribution of TRWP from Kreider et al. (2010) with lower and upper bounds of urban road and highway runoff
distributions summarized in Charters et al. (2015).

(2) Shape

Table 5 compiles the different morphological characteristics of Tyre Wear Particles (TWP) as observed in
empirical studies under various sampling conditions. Figure 7, based on the work of Parker et al. (2018),
categorizes TWP into five types: sausage-like or tube-shaped particles (Type 1), spherical particles with a mean
diameter of about 2.5 pm (Type 2), micron-sized debris with irregular morphologies (Type 3), and tiny spherical
clusters of particles with diameters smaller than 50 nm (Type 4 and Type 5). Type 1 represents the original
shape of TWP without secondary wear processes, which is frequently reported in studies. Type 2 is formed
through the breaking down and surface smoothing of Type 1 during secondary wear processes. Type 3 with a
diameter larger than 2.5 pm is derived from severe wear situations, such as cornering or braking. Type 4 and
Type 5 have complex size distributions, and can form aggregates or adhere to larger particles.

Table 5. Morphologies of tyre materials obtained under various sampling conditions.

Sampling conditions Morphology Reference
Road runoff, road simulator, shredded tyres  Elongated, circularity 0.8, aspect ratio 0.64 (Kreider et al., 2010)
Road simulator Jagged, droplets, granules (Gustafsson et al., 2008)
Road simulator, road runoff Warped, porous (Camatini et al., 2001)
Road runoff Irreqular (Wang et al., 2017b)
Road simulator Near spherical, elongated (Dahl et al., 2006)

The contents of this document are the copyright of the LABPLAS consortium and shall not be copied in whole, in part, or otherwise reproduced,
used, or disclosed to any other third parties without prior written authorisation.

LABPLAS - 101003954 Page 24



RN Horizon 2020
Sl European Union Funding
for Research & Innovation

* ek

l Spherical cluster }

Figure 7. SEM images of the five TWP types (Park et al., 2018).

In summary, most previous research has observed that TWP are predominantly spherical or rod-shaped, similar
to slender "sausages" (Kwak et al., 2014; Panko et al., 2018). Based on the observed shapes of TWP, we
assume in our model that TWP particles are ellipsoidal. For these ellipsoidal particles, we define three
dimensions: a as the intermediate dimension of the particle (m), b as the long dimension of the particle (m),
and c as the short dimension of the particle (m). This approach allows for a more realistic representation of
TWP shapes compared to assuming all particles are spherical. Additionally, we incorporate the Corey shape
factor (1), which is a dimensionless number used to describe the deviation of a particle from a perfect sphere.
This factor is particularly relevant for irregularly shaped particles like TWP. The Corey shape factor is defined
in Equation 9.

Y =— Equation 9

Following the cumulative density function for TWP proposed by Kreider et al. (2010) and referring to the
parameter settings in the model by Unice et al. (2019), we will assume that the short axis and intermediate
dimensions of the TWP are equal in length. When a particle’s short (c¢) and intermediate (a) dimensions are
considered to be the same, the shape factor can be expressed in terms of the aspect ratio, AR=w/l, with width,
w=c=a, and length, /=b. Under these assumptions, the shape factor simplifies to a function of the aspect ratio.

W= Jw/l =4, Equation 10

Therefore, using the mode value of the aspect ratio (width to length) of 0.64, as proposed by Kreider et al.
(2010) (See Table 2), and using this value in Equation 10, we can calculate the corresponding Corey shape
factor. With an aspect ratio of 0.64, the Corey shape factor is determined to be 0.80 (CSF=0.80).

(3) Density

Table 6 presents the result of literature review on the density distribution of Tyre Wear Particles (TWP) and
Tyre and Road Wear Particles (TRWP) in real-world conditions, highlighting the wide variability in their densities.
Observations range from a density of around 1.1 for pure tyre tread as measured by Rhodes et al. (2012), to
as high as 2.4 in studies by Lavin (2003) and Li et al. (2016).
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In the model parameters set by Unice et al. (2019), the density range for TRWP is specified as 0.94-2.4. They
also noted that the probability of TRWP being less dense than water is low. Therefore, in our model parameter
settings, we have chosen a density range of 1.1-2.4, with a central estimate of 1.8.

Table 6. Density distribution of TWP in literatures.

Literature review Density range (g/cm®)

Jung and Choi, 2022 1.2-17

Kldckner et al., 2019 1.9

Sommer et al., 2018 1.26

Rhodes et al., 2012 1.13-1.16

Kayhanian et al., 2012 1.5-22

Radland et al., 2023 1.2-2.3

Dannis, 1974 1.18

Sansalone and Tribouillard, 1999 1.5-17

Lavin, 2003; Li et al. 2016 24

Unice et al., 2019 0.94-24(1.8)

Our study 1.1-2.4 (1.8)
(4) Summary

In summary, our model classifies Tyre Wear Particles (TWP) into five size categories and three density
categories, with a uniform shape factor of 0.8. Consequently, we anticipate modelling a total of 15 different
emission scenarios.

Table 7. Parameterization for TWP in our study.
Our study Diameter (um) Density (g/cm?®) Shape factor

Parameterization 5; 30; 75; 125; 200 1.1, 1.8; 2.4 0.7
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6 FATE PROCESSES

Once microplastics enter the aquatic environment, they undergo a series of fate processes (Figure 8). The
black arrows represent processes incorporated in the ePLAS model (Section 6.1-6.7), while the white arrows
indicate processes will be added in later stage (Section 6.8). Overall, from the perspective of horizontal
transport, microplastics are transported between the water layers of two river nodes via advection, and between
the bed load layers via bed load transport. Internally within compartments, deposition and resuspension
processes govern the exchange of microplastics between the water layer and the bed load layer. Meanwhile,
erosion and burial processes occur within the sediment layer, facilitating interactions between the bed load and
deeper sediment layers. Besides, microplastics undergo heteroaggregation with suspended particulate matter,
which is another newly added and significant fate process in the updated model. In addition to the processes
represented by the black arrows as described above, the white arrows indicating bioturbation also represent
important exchange processes among different environmental compartments. These will be incorporated and
updated in the model’s technical report in a later stage.

WATIR

Advection me—) — A\ vection
MHetervaggregation

Depasition Resuspension
Bed lood transport m . Erosion Bed load tronsport
- o —— T— L |
Bioturbation
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]
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Figure 8. Fate processes for microplastic in the riverine system. (Black arrows represent processes incorporated in ePLAS model, while
the white arrows indicate processes will be added in later stage)

6.1 Advection with water

Advection with water describes the longitudinal mass transfer of particles carried along by the flow of water.
The model disregards diffusive transport of microplastics in the water phase because advection typically
dominates diffusion in dynamic river environments, especially for large and lightweight particles (Mennekes et
al., 2023). It is thus assumed that all particles in the water column are homogeneously distributed. Advection
is described by Equation 11 (Domercq et al., 2022):

Acomp

kaav = VflowRwer X Equation 11

Qcomp
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where,

Ky = the advection rate (s™);

Vriowrwer = the average flow velocity of water (m/s) (see Table 1);
Acomp = the cross-sectional area of the compartment (m?);
Qeomp = the volume of the moving water (m®) (see Table 1).
6.2 Deposition

Deposition (i.e., from the water layer to the bed load layer) refers to the transfer of microplastic particles from
the water column into the bed load layer. This process occurs when gravitational forces, represented by particle
settling velocity, exceed the turbulent upward drag forces generated by flowing water. In practical terms,
deposition takes place under relatively calm near-bed hydrodynamic conditions, where the bed shear stress
falls below a critical threshold, allowing particles to settle onto the riverbed. Fine-grained particles, such as
microplastics, typically deposit in environments with reduced kinetic energy, such as slack flows or low-velocity
regions, where turbulence is insufficient to maintain their suspension.

The deposition flux (D) of microplastics is calculated using the equation 12 proposed by Krone (1962):

D = max [v;‘gi’ - Cwmp * (1 - Tc:;ﬂp) ,0 Equation 12
where,
D = the deposition flux (kg/m?s);
Vet = the settling velocity of microplastic (m/s), using the formular proposed in D7.8;
Cu,mp = the mass concentration of microplastics in the water layer (kg/m3);
T = the bed shear stress (N/m’);
Tea,mp = the critical shear stress for deposition of microplastic (N/m?).

Settling velocity

Settling velocity describes the transport rate of microplastic particles from the water column to the sediment
due to gravitational forces. This velocity is influenced by characteristics of both the freshwater environment
and the microplastic particles. In rivers, sedimentation typically occurs in areas with lower flow velocities, such
as confluences or bends, where reduced kinetic energy allows particles to settle (Wang et al., 2020; Zhang et
al., 2021). In lakes, lower flow velocities further enhance microplastic sedimentation onto lakebeds (Horton and
Dixon, 2018; Waldschlager et al., 2020).

Accurately estimating sedimentation rates requires corrections to Stokes' law, as particle Reynolds numbers
for microscopic particles frequently exceed 1.0. Under these conditions, flow transitions from laminar to
turbulent around particles, creating a downstream wake and increasing drag force. This phenomenon reduces
settling velocities compared to Stokes' predictions, necessitating empirical corrections that nondimensionalize
particle size and settling velocity independently of particle characteristics (Dioguardi et al., 2018; Van Melkebeke
et al., 2020).
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The ePLAS model calculates settling velocity using the following empirical equations (Turton and Clark, 1987),
suitable for particles with an average Corey shape factor (CSF = 0.7), representative for general microplastic
populations:

1 1 _1
3 (4 qMP? JarP
Vier = <('Dpﬂ - 1) ‘g uk> : ((—- + )t Equation 13

W 3 A a

and ZM° the non-dimensionalized particle size, computed as:

VP = dy o (PMP 1y I3 Equation 14
Pw M
where,
Vsed " = the settling velocity for an individual microplastic particle (m/s);
POup = the density of microplastic (kg/m®) (user input; default value 1.8 kg/m3);
Ow = the density of water (kg/m?) (user input; default value 0.9996 kg/m3);
g = the gravitational acceleration (m/s?), with a standard value of 9.81 m/s?;
dup = the equivalent particle diameter (m) (user input; see Table 7);
d«MP = the dimensionless diameter of microplastic(-);
A = a constant depending on the shape factor, with a standard value of 32 (-);
a = a constant depending on the shape factor, with a standard value of 0.86 (-);
Uk = the kinematic viscosity (m?/s) (user input; default value 1.5E-6 m?/s).

Bed shear stress

The cross-sectional averaged bed shear stress is calculated assuming a small bed slope:

To=pw 9 Hy" S Equation 15
where,
To = the bed shear stress (N/m’);
Pw = the density of water (kg/m?) (user input; default value 0.9996 kg/mq);
g = the gravitational acceleration (m/s?), with a standard value of 9.81 m/s?;
Hw = the depth of the water layer (m) (see Table 1);
S = the slope of the river section (m/m) (see Table 1).

Critical shear stress for deposition

The critical shear stress for microplastic deposition is defined as:
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Teamp = (:f%zi:w ' vﬁi{’;}cww,Mp Equation 16
Rfyp = Lfm, Equation 17
1+(10-2€5)2
Zyp = 1;%5 Equation 18
u, = ;—:V Equation 19
where,
Tea mp = the critical shear stress for deposition of microplastic (N/m’);
To = the bed shear stress (N/m’);
Pw = the density of water (kg/m?) (user input; default value 0.9996 kg/mq);
Pup = the density of microplastic (kg/m?) (user input; default value 1.8 kg/m?);
Vet = the settling velocity of microplastic (m/s), using the formular proposed in D7.8;
Cu,mp = the mass concentration of microplastics in the water layer (kg/m®);
g = the gravitational acceleration (m/s?), with a standard value of 9.81 m/s?;
Hw = the depth of the water layer (m) (see Table 1);
Rfue = the limiting Richardson number for particles, given by the empirical relationship (-),
(Toorman, 2003);
Zup = the local Rouse number for microplastic (-);
K = the karman number (-), with a standard value of 0.4;
u- = the shear velocity (m/s);
Vw = the river’s flow velocity (m/s) (see Table 1).

For the purpose of simplicity, the settling velocity will be represented as kg and incorporated into the
subsequent mass conservation equations.

avMP >0
kap = | Hw a Equation 20

0 ak0
where,
Kap = the depostion rate (s™).
a = the depostion parameter (-), a = 1 — o .

Tcd,MP
Vset™ = the settling velocity for an individual microplastic particle (m/s);
Hy = the depth of the water layer (m) (see Table 1).
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6.3 Resuspension

Resuspension (i.e., from the bed load layer to the water layer) refers to the re-entry of particles from the bed
load layer back into the water column due to disturbances such as strong water currents or biological activity
(Domercq et al., 2022). While different equations are being used for modelling resuspension, the definition of
the process remains consistent: resuspension occurs only when the shear stress exceeds a critical threshold.
This critical shear stress is the point at which the forces acting on the particles in the sediment are sufficient
to overcome the forces keeping them in place, leading to their mobilization back into the water column.
Environmental conditions such as heavy rain, floods, and boat traffic in canals can also impact resuspension
rates. For instance, higher shear forces and increased flow velocities during such events can lead to the
resuspension of microplastics that have previously sedimented. (Kooi et al., 2018; Wang et al., 2020).

Furthermore, the process of turbulent entrainment is important as it explains why particles heavier than water
can be lifted back into suspension. This mechanism is distinct from resuspension, which specifically refers to
erosion process. While “erosion” describes how sediment initially leaves the consolidated bed, “resuspension”
specifically addresses how newly eroded and loosely deposited grains progress from bed-load motion into full
suspension in the water column. Erosion process will be described in detail in the following section (Section
6.4).

Resuspension is modelled by Equations 21-26 (Van Rijn, 1993; Chanson, 2004; Besseling et al., 2016; Unice et
al., 2019; Wu, 2007; Waldschlager and Schuttrumpf, 2019).

Shear stress:
To=pw- 9 Hy"S Equation 21
The critical shear stress:
Ters = Pc* (Pup — Pw) 9 * dmp Equation 22
d —-0.503
¢e = 0.5588¢, seq - (ﬂ) Equation 23
dso
0.126d,”%** d. <15

0.131d,7%%° 1.5<d, <10
0.0685d,7%%7 10 <d, <20

besed = 3 001734 019 20 <d, <40 Equation 24
' 030 40 < d, <150
0.30 — Ux =
0'01010555 d. > 150
1
Psed 3
(Bt)g |
d, =dsgp- M—Z Equation 25
k

When 1, > 1, resuspension is modelled as a first order process, as suggested by Partheniades (1965) (Van
Kessel et al., 2011; De Klein et al., 2016; Besseling et al., 2017). R is based on the ratio between the shear
stress and critical shear stress, multiplied with the resuspension parameter Reeq (kg/m?-day):
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Equation 26
where,
) = the shear stress (N/m’);
Pw = the density of water (kg/m?) (user input; default value 0.9996 kg/m?);
Psed = the density of sediment (kg/m®) (user input; default value 2.5 kg/mq);
g = the gravitational acceleration (m/s?), with a standard value of 9.81 m/s?,
Ters = the critical shear stress for resuspension (N/m’);
@, = the critical Shields number (-);
D; sed = the critical Shields number for sediment (-);
dwp = the equivalent particle diameter of microplastic(m) (user input; see Table 7);
d- = the dimensionless diameter (-);
dsp = the median sediment diameter (m) (user input; default value 0.001m);
Uk = the kinematic viscosity (m?/s) (user input; default value 1.5E-6 m?/s);
R = the ratio between the shear stress and critical shear stress (kg/m2day);
fup = the mass fraction of plastic in the sediment (%);
Rsed = the resuspension parameter (kg/m?day) (user input; default value 0.0001 kg/m?-day).

In the current version, the resuspension rate is set to 2.3E-7 s™*. In future versions of the ePLAS model, we
plan to incorporate the aforementioned equations to more accurately describe the resuspension process.

Kpysp =2.3x1077 571 Equation 27
where,

Krusp = the rususpension rate (s™).

6.4 Erosion

Erosion (i.e., from the sediment layer to bed load layer) in a river context is the detachment of sediment particles
from the sediment layer and its entrainment into the bed load or the flowing water due to fluid forces. It initiates
when the hydraulic shear stress exerted by the flow on the sediment bed (v, ) exceeds the critical shear stress
() required to remove those sediment particles. At this threshold, the lift and drag forces overcome the
particles’ submerged weight and any cohesive or frictional forces holding them in place, causing the grains to
be lifted or swept into the bed load layer/water column. In essence, erosion (or scour) is governed by shear
stress: when flow strength is sufficiently high that fluid force surpasses the grain’s resistance, net sediment
removal from the sediment layer occurs. Higher shear stresses (e.g. during floods or rapid flows) result in
more intense erosion, entraining greater quantities of bed material into transport. (In ePLAS, we’'ll follow the
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same way as the WASP8 model that the particles eroded will only be transported from the sediment layer to
the bed load layer)

Erosion of microplastics from the riverbed remains poorly understood, both from field observations and
laboratory studies. In this work, we assume a non-cohesive sediment bed and, in the absence of more specific
data, treat microplastics as eroding at the same moment as the surrounding sediment particles.

The erosion flux E is calculated using the following equation (Ariathurai & Arulanadan, 1978), inspired by the
pioneering work of (Partheniades, 1962):

E = max [M (TC:;P - 1) , 0] Equation 28
where,
E = the erosion flux (kg/m?*s);
To = the bed shear stress (N/m’);
Toe,uP = the critical shear stress for erosion of microplastic (N/m’);
M = the empirical erosion rate parameter (kg/m?s).

Critical shear stress for erosion

The critical shear stress for erosion used the Brownlie formular (1981) to fit the Shields curve which was used
in WASP8 model, is defined as:

Teemp = (Pup — Pw) 9 " Dyp - (0.22d})’“"°'6 +0.06 x 10‘7'7'dyp_0'6) Equation 29

where,

Tee,uP = the critical shear stress for erosion of microplastic (N/m’).

Ow = the density of water (kg/m®) (user input; default value 0.9996 kg/m?);
POup = the density of microplastic (kg/m®) (user input; default value 1.8 kg/m?®);
g = the gravitational acceleration (m/s?), with a standard value of 9.81 m/s?;
Dwp = the diameter of microplastic (m) (see Table 7);

d«MP = the dimensionless diameter of microplastic (-).

M (The empirical erosion rate parameter)

In numerical modeling of sediment transport, the empirical erosion rate parameter M is widely recognized as
challenging to calibrate because it depends on numerous environmental and sediment-specific factors, such
as mineral composition, organic matter content, salinity, and local flow conditions. Several studies have
reported different ranges for M. For example, Jancke measured values between 4.0E-5 and 8.0E-5 kg/m?s
using flume experiments on samples from groyne fields in the Elbe River, whereas Aberle et al. documented a
broader range, from 4.0E-5 to 2.0E-1 kg/m?s, based on in situ flume measurements. Other researchers have
collected and summarized M values extending from 1.0E-5 up to 4.0E-3 kg/m?s.
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Given the considerable variability across these studies, selecting a single representative value for modeling
purposes remains non-trivial. In this work, we adopt the recommendations from DHI (2010), which propose an
M range of 2E-4 to 5E-4 kg/m?s, with a mean value of 3.5E-4 kg/m%s. This choice provides a practical
compromise among the diverse reported values and aligns with established sediment transport modeling
practices.

M =35x%x10"*kg/m?-s Equation 30
where,

M = the empirical erosion rate parameter (kg/m?s).

For the purpose of simplicity, the erosion rate will be represented as ke and incorporated into the subsequent
mass conservation equations.

Ker = & p>0 Equation 31
0 B <O
where,
Ker = the erosion rate (s™).
B = the erosion parameter (-), 8 = Te:ed -1;
Hseq = the depth of the sediment layer (m) (see Table 1);
Csed = the bulk density of sediment particles (kg/m®) (user input; default value 1500 kg/m?3).

6.5 Heteroaggregation

Heterogeneous aggregation (or heteroaggregation) refers to the process of aggregation between plastic
particles and natural suspended particulate matter (SPM). The Full Multi model (Domercq et al., 2022) and the
NanoDUFLOW model (Besseling et al., 2016) describe heteroaggregation as a pseudo-first-order process
according to classic colloid theory. The rate constant of this process depends on the collision frequency
between the two types of particles, the concentration of SPM in the system, and the attachment efficiency of
heteroaggregation (a_het_agg). The latter parameter represents the probability of forming a heteroaggregate
upon collision. a_het_agg reflects the degree of interaction between plastic particles and SPM, and it is
influenced by the surface properties of the colliding particles and the chemical environment of the water.

It is important to note that in the current version of the ePLAS model, heteroaggregation is treated as a
dissipation process. This means that once microplastics get heteroaggregated, they are considered removed
from the water column for further tracking within the model framework. However, we plan to track the
concentrations of these heteroaggregated particles across different environmental compartments in future
versions of the model, but this feature has not yet been implemented.

Heteroaggregation is described by Equations 32-33:
Heteroaggregation rate:

kagg = Qhet-agg X Kconl X Nspm Equation 32
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Collision frequency:

keon = > - +—G(dyp + dspy)® + — (dup + dspm)? | Vit — vai
Bw  dmp " dspm 6 4

Equation 33

where,

Kagg = the heteroaggregation rate (s™);

net-agg = the heteroaggregation attachment efficiency (user input; default value 0.01);
Nspw = the number concentration of suspended solids (particles/m?);

Keon = the collision rate constant (m%s);

Tw = the local water temperature (K) (user input; default value 285 K);

ky = the Boltzmann constant (J/K), with a standard value of 1.38 x 102 m/s?;

dwp = the equivalent particle diameter of MP (m);

dspm = the equivalent particle diameter of suspended solids (m) (see Table 8);

Uw = the dynamic viscosity of water at 11.4°C (kg/m-s), (user input; 0.001255 kg/m-s);
VP et = the settling velocity of microplastics (m/s) (Equation 13);

VSPM ey = the settling velocity of suspended solids (m/s) (Equation 13).

Suspended particulate matter

SPM is assumed to be present as a distribution of (aggregated) primary particles (Table 8). The particles are
assumed to follow a lognormal particle size distribution, which is divided into 5 size classes for the model
calculations. In addition, we assume that the settling velocity of SPM particles follows the same equation as
microplastics (Equation 13).

Table 8. Parameterization for SPM in our study

Parameter Symbol  Value Unit Reference

Parameters of lognormal size distribution  modespm 5 um Praetorius et al., 2012
Uin.spm 9.9 um Praetorius et al., 2012
O, sPM 0.59 um Praetorius et al., 2012

Average mass concentration of SPM Cspm 30 mg/L Dormercq et al., 2022
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Number of SPM size classes in the model ~ Nspy 5 - -
Diameter of SPM in size classes dspmj [0.5,1.5,5.0,15,50] um Besseling et al., 2016
Radius of SPM in size class Rspu dspuj/ 2 um -
Average SPM density Psem 2120 kg/m®  Besseling et al., 2016

6.6 Bed load transport

The sedimentation dynamics in aquatic environments is characterized by a complex interplay between vertical
accumulation and horizontal transport processes. Typically, sediments are stratified into two distinct layers: the
upper active layer (bed load layer) and the lower inactive layer (sediment layer). The upper active layer is
characterized by looser sediments that are susceptible to disturbances, such as water currents, which facilitate
the horizontal bed load transfer. This process involves the movement of sediment particles along the bottom
of the water body, driven by the flow of the water. Particles within this layer can be resuspended back into the
water column, contributing to the continuous redistribution of sediments and associated microplastic particles
across the aquatic floor. We adopt the concept of an active sediment layer including horizontal bed load transfer
(Praetorius et al., 2012).

The velocity of sediment transfer employed in this model follows the rationale of directly applying field
measurements from the Elbe River Basin. According to Faulhaber et al. (2007), an average annual bed load
volume of approximately 110,000 m?® was recorded at the Aken ferry. This annual volume was converted into a
continuous sediment transport rate of about 9 kg/s.

The sediment transport process is described by Equations 34-35.

kpeq = % Equation 34
Mseq = (1 = Psea) * Psea * Vsea Equation 35
where,
Kbed = the sediment transfer rate (s™");
Vsed_trans = the velocity of sediment transfer (kg/s) (user input; default value 9 kg/s);
Msed = the mass of sediment of the river sediment (kg) (see Table 1);
Dseq = the porosity of the sediment (%) (user input; default value 85%);
Dsed = the density of sediment (kg/m®) (user input; default value 2.5 kg/md);
Vsed = the volume of the sediment (mq) (see Table 1).
6.7 Burial

As sediments accumulate, they transition from the dynamic, disturbance-prone upper active layer to the denser,
more stable lower inactive layer, also known as the stagnant sediment layer. The main function of this layer is
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to serve as an intermediary zone where burial predominantly occurs sediment deposition exceeds the amount
resuspended, leading to a gradual accumulation of sediment and the encapsulation of microplastic particles
over time (Besseling et al., 2016). Once microplastic particles migrate into this stagnant layer, typically the first
10 cm of sediment, they become buried and are no longer subject to resuspension processes under normal
conditions.

In the ePLAS model, the burial process is modeled as a first-order kinetic process, wherein the burial rate is
proportional to the concentration of microplastics present at the sediment interface. This mechanism represents
a slow dissipation process of microplastic particles from the active exchange layers into deeper sediment
environments (Koelmans et al., 2009). Under steady-state conditions, the microplastic concentration within the
sediment layer is expected to equilibrate with that of the overlying bed load layer, although this equilibrium can
shift with dynamic environmental factors or additional processes like bioturbation.

In this model, an average burial velocity of 0.25 cm/year is used, based on marine bioturbation studies
applicable to the Elbe River Basin (Kossel et al., 2024; Deek et al., 2013). Coupled with a robust worldwide
average mixing depth of 10 cm (Boudreau, 1994), this results in a sediment layer burial rate (kpus) of
approximately 7.93x107'% s7*. To differentiate the dynamics between layers, the burial rate within the bed load
layer is set at five times higher (3.97x107° s™"), reflecting its greater susceptibility to rapid sedimentation and
encapsulation processes. The burial rates are thus defined as:

Kpurs = 7.93 x 10710571 Equation 36a
kpurp = 3.97 x 1079571 Equation 36b
where,
Kour,o = the burial rate of microplastics for bed load layer(s™);
Kbur,s = the burial rate of microplastics for sediment load layer (s™).

6.8 Bioturbation

Bioturbation significantly yet complexly impacts the transport and deposition of microplastics in sedimentary
environments. Bioturbation refers to disturbances in sediments caused by biological activities, which can alter
the physical states of both microplastics and natural sediments (Waldschlager et al., 2022). For instance, the
burrowing and foraging behaviors of benthic organisms can lead to the vertical mixing and redistribution of
microplastics within sediment layers. The interaction between biological activities and microplastic transport is
complicated. Bioturbation can result in microplastics being embedded deeper into sediment layers or re-
entering the water column.

However, existing literature indicates substantial variability in the impacts of different species and their
ecological functions on these processes (Cozzoli et al., 2019). This variability arises from differences in
biological behavior, sediment characteristics, and environmental conditions. Therefore, further research is
necessary before incorporating these as diffuse sources into each river segment of the ePLAS model to
enhance its application effectively.
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6.9 Mass balance equations

Upon establishing river environmental parameters, microplastic particle settings, and their fate processes, it is
crucial to formulate mass balance equations for each river stretch. We provide a schematic illustration at the
start node, which includes the water layer, the bed load layer and the stagnant sediment layer.

6.9.1 Mass balance equation for free TWP particles (For Box = 1)

N\
Water layer: on 1 |
km kdiv
k-u kﬂ"p ~
Water l I
Bed load layer: kas Keuss
"s'o;f""l """" I"'"". Kot
| —t
Medloodloyer o _ o fee.-.. '
lkuu-z« ]ko
Sediment layer:
:'oz;f"}k:.;"“ TS

Figure 9. A schematic diagram of different environmental compartments including fate processes (using the START point as an example).
Note: the Einput referred to in the diagram represents the point source or diffuse source emissions discussed in the previous chapter.

The current version adopts a strategy of calculating steady-state mass of microplastics (tyre wear particles in
this version) in the water layer, bed load layer and sediment layers, thereby making the left-hand terms of
Equations 37, 38 and 39, namely the particle change rate, equal to zero (i.e., dM,/dt = 0).

Water layer:
de input .
2t = Myea " krusp = My - (kaav + kagg + kap) + Eyiprp  Equation 37
Bed load layer:
Mea _ k k k k k Equation 38
dt = Mgeq " ker + M, dp — Mpeq - ( ped T bur,b + rusp) quation
Sediment layer:
Mea _ 1y g Mo - kor — Mypq - k Equation 39
dt = Mped " Kbur,pb — Msed " Ker = Mged ™ Rpur,s quation
where,
At = the rate of change of tyre wear particle mass in different compartments(kg/s);
Mped = the mass of tyre wear particles in bed load layer (kg);
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Krusp = the resuspension rate of tyre wear particles (s™);

Kaav = the advection rate of tyre wear particles (s™);

Kagg = the heteroaggregation rate of tyre wear particles (s™);

Kap = the depostion rate of tyre wear particles (s™);

Einputrwe = the input emissions from point and diffused sources of tyre wear particles (kg/s),

as discussed in Section 4.4.2 (Equation 7 and 8);

Mseq = the mass of tyre wear particles in sediment layer (kg);

Ker = the erosion rate of tyre wear particles (s™);

M, = the mass of tyre wear particles in water layer (kg);

Kbed = the sediment transfer rate (s™");

Kburp = the burial rate of microplastics for bed load layer(s™);

Kours = the burial rate of microplastics for sediment load layer (s™).

The mass balance equations for microplastic particles in the bed, water, and sediment layers can be derived
under two scenarios, depending on whether deposition occurs (i.e., whether the depostion rate kq, is greater
than zero).

To simplify the expression of the equation, we assume:

(1) Bed = Kped * Kour + Krusps Bed load process (s™);
(2) Water = Kaav + Kagg, Water layer process (s™).

Case 1: Deposition occurs (kq, > 0)

When the depostion rate kg, is greater than zero, the deposition process is active, and the mass of microplastic
particles in each compartment can be calculated as follows:

From Equation 38, the mass of microplastic particles in the bed layer can be derived, as shown in Equation 40:

kbur b ker krusp ’ kdp
Bed — - - E on 4
/(Bed kpurs + ke Water + kdp) quation 40

Einput ' kdp
Water + kg

Mpyeq =

Substituting Equation 40 back into Equation 37 yields Equation 41, which represents the mass of microplastics
in the water layer.

_ Mpeq - krusp + Einput
Water + kg,

Equation 41

w
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Substituting Equation 40 back into Equation 39 yields Equation 42, which represents the mass of microplastics
in the sediment layer.

_ Mpeq " kpurp

M., = Equation 42
sed ker + kbur,s q

By combining Equations 40-42 and mass balance equations can be derived, which represent the expressions
for the mass of microplastics in the water layer and sediment layer, respectively, under long-term steady-state
conditions (the START point)

Water layer:

_ Mpeq - krusp + Einput
Water + kg,

Equation 43

w

Bed load layer:

Einput ’ kdp
Water + kg,

M = Equation 44
bed Bed — kbur,b i ker krusp ' kdp 1

Kpurs + ker  Water + kg,

Sediment layer:

Mo = Mpeq * Kpurp
sed — k k
er + bur,s

Equation 45
Case 2: Deposition do not occurs (ks < 0)

When the depostion rate kg, is less than zero, the deposition process is inactive, and the mass of microplastic
particles in each compartment can be calculated as follows:

Water layer:
w = % Equation 46
Bed load layer:
Mpeq =0 Equation 47
Sediment layer:
Moy =0 Equation 48

6.9.3 Mass balance equation for free TWP particles (For Box = 2 to i)

The equations represent the long-term steady-state mass of microplastics in the water layer bed load transport
layer and sediment layer, respectively, starting from the second node in the river network following the START
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node. It is important to note that, as these are mass conservation equations beginning from the second node,
there will initially be inputs of water concentrations and sediment concentrations from the START node’s
upstream flowing into the current node.

N
Water layer: — |
Kase ko Kaa,
— . ke Krvus —
Water l l
Bed load layer: koo -y
733;1""'1 """"" I""“'.
Koo * Ko

Figure 10. A schematic diagram of different environmental compartments including fate processes (Starting at the second node after
the START node). Note: the Eupu referred to in the diagram represents the point source or diffuse source emissions discussed in the
previous chapter.

Case 1: Deposition occurs (kq, > 0)

When the depostion rate kg, is greater than zero, the deposition process is active, and the mass of microplastic
particles in each compartment can be calculated as follows:

Water layer:
Mpeq - krusp + E'nput + Eup_ .
M, = Wat;r = Equation 49
Bed load layer:
E
Myeq = up-bed Equation 50
Bed — ker i kbur,b
ker + kbur,s
Sediment layer:
Mpoq - k
sed = —ped __burd Equation 51
ker + kbur,s
where,
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Eup v mass = the mass for the water phase from the previous node, which is typically calculated

by multiplying the mass concentration in the water phase at the previous node by
the advective flow rate at that node (kg/s);
Eup w mass [[] =Nw_mass [-1] *Kaav [J-1];

Eup_bed mass = the mass for the bed load phase from the previous node, which is typically
calculated by multiplying the mass concentration in the bed load phase at the
previous node by the sediment transfer rate at that node (kg/s);

Eup_ved mass [[] =Nbed_mass [J-1] *Kvea [J-1];

EMPUtp = the input emissions from point and diffused sources of tyre wear particles (kg/s),

as discussed in Section 4.4.2 (Equation 7 and 8);

Case 2: Deposition do not occurs (ks < 0)

When the depostion rate kg, is less than zero, the deposition process is inactive, and the mass of microplastic
particles in each compartment can be calculated as follows:

Water layer:
M, = Mpyeq - krusp + Einput + Eup_w Equation 52
Water + kg,
Bed load layer:
kdp (Einput + Eup ) ker ' kbur b krusp ’ kdp
M =F v Bed — — — E tion 53
bed = “up bed Water + kg, /(Be ker + kpurs  Water + kg, quatton
Sediment layer:
Mpoq - k
Mpq = —bed “burb Equation 54
ker + kbur,s
where,
Eup v mass = the mass for the water phase from the previous node, which is typically calculated

by multiplying the mass concentration in the water phase at the previous node by
the advective flow rate at that node (kg/s);
Eupw mass [[] =Nw_mass []-1] *Kaav [J-1];

Eup_bed mass = the mass for the bed load phase from the previous node, which is typically
calculated by multiplying the mass concentration in the bed load phase at the
previous node by the sediment transfer rate at that node (kg/s);

E up_bed_mass [I ] =Nbed_mass [/ - 1 ] *kbed [i’ 1] ;
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E™PU e = the input emissions from point and diffused sources of tyre wear particles (kg/s),

as discussed in Section 4.4.2 (Equation 7 and 8);
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7  SUPPLEMENTARY MATERIALS

Table S1. Rate constants of processes in the model

Parameter Symbol Value Unit
River flow rate constant of box n kitown k Awn s’
flown
Qw,n
Settling velocity of MPs of size class i Vset Eq.12 m/s
Settling velocity of SPMs of size class j Vset Eq.21 m/s
Sedimentation rate constant of MPs of size . Useti o
class i sed! Hyn
v .

Resuspension rate constant of MPs of size oo % o
class i R sedn
Heteroaggregation rate constant between p 019 o1
MPs of size class i and SPM of size classj %" 9
Rate constant of horizontal sediment transfer )

ksedtransfer,n Eq22 s

of box n
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