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Abstract 
Microplastics are increasingly causing a threath to the environment. With the ongoing increase in 

human population and the fast changing fashion trend, synthetic textile fibres are an important source 

of microplastics in the riverine environment. To study the fate of textile fibres in the European riverine 

environment, the ePiE model (Oldenkamp et al., 2018) was adapted to form the E-PlEx model 

(Environmental Plastic Exposure). ePiE is a spatially explicit model, constructed in the open source 

software environment R, that predicts the behaviour of pharmaceuticals in the riverine environment. 

Its structure is suitable for modelling riverine transport of contaminants, including macro- and 

microplastics. In the E-PlEx model, the source of textile fibres are fibres released during domestic 

washing of clothing. Via the sewerage, the fibres are transported to the WWTPs or directly into the 

riverine environment. In the WWTPs the fibres are partially removed, ranging from 74% to 99% 

depending on the types of treatment present in the WWTPs. Once in the riverine environment, textile 

fibres undergo different processes. Advective transport, heteroaggregation to suspended solids, 

biodegradation, sedimentation, resuspension and burial are included in the model. The basin of the 

river Elbe was used as case study to analyse the performance of the E-PlEx model. The obtained results 

vary greatly, with concentrations in the water phase ranging from 5.6 * 103 – 5.5 * 106 fibres per litre 

water. The concentrations in the sediment are low, ranging from 0 – 6.0 fibres per kg sediment. When 

comparing the model results with field measurements, a high discrepancy is observed, which has 

different causes. Despite the large difference between the model results and field measurements, the 

numbers are high and mitigation strategies are needed. To further develop the E-PlEx model, more 

research on the behaviour of fibres in the freshwater environment is needed, especially on the riverine 

processes specific for fibre shaped microplastics.  
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Samenvatting 
Microplastics veroorzaken steeds meer een bedreiging voor het milieu. Met de toenemende 

wereldbevolking en de snel veranderende fashion trend, zijn synthetische textielvezels een belangrijke 

bron van microplastics in het milieu. Om het gedrag van textielvezels in het Europese riviermilieu te 

onderzoeken werd het ePiE model (Oldenkamp et al., 2018) omgevormd tot het E-PlEx model 

(Environmental Plastic Exposure). ePiE is een ruimtelijk expliciet model, gebouwd in de open source 

software omgeving R, dat het gedrag van farmaceutische producten in het riviermilieu voorspelt. De 

structuur van ePiE is geschikt om het riviertransport van verontreinigingen te modelleren, inclusief 

macro- en microplastics. In het E-PlEx model zijn de vezels die vrijkomen tijdens het wassen van kleding 

in het huishouden, de bron van textielvezels . Via de riolering worden de vezels getransporteerd naar 

de waterzuiveringsinstallaties, of rechtstreeks naar het riviermilieu. In de waterzuiveringsinstallaties 

worden vezels gedeeltelijk verwijderd, van 74% tot 99%, afhankelijk van de gebruikte 

zuiveringstechnieken in de waterzuiveringsinstallaties. Eens in het riviermilieu, ondergaan textielvezels 

verschillende processen. Transport door het meegevoerd worden met water, heteroaggregatie aan 

zwevende deeltjes, biodegradatie, sedimentatie, resuspensie en begraven worden in het sediment zijn 

inbegrepen in het model. Het stroomgebied van de rivier de Elbe was gebruikt als casestudy om de 

prestatie van het E-PlEx model te analyseren. De bekomen resultaten variëren erg, met concentraties 

in de waterfase van 5.6 * 103 – 5.5 * 106 vezels per liter water. De concentraties in het sediment zijn 

laag, variërend van 0 tot 6.0 vezels per kg sediment. Als de resultaten van het model vergeleken 

worden met meetresultaten uit veldonderzoek, kan een sterke discrepantie geobserveerd worden, 

hetgeen verschillende oorzaken heeft. Ondanks dat de resultaten van het model niet overeenkomen 

met meetresultaten uit veldonderzoek, zijn het gevonden aantal vezels hoog and zijn mitigatie 

strategieën nodig. Om het E-PlEx model verder te ontwikkelen is meer onderzoek nodig naar het 

gedrag van vezels in zoetwater, voornamelijk naar de rivierprocessen die specifiek zijn voor 

microplastics in de vorm van vezels.  



4 

Foreword and acknowledgments 
In the last couple of years my interests shifted from healthcare to environmental sciences and 

nature. The urge to know more about the planet we live in and how we can keep it sustainable and 

livable for future generations, made me decide to start the bridging program for the Master in 

Environmental Sciences. After almost four years of studying, this thesis will be the end of my 

Masters’ degree. The choice of subject was easily made when looking at the available topics at the 

Open University. Pollution gained more and more of my attention during my time of studying and 

including an extra challenge by learning to program in R made me very excited to start this journey. 

This study could not be completed without the help of many people. I want to thank my supervisors, 

dr. Jikke Van Wijnen and prof. dr. Ad Ragas for the support, the guidance, the interesting discussions 

and useful feedback during this process. And without some curbing of my enthousiasm, this thesis 

would never be accomplished within the given time period.  

I also want to thank Ph.D Francesco Bregoli (Radboud University) for the help with the programming 

and finding solutions for problems I encountered in R and the adapation of the ePiE model.  

A special thanks to my (not biological) sister, dr. Sara Cosemans who suggested to read my thesis for 

grammatical and spelling mistakes.  

I want to thank my mom, for lending me her stronger, newer laptop so that I could execute the 

testruns of the model much faster, which saved me a lot of time and stress.  

And last but not least I want to thank my partner, Michel, for supporting me in these stressful and 

busy times, to say to me to stop working on my thesis when I got really annoyed or stressed out, to 

offer me weekendtrips to reload my batteries and to change plans if I had the urge to write.  

Without all these people, this result of this study would not be as it is now. 



5 

Table of content 

Abstract .................................................................................................................................................. 2 

Samenvatting ......................................................................................................................................... 3 

Foreword and acknowledgments ........................................................................................................... 4 

Table of content ..................................................................................................................................... 5 

List of figures and tables ........................................................................................................................ 7 

1.Introduction ........................................................................................................................................ 8 

2.Research approach ............................................................................................................................ 11 

2.1 Research questions..................................................................................................................... 11 

2.2 Research method ....................................................................................................................... 12 

2.3.1 Analysis ePiE model ............................................................................................................. 12 

2.3.2 Literature study ................................................................................................................... 12 

2.3.3 Changes to the exisiting model............................................................................................ 12 

2.3.4 Testing new model .............................................................................................................. 12 

3. Adaptation of the ePiE model .......................................................................................................... 14 

3.1 Structure of the current ePiE model ........................................................................................... 14 

3.2 Sources and pathways of textile fibres ....................................................................................... 15 

3.2.1 Point sources: washing of clothes ....................................................................................... 15 

3.2.2 Diffuse sources .................................................................................................................... 19 

3.2.3 Pathways ............................................................................................................................. 19 

3.3.4 Selection of sources and pathways to be included .............................................................. 21 

3.2.5 Adaptation of the sources and pathways in ePiE ................................................................. 22 

3.3 Riverine processes ...................................................................................................................... 24 

3.3.1 Degradation processes ........................................................................................................ 24 

3.3.1.1 Photodegradation ......................................................................................................... 25 

3.3.1.2 Hydrolysis ..................................................................................................................... 26 

3.3.1.3 Mechanical degradation ............................................................................................... 26 

3.3.1.4 Thermal degradation .................................................................................................... 26 

3.3.1.5 Biodegradation ............................................................................................................. 27 

3.3.2 Transportation and sedimentation processes ..................................................................... 27 

3.3.3 Biofouling and its impact on biodegradation and aggregation ............................................ 29 

3.3.4 Importance of the different degradation and transportation processes for textile fibres .. 31 

3.3.5 Adaptation of riverine processes in ePiE ............................................................................. 31 

3.3.5.1 Heteroaggregation........................................................................................................ 32 



6 

3.3.5.2 Biodegradation ............................................................................................................. 33 

3.3.5.3 Sedimentation and burial ............................................................................................. 33 

3.3.5.4 Resuspension ................................................................................................................ 34 

3.3.5.5 Advection...................................................................................................................... 35 

3.3.5.6 Mass Balance equations ............................................................................................... 36 

3.3.6 Summary adaptations ePiE model ....................................................................................... 36 

4 Case study with the adapted model .................................................................................................. 37 

4.1 Elbe River .................................................................................................................................... 37 

4.2 Test Run ...................................................................................................................................... 37 

4.3 Comparison with field data ........................................................................................................ 41 

5.Discussion .......................................................................................................................................... 44 

5.1 Discussion on the results ............................................................................................................ 44 

5.2 Limitations .................................................................................................................................. 44 

5.2 Recommendations...................................................................................................................... 45 

6.Conclusion ......................................................................................................................................... 46 

References ........................................................................................................................................... 47 

Appendices ........................................................................................................................................... 56 

Appendix 1: Method Table 1 ............................................................................................................ 56 

Appendix 2: Overview of sludge application for agriculture in Europe ............................................ 57 

Appendix 3: Calculations for the estimations of fibre releases to the riverine environment ........... 58 

Appendix 4: Original formulas used in the ePiE model (Oldenkamp et al., 2018) ............................ 61 

Appendix 5: Table of parameters used in E-PlEx .............................................................................. 67 

Appendix 6: Overview of the E-PlEx model ...................................................................................... 70 



7 

List of figures and tables 

Figure 1: Overview of the different sources and pathways of microplastics to the riverine 

environment ........................................................................................................................................... 9 

Figure 2: Degradation pathways of synthetic polymers in the aquatic environment. Retrieved from 

Klein, S., Dimzon, I. K., Eubeler, J., & Knepper, T. P. (2018). ................................................................. 25 

Figure 3: Schematic representation of the processes that play a role in the transport of microplastics. 

It includes non-buoyant microplastics (a) and buoyant microplastics (b). The processes involved are 

(1) turbulent transport, (2) settling, (3) aggregation, (4) biofouling, (5) resuspension and (6) burial.

Retrieved from Kooi, et al. (2018). ....................................................................................................... 28 

Figure 4: Physical, chemical and biological factors likely to affect the formation and composition of 

plastisphere microbial films. Retrieved from Harrison, et al. (2018). ................................................... 30 

Figure 5: Box model of the riverine processes that were included in the adapted model (E-PlEx).The 

box represents a node in the river network where the riverine processes are calculated. .................. 32 

Figure 6: Concentrations of small fibres in the water at an average flow, minimum flow, and 

maximum flow ..................................................................................................................................... 39 

Figure 7: Concentration of average size fibres in the water at an average flow, minimum flow, and 

maximum flow ..................................................................................................................................... 39 

Figure 8: Concentration of large fibres in the water at an average flow, minimum flow, and maximum 

flow ...................................................................................................................................................... 39 

Table 1: Studies on textile fibre loss during washing. Author(s) listed with the sort of textiles used, 

extra variables, the type of washing machine, the filtration system and the mean result on fibre loss 

resulted from the studie ...................................................................................................................... 17 

Table 2: The amount of textile fibres released per study expressed in comparative units by using the 

equations of Napper & Thompson (2016). Estimated masses or numbers are indicated in italics. 

Original masses and numbers are indicated in bold............................................................................. 18 

Table 3: Overall removal efficiency of tertiary treatment in combination with primary and secondary 

treatment, based on Cristaldi et al. (2020); Iyare et al. (2020); Koyilath Nandakumar et al. (2021) and 

Sun et al. (2019) ................................................................................................................................... 20 

Table 4: Estimated amount of textile fibres released in the riverine environment from the different 

pathways in Europe .............................................................................................................................. 22 

Table 5: Research results on microfiber release during machine wash, mean number per fabric mass 

(#/kg). Data retrieved from  Kärkkäinen, N., & Sillanpää, M. (2021). ................................................... 24 

Table 6: Characteristics of textile fibres used in the test run, retrieved from Table 2. ......................... 37 

Table 7: Mean modelled number of fibres per litre water for different fibre sizes and different flow 

regimes................................................................................................................................................. 40 

Table 8: Minimum and maximum modelled number of fibres per litre water for different fibre sizes 

and different flow regimes ................................................................................................................... 40 

Table 9: Mean modelled number of fibres per kg sediment for different fibre sizes and different flow 

regimes................................................................................................................................................. 41 

Table 10: Minimum and maximum modelled number of fibres per kg sediment for different fibre 

sizes and different flow regimes .......................................................................................................... 41 

Table 11: Comparison of model results with measuring results from Scherer et al. (2020) and the ratio 

between the modelled and measured results. Number of fibres per 1000 litres water and number of 

fibres per m3 sediment ......................................................................................................................... 42 



8 

1.Introduction
One of the major concerns for our environment is the presence of macro- and microplastics in the 

aquatic environment. In recent years, more and more scientific attention is being paid to this 

phenomenon. With the ongoing increase in the production and use of plastics, plastics increasingly 

cause a threat for human health, ecosystems and the aquatic environment (Crew et al., 2020; Siegfried 

et al., 2017). Plastics are present in all aquatic environments, such as beaches, oceans, surface waters, 

the ice of the Arctic Sea, the deep sea sediments, glaciers and in rivers and lakes (Crew et al., 2020; 

Koutnik et al., 2021). Rivers contribute to the plastic load in the marine environment by transporting 

plastics originating from places further inland to the oceans (Castro-Jiménez et al., 2019). 

Microplastics are plastic particles with a dimension up to 5 mm (Koutnik et al., 2021; van Wijnen et al., 

2019). Generally, distinction is made between primary and secondary microplastics. There is no 

consensus about the definition of primary and secondary microplastics. First, they can be defined 

making use of the initial production process. Primary microplastics are produced as such (for example 

pellets and microplastics for cosmetic products). Secondary microplastics originate from bigger plastics 

that undergo different degradation processes (for example textile fibres, wear from tyres and 

degraded macro-plastics; (Horton & Dixon, 2018; van Wijnen et al., 2019). In another definition, the 

distinction between primary and secondary microplastics is based on the form in which these plastics 

reach the environment, i.e. as microplastic (primary) or as macroplastic (secondary). In this definition 

textile fibres, for example, belong to the category of primary microplastics since textile fibres are 

discharged into the environment as small particles (Wang et al., 2019).  For this study, the second 

definition is used. 

Aquatic organisms, such as crustaceans, fish, birds, mammals and molluscs, confuse microplastics for 

food (Bożena, 2017). These ingested microplastics could cause injuries, stress, bioaccumulation of 

contaminants, tumor formation, disrupted food ingestion, disruption of the endocrine and 

reproductive systems and altering the metabolic function (Blettler et al., 2017; Bożena, 2017).  Bożena 

(2017) states that the ingestion of microplastics has an impact on organisms of all trophic levels. 

Through ingestion of contaminated seafood, microplastics pose a potential threat to human health 

(Bożena, 2017). Besides ingestion, it is also found that microplastics can enter the human body through 

inhalation (Vethaak & Legler, 2021). Recently microplastics were even detected in human placentas 

(Ragusa et al., 2021). More and more evidence is found that human exposure to microplastics occurs 

from various foods, air and drinking water (Vethaak & Legler, 2021). Several studies concluded that 

the human risks involving ingestion of microplastics are associated with ingestion of contaminants  

(Bożena, 2017; Ragusa et al., 2021; Senathirajah et al., 2021; Vethaak & Legler, 2021). Microplastics 

can act as a source of other contaminants due to their association with pharmaceuticals, pesticides, 

heavy metals and other additives. These contaminants are linked with different human health 

conditions such as diabetes, cancer, obesity, cardiovascular diseases, reproductive and endocrine 

problems and problems in the development of children (Senathirajah et al., 2021). To assess the 

human risk to these problems, more research is needed about the behaviour of microplastics in the 

human body and their ingestion rates (Senathirajah et al., 2021).  

Figure 1 gives a conceptual overview of the different sources and pathways of microplastics in rivers. 

Distinction is made between point sources and diffuse sources. Point sources are sources that are 

clearly assignable to a specific location, such as wastewater treatment plants (WWTPs; (Kooi et al., 

2018). Diffuse sources can not be allocated to one specific location (Kooi et al., 2018). Microplastics 

that come into the river from atmospheric deposition is an example of a diffuse source.  
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Important sources of microplastics are textile fibres, tyres, road markings and microbeads for 

cosmetics and industrial applications (Galafassi et al., 2019). The microplastics can come into rivers via 

the effluent of wastewater treatment plants (WWTPs) or directly via storm drainage or separate 

rainwater sewage systems. In many countries, the sludge of WWTPs is used as a fertilizer for 

agricultural land (Urban Waste Water Treatment Directive, 2017). Through drainage or runoff after 

heavy rain or storm events the microplastics in the sludge can be transferred to the riverine 

environment (da Costa et al., 2016). Illegal waste deposit, degradation of macroplastics and spillage of 

preproduced pellets are also important sources. The microplastics from these sources can be 

transported into the riverine environment through drainage, runoff or the wind. Paints and 

antifoulings from ships and sea vessels are not included in this overview because this is generally 

considered a minor source of microplastics in the riverine freshwater environment (da Costa et al., 

2016; Galafassi et al., 2019; Meijer et al., 2021). 

Figure 1: Overview of the different sources and pathways of microplastics to the riverine environment 

In this study, the focus is on textile fibres from washing synthetic clothing, a potentially important 

source of microplastics to the environment. Napper & Thompson (2016) estimated that a typical 

washing load of 6 kg polyester-cotton blend releases around 130 000 fibres. Polyester can potentially 

release 500 000 fibres and acrylic over 700 000 per washing load (Napper & Thompson, 2016). Earlier 

research by Browne et al. (2011) showed that one single garment can release more than 1900 fibres 

per wash, which is a similar result. In the future, the total amount of textile fibres that will be released 

into the riverine environment will probably increase due to the increase of the worldwide population 

(Browne et al., 2011; Napper & Thompson, 2016).  

How much the different sources contribute to the plastic load into the environment is not yet 

completely clear. The degradation and transformation processes of plastics are even less well 

understood (Besseling et al., 2017). For example, the fate of microplastic particles in the freshwater 

environment is poorly studied. Once in the aqueous environment, plastics are subject to chemical, 

biological and physical processes that are not yet well examined (Crew et al., 2020). In general, plastics 

are very resistant to degradation due to their chemical inertness (Weinstein et al., 2016). There are 

estimates that it would take decades to centuries before a complete degradation of plastics in the 

environment takes place. Photo-oxidation is a process that degrades plastics. Thermo-oxidative 

reactions in the presence of oxygen are known to accelerate the degradation once the degradation 

process is started (Booth et al., 2017). Other known degradation processes are hydrolysis and 

biodegradation (Weinstein et al., 2016). In addition to degradation, the fate of microplastics in the 
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aquatic environment is also determined by different other processes like sedimentation, resuspension, 

burial, biofilm formation, particle aggregation, dissolution and advective transport (Besseling et al., 

2017; Booth et al., 2017). 

To better understand the behaviour of microplastics, different attempts have already been made to 

model the riverine transport of microplastics to the marine environment (Castro-Jiménez et al., 2019; 

van Wijnen et al., 2019). Uncertainties, not yet well understood processes and lack of data cause 

models on the riverine transport of plastics to have certain limitations. The model of Siegfried et al. 

(2017) focusses on a limited number of plastics sources (tyre and road wear particles, plastic polymer 

based textiles, synthetic polymers in household dust and personal care products). Bondelind et al. 

(2020) include only traffic-related microplastics. The GREMiS model (van Wijnen et al., 2019) is not 

suitable for making detailed calculations in individual catchments  – and the model of Horton & Dixon 

(2018) does not integrate degradation and transformation processes that can occur in the aquatic 

environment. In the model of Lebreton et al. (2017) macroplastics are included to estimate the input 

of plastics into oceans, but only river transport is considered and other processes like direct littering 

or wind transport are not included. The model was calibrated against measurements of buoyant 

plastics, so the estimates of the model can be conservative (Lebreton et al., 2017). Meijer et al. (2021) 

made a model, based on the Lebreton model, to predict global emissions of macroplastics from rivers 

into the oceans. In this model all emissions into the ocean are included, but no difference is made 

between types and characteristics of plastic waste (Meijer et al., 2021).  

Oldenkamp et al. (2018) developed a spatially explicit model to predict the behaviour of 

pharmaceuticals in European surface waters (ePiE). ePiE stands for “Exposure to Pharmaceuticals in 

the Environment”. Because the ePiE model has incorporated data on European river basins, 

agglomerations and wastewater treatment plants (WWTPs), it provides a suitable infrastructure for 

modelling river transport of contaminants, including macro- and microplastics. It has the potential to 

be transformed to predict the fate of (micro)plastics. The model is constructed in R, an open-sources 

software environment. It is built up as a set of network nodes. The information on the network nodes, 

WWTPs  and agglomerations have been extracted from the global databases HydroSHEDS (World 

Wildlife Fund, 2021), HydroLAKES (Messager et al., 2016) and the UWWTP-Waterbase (European 

Environment Agency, 2015), covering all rivers and lakes of Europe below 60 degrees North. The global 

FLO1K data set is implemented for data on the annual mean flow and data on the highest and lowest 

monthly mean flow, where the data are spatially distributed at 30 arc seconds (around 1 km2). Further 

data included in the infrastructure of the ePiE model are information on the air temperature, wind 

speed, slope and streamflow (Oldenkamp et al., 2018). 

The objective of this study is to get an impression of the amount of textile fibres in the European 

riverine environment. To reach this objective, the ePiE model needs to be adapted, from a model to 

predict the fate of pharmaceuticals in the riverine environment, to a model that predicts the fate of 

textile fibres in the riverine environment (Environmental Plastic Exposure, E-PlEx). 
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2.Research approach 

2.1 Research questions  
To establish the purpose of the study, different research questions need to be answered.  

Main research question 

What is the modelled amount of textile fibres in the European riverine environment?  

Subquestions 

1. What structural data on European rivers is included in the ePiE model? 

2. What are the main sources of textile fibres distributed in the riverine environment, can these be 

implemented in the ePiE model and how can these be implemented in ePiE? 

a. What are the point sources of textile fibres? 

b. What are the diffuse sources of textile fibres? 

c. How much do the different point and diffuse sources contribute to the input of textile 

fibres in the riverine environment? 

d. How can the sources of textile fibres be integrated in the ePiE model? 

3. What are the different pathways of textile fibres from source to river, can these be implemented 

in the ePiE model and how can these be implemented in ePiE? 

a. How are textile fibres transported from source to river? 

b. How can these pathways be integrated in the ePiE model? 

4. What riverine processes do textile fibres undergo? Can these be implemented in the ePiE model 

and how can these be implemented in ePiE?  

a. What degradation processes do textile fibres undergo in the riverine environment? 

b. What are the relevant transportation processes in the riverine environment? 

c. What sedimentation processes do textile fibres undergo in the riverine environment? 

d. What biofouling and aggregation processes do textile fibres undergo in the riverine 

environment? 

e. How can the riverine processes be integrated in the ePiE model? 

5. What data are needed to perform a test run on the adapted ePiE model and how is this test run 

done? 

6. What results are obtained from a test run on the adapted ePiE model? 

a. Does the test run give realistic results? 

b. Is it necessary to adapt to the model after the test run? If yes, what adaptations? 

7. What is the importance of the results from the test run and what conclusions can be drawn from 

them? 
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2.2 Research method  

2.3.1 Analysis ePiE model 
The first step of the study was an analysis of the current ePiE model to make clear what data and 

processes currently are included in the model. This was done by analysing the publication “A High-

Resolution Spatial Model to Predict Exposure to Pharmaceuticals in European Surface Waters: ePiE” 

by Oldenkamp et al. (2018) and its supporting information and by communication with one of the 

developers of the model. The ePiE model is written in R, so for further comprehension of the model, 

the scripts were analysed. Further questions about the ePiE model were answered by the current 

administrator of the model. 

2.3.2 Literature study 
An extensive literature research for the theoretical background on textile fibres in the riverine 

environment was  conducted. This literature research was done in three parts.  

The first part was intented to identify the sources and pathways and the strength of the sources of 

textile fibres into the riverine environment. The databases Ebsco Host, Web of Science, Academic 

Search Elite and the search engine of the Open University were searched with following keywords: 

“microplastic”, “riverbasin”, “Europe”, “textile fibres”, “riverine environment”, “freshwater”, “river”, 

“plastic”, “textile fibre release”, “sewage overflow”, “recreational boating”, “laundry habits”, 

“WWTP”, “waste water treatment plant”. The keywords were used in different combinations with 

different results. The retrieved results were narrowed down to the English language and when a lot of 

publications resulted from the search, they were narrowed down to publications from the last 5 years. 

To identify and select appropriate publications, the titles and abstracts were scanned for relevant 

content. Additional publications were found by using crossreferences from the selected publications 

and contact with European organizations involved in watermanagement and waste water treatment.  

The second part of the literature studie consisted of identifying the processes that textile fibres 

undergo in the riverine environment. For this the same databases and search engine were used. The 

keywords for this literature research were: “degradation”, “microplastics”, “environmental”, 

“freshwater”, and “river”. These publications were narrowed down by excluding “marine” and “sea” 

and only including publications in English. The titles and abstracts were scanned and a selection of 

relevant publications was made.  

The third part consisted of identifying useful formulas to implement in the ePiE model and make it 

suitable to model textile fibres. These formulas were found in publications from the previous searches 

and by using crossreferences. 

2.3.3 Changes to the exisiting model 
The literature study resulted in data on source strengths and process formulations describing the 

different pathways and riverine processes. The implementation of the necessary adaptations to the 

ePiE model was done using RStudio 2022.02.1 Build 461, “Prairie Trillium” release. A stepwise 

approach was used to change the input parameters, input files and formulas.  

2.3.4 Testing new model 
To test the adapted ePiE model, it was run on the Elbe riverbasin. Data to compare the model results 

were found by searching the databases Web Of Science and Ebsco Host with the search terms “plastic”, 

“microplastic*” and “Elbe”. From this search 6 publications were found with measuring data on 

microplastics in the Elbe river basin. From these 6 publications, one was withhold based on the clarity 

of the measuring methods, the locations and the results. 
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To compare the results from the adapted model with results from measuring campains, RStudio and 

QGIS were used. In RStudio studio basic calculations on the model results were executed to find the 

mean, minimum and maximum values. QGIS was used to compare the model results with results from 

field measurement based on the coordinates of the field measurements. 

The results and conclusions from the test run were used to make recommendations about future 

changes to optimalize the model. 
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3. Adaptation of the ePiE model 

3.1 Structure of the current ePiE model 
To predict the fate of microplastics in European rivers, the ePiE model was adapted. The model was 

originally developed by Oldenkamp et al. (2018). It is a high-resolution spatial model to predict 

concentrations of pharmaceuticals in European surface waters. ePiE was created in the open source 

software environment R. The structure of ePiE consists of a set of network nodes, agglomerations (i.e 

urban human settlements that consist of built-up area) and wastewater treatment plants (WWTPs). 

The network nodes and the river network itself (including information on upstream and downstream 

points) were derived from the global databases HydroSHEDS and HydroLakes (World Wildlife Fund, 

2021). The agglomerations and WWTPs were derived from the UWWTD-Waterbase (European 

Environment Agency, 2015).  

The construction of river networks in ePiE was carried out for individual drainage basins as defined in 

HydroSHEDS. For each basin, its borders were used to crop the river network. The river network 

consists of spatial point files, where each point represents a network node. Nodes are classified as a 

junction, a mouth, a start or a regular node and are connected to each other. The river network was 

overlayed with the lakes and reservoirs, represented by spatial polygons, and additional nodes were 

created for the intersections between the river network and the lakes/reservoirs, representing outlets 

or inlets. For the lakes, depth and hydraulic retention time were added to their corresponding outlet 

node (Oldenkamp et al., 2018).  

Oldenkamp et al. (2018) included 27 695 agglomerations with generated wastewater loads above 2000 

population equivalents into the ePiE model. In the database, information on the location, the 

generated load and the fraction of agglomerations connected to WWTPs were included. For the 

WWTPs, information on the location and characteristics such as generated load, level of treatment and 

design capacity of 30 043 European urban WWTPs was included. In the database, each WWTP  was 

assigned at least one agglomeration identification number. This made sure that the WWTPs are linked 

to an agglomeration, from which it receives the generated wastewater. These WWTPs and 

agglomerations were incorporated into the river network as emission sources. This incorporation was 

based on the proximity of the WWTPs and agglomerations to the nearest water body. WWTPs and 

agglomerations that are located within lakes or reservoirs were assigned to these as direct emission 

source (Oldenkamp et al., 2018). 

Further, ePiE contains gridded information on air temperature, wind speed, slope and streamflow for 

all network nodes (Oldenkamp et al., 2018).  Annual mean flow, the highest and lowest monthly mean 

flow were incorporated in ePiE through the global FLO1K data set (Barbarossa et al., 2018). FLO1K 

contains information about the upstream catchment physiography such as area, slope and elevation 

and contains further data on year-specific climatic variables. These climatic variables are precipitation, 

temperature, potential evapotranspiration, aridity index and seasonality indices. These variables, 

included as covariables, provide estimates of flow at a spatial resolution of 30 arc seconds. This is about 

1x1 km2. ePiE calculates hydrological parameters such as flow velocity and river depth via the 

Manning’s equation for open channel flow (Oldenkamp et al., 2018). 

After being emitted, the residues of the pharmaceuticals are followed through the river network from 

the most upstream nodes to the most downstream ones. Along the way, pharmaceuticals undergo 

different chemical and physical processes in the riverine environment. The processes relevant for 

pharmaceuticals that were included in the model are dilution in the water column, three degradation 

processes (biodegradation, photolysis and hydrolysis) and two intermedia transport processes 

(sedimentation and volatilization). When pharmaceuticals come into the riverine environment, their 
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concentration becomes diluted in the water column. Depending on the properties of the 

pharmaceutical, a fraction undergoes sorption to suspendid solids and dissolved organic carbon. In 

ePiE the assumption was made that degradation processes are only applicable to the dissolved fraction 

of pharmaceuticals. The degradation processes of photolysis, hydrolysis and biodegradation were 

integrated as (pseudo) first order loss processes. Sedimentation rates were gathered by combining the 

velocities of adsorption, desorption, sedimentation and resuspencion of suspended particles. 

Biodegradation and hydrolysis in the sediment layer were included, which influences the mass flux of 

the pharmaceuticals to the sediment through sedimentation. Biodegradation in the sediment layer 

increases the mass flux towards the sediment to restore the equilibrium between sediment and water. 

Volatilization was estimated by local partial mass transfer coefficients at the air/water interface 

(Oldenkamp et al., 2018).   

3.2 Sources and pathways of textile fibres 
Textile fibres originate from various sources. A distinction is made between point sources and diffuse 

sources. From the source, textile fibres are released into the riverine environment via different 

pathways. In the next section the point sources, diffuse sources and different pathways are presented. 

In the last section of this chapter, the adaptations made to the ePiE model are presented. 

3.2.1 Point sources: washing of clothes 
The washing of clothing is assumed to be an important source of microplastics to the environment 

(Napper & Thompson, 2016). Most of the release of microfibers happens during the laundry process 

(Ramasamy & Subramanian, 2021). In the current fast fashion trend of the fashion industry, clothing is 

developed to be worn less (Ramasamy & Subramanian, 2021). Every season a complete new line is 

launched, with consequences for the quality of the product. The materials used for this competitive 

product are low cost synthetic fibres and cheap quality materials. Due to this lower quality, fleece for 

example sheds more microfibers than a high quality product (Ramasamy & Subramanian, 2021).  

Synthetic textile fibres originating from washing laundry, travel from the washing machine via the 

sewerage to wastewater treatment plants (Kärkkäinen & Sillanpää, 2021). Synthetic textile fibres have 

been detected in the influent and effluent of WWTPs (Tian et al., 2021).  

The amount of synthetic fibres released during washing is not easy to quantify. Different studies have 

been conducted to estimate the amount of fibres released. Factors that influence the fibre loss during 

laundry are manyfold and include the type of synthetic fabric, textile construction (knitted or woven 

fabric), chemical finishing (anti-pilling, softener, wicking, Durable Water Repellent (DWR) and/or anti-

odour), the age of the fabrics, the type of washing machine used, water temperature, washing speed 

and the type of detergent or softener used (Dalla Fontana et al., 2021; Piñol et al., 2015; Vassilenko et 

al., 2021). The quantification and characterisation of microfibre loss during laundry processes is 

challenging due to a wide variety of materials and products available on the market and the interplay 

between the different factors that influence microfibre loss (Vassilenko et al., 2021). Table 1 gives an 

overview of different studies that estimated fibre loss during washing. Appendix 1 gives details on the 

method used to determine what studies were included in Table 1. Table 1 shows that the results are 

highly variable. Possible explanations for the high variability are the differences in methods used and 

the filter sizes. All the studies listed in Table 1 included polyester as one type of textile. Other textiles 

used are polyamide, polyacril, acrylic, polypropylene, PET, cotton, wool, and blends of nylon, polyester, 

polyamide and elastane. Seven out of the 11 studies listed also took extra variables into consideration. 

These variables are for example: yarn type, mechanical treatment, chemichal finishes and textile 

construction. The type of washing machine used to conduct the studies vary from domestic top loading 

washing machines,  domestic front-load washing machines, laboratory simulators to standardized 
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laboratory washers. One studie also includes hand washing as a method. Further differences relate to 

the type of detergent and conditioner used. The sizes of the filters used to trap the released fibres 

varies between 0.7 µm to 63 µm. Due to these large differences in materials and methods used, the 

results are difficult to compare. Vassilenko et al.(2021) reported 8 809 – 6 876 000 microfibers per kg 

of washed textile. This range fits all the other results. 

Because the results from the studies are expressed in different units, comparison is challenging.  

Napper & Thompson (2016) used three formulas to estimate the weight of the released fibres, 

assuming the fibres were of a cylindrical shape. These formulas can be used to make the reverse 

calculation; so, estimates about the weight of the released fibres can be made when the total number 

of fibres, the average length, average radius and density are known. This makes it possible to compare 

the results and express them all in the same unit. For this study, the choice has been made to express 

the amount of textile fibres in number per kilogram textile.  

The formulas of Napper & Thompson (2016) are: 

𝑉𝑡 =  
𝑀𝑡

𝐷
 (1) 

 

𝑉(𝑎𝑣𝑔. 𝑓𝑖𝑏𝑟𝑒) =  𝜋𝑟2𝑙 (2) 

 

𝑁 =  
𝑉𝑡

𝑉(𝑎𝑣𝑔. 𝑓𝑖𝑏𝑟𝑒)
(3) 

 

Where: 

Vt  =  the total volume of fibres collected (#/kg) 

Mt  =  the total mass of fibres (mg/kg) 

D  =   the density of the fabric (kg/m3) 

V(avg.fibre) =   the mean volume of one fibre (#/kg) 

r  =  the radius of the fibres (m) 

N  =  the approximate numbers of fibres released (#/kg) 

l  =   the length of one fibre (m) 

Table 2 gives an overview of the different data on textile fibre release from 9 studies from Table 1. Two 

studies were not included in Table 2 because they lacked data to compare the results with the other 

studies according to the method of Napper & Thompson (2016). As can be seen in Table 2, the amount 

of textile fibres released during washing varies from 9.6 mg/kg to 1210 mg/kg or 8809 - 6 876 000 

fibres/kg. 
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Table 1: Studies on textile fibre loss during washing. Author(s) listed with the sort of textiles used, extra variables, the type of washing machine, the filtration system and the mean result on fibre loss resulted from 
the studie    

Author(s) Textiles Extra variables Washing machine Filtration Mean result from studie 

Vassilenko et al. (2021) Polyester (virgin and recycled), 
nylon (virgin and recycled), 
nylon-polyester blend, cotton-
polyester blend, cotton, wool, 
nylon-ePTFE, nylon-polyester 
composite, polyester-PU 

Yarn type (spun-staple or filament), 
textile construction (knit or woven), 
mechanical treatment (brushed, 
sanded or sheared), chemical finishes 
(anti-pilling, softener, wicking, Durable 
Water Repellent, anti-odour) 

Top loading washing machine 20 μm polycarbonate filters  9.6 – 1240 mg/kg , or an 
estimated 8809- 6 877 000 
microfibers per kg 

Tian et al. (2021) Polyester New and used clothes Top-load washing machine 
and hand washing 

1.2 μm GF filter membrane 131 000 ± 168 000 n/item (new 
clothes) 

Kärkkäinen & Sillanpää  
(2021) 

Polyester, polyamide, polyacryl New and unused clothes with analyses 
of fabric and yarn characteristics 

Front-load washing machine 
with 50 ml of liquid detergent 

0.7 μm gridded mixed-cellulose 
ester filter 

Between 1.0 x 105 /kg and 6.3 x 
106 /kg 

Dalla Fontana et al. (2021) Polyester Continues filaments, staple fibers, 
double heat-sealing, sewing, yarn with 
our without twisting 

Front-load washing machine 
with 45 ml commercial liquid 
detergent 

40 μm sieve  38.6 ± 1.8 mg/kg  
67.39 ± 2.5 mg/kg 

Cesa et al. (2020) Cotton, Acrylic, Polyester and 
Polyamide 

Characteristics such as yarns, main 
fabric and garments 

Top load mini washing 
machine with (7 ml) and 
without detergent 

63 μm stainless steel sieve 49.8 mg - 307.8 mg per 
garnment (0.03% - 0.20% mass) 
for 10 consequetive washes 

Belgazui et al. (2019) Polyester, polyester-elastane, 
polyamide-elastane 

Woven and knitted fabric Front-load washing machine 20 μm polyamide filters Between 175 MF/g and 560 
MF/g 
23-73 mg/kg 

De Falco et al. (2018a) Polyester, polypropylene Plain weave, double knit  Laboratory simulator of a real 
washing machine with 65 ml 
detergent 

Polyvinylidene fluoride filters 5 
μm 

6 000 000 – 17 700 000 per 5 kg 
wash load 

De Falco et al. (2018b) Polyester New clothes Front load washing machine 
with liquid detergent and lab 
scale tests with standard 
washing laundering machine  

20 μm nylon filter and 
polyvinylidene fluoride filter 5 
um 

125 ± 32 mg/kg (549 913 
MF/kg) household 
1733 ± 248 per g (1 733 000 
MF/kg) labscale 

Carney Almroth et al. (2018) Polyester, polyacrylic, 
polyamide 

Filament and staple, knitwear, 
different constructions, Gauge, 
Microfleece 

Standardized laboratory 
washer with 375 uL liquid 
detergent 

1.2 μm glass filter 1 fleece garment releases 
approximately 110 000 fibers, 
other fabrics approximately 
900 fibers per garment 

Pirc et al. (2016) Fleece blankets from PET 
(polyethylene terephthalate 
polyester) 

Wet-knitted fabric, multi-filament Front-load washing machine 
with and without detergent 
and/of fabric softener (10 ml) 

200 μm stainless steel filter 0.0012 wt%  

Napper & Thompson (2016) Polyester, acrylic, polyester-
cotton blend 

Fabric type, temperature, presence of 
detergent and/or conditioner 

Front-load washing machine 
with or without detergent 
and/of conditioner (20 ml) 

25 μm nylon filter Between 137 951/6 kg and 728 
789/6 kg wash 
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Table 2: The amount of textile fibres released per study expressed in comparative units by using the equations of Napper & Thompson (2016). Estimated masses or numbers are indicated in italics. Original masses 
and numbers are indicated in bold. 

Study Fabric Total 
volume of 
fibres 

Total mass of fibres 
(mg/kg) 

Density (mg/mm3) Mean 
radius (μm) 

Mean length of fibres 
(mm) 

Number of fibres 
released (#/kg) 

Vassilenko et al. (2021) Polyester N/A 9.6 – 1240 N/A 6.2 ± 2.25  0.4 ± 1 8809 - 6 876 000  

Kärkkäinen & Sillanpää 
(2021) 

Polyester 
Polyamide 
Acryl 

N/A N/A N/A N/A 0.03 - 3.5 1.0 x 105 - 6.3 x 106  

Dalla Fontana et al. (2021) Polyester N/A 38.6 ± 1.8  
67.9 ± 2.5  

N/A N/A N/A N/A 

Cesa et al. (2020) Polyester 
Polyamide 
Acrylic 

N/A 31.62 ± 5.23 
42.64 ± 0.047 
780.63 ± 5.15 

1.365  
1.135  
1.150  

7.18  
8.45  
9.15  

1.124 
1.085 
1.000 

127 251 ± 21 047 
154 357 ± 170 
2 580 805 ± 17 026 
 

Belgazui et al. (2019) Polyester N/A 23 - 73  N/A 10  0.2 - 0.4 166 666 -1 083 333 

De Falco et al. (2018a) Polyester N/A 125 ± 32  N/A 9 ± 0.5  0.654 ± 0.408 549 913 

De Falco et al. (2018b) Polyester 
 
Polypropylene 

N/A 86 - 254 
 

N/A 7 ± 1.5  
10 ± 3  
9.5 ± 3  

0.34 ± 0.292 
0.478 ± 0.408 
0.339 ± 0.247 

1 200 000 - 3 540 000 

Pirc et al. (2016) PET N/A 12  N/A N/A 5.3 22.6 x 103 

Napper & Thompson (2016) Polyester 
 
 
Acrylic 
 
Polyester-
cotton blend 

475 998 
fibres/mg 
dry fibres 
763 130 
fibres/mg 
334 800 
fibres/mg 

N/A N/A 5.96  
7.03  
8.87  

7.79 
5.44 
4.99 

82 672 
121 465 
22 992 
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Besides the textile fibres released from domestic washings, industrial laundry plays an important role 

in the amount of textile fibres that reaches WWTPs (Piñol et al., 2015). Industrial laundry accounts for 

‘On Premise’ laundries, central laundries, linen suppliers, laundries which wash the customers’ own 

textiles, heavy duty laundries and professional laundries (Piñol et al., 2015). In Europe, the industrial 

laundries have a turnover approaching 12 billion euros annually. Steen (2014) estimated that  the 

industrial laundry facilities worldwide wash 54 millions tons of textiles annually. How much this is for 

Europe is currently unknown (Steen, 2014). 

3.2.2 Diffuse sources 
Textile fibres released during mechanical drying of clothes can be released into the surrounding 

atmospheric environment (O’Brien et al., 2020). O’Brien et al. (2020) found that a polyester blanket 

with a wet weight of 6.5 kg can emit 406 ± 468 fibres per load dried. These fibres can escape the 

filtration or can be released when the filter is cleaned. The fibres tend to accumulate in dust (O’Brien 

et al., 2020). Fibres can come into the aquatic environment either directly or via the amosphere due 

to cleaning and ventilation actions (Dris et al., 2016). 

Other potential diffuse sources of textile fibres into the riverine environment are washing of clothes in 

rivers and lakes and boating (Mokos et al., 2019). Recreational boating may directly contribute to the 

microplastic load, and thus textile fibre load in the freshwater environment, but this source has yet to 

be investigated and quantified (Parker et al., 2021).  

3.2.3 Pathways 
From the sewerage, the wastewater goes to wastewater treatment plants (WWTPs). WWTPs can have 

different removal techniques (Cristaldi et al., 2020). These are often classified as primary, secondary, 

and tertiary techniques. In WWTPs in the United States of America, Australia, Scotland, Canada and 

China, fibres represent on average 56.7% of the microplastics (Ngo et al., 2019). Fibres are the most 

challenging microplastics to remove during waste water treatment (Cristaldi et al., 2020; Koyilath 

Nandakumar et al., 2021). The smooth surface and high length to width ratio prevents the fibres to get 

captured by small pore sizes. Ngo et al. (2019) states that fibres are the dominantly present 

microplastics in the effluent of WWTPs.  

In WWTPs, different pre-treatment processes can occur, such as grit and grease removal processes, 

coarse and fine screening, chemical treatment and skimming (Cristaldi et al., 2020; Iyare et al., 2020; 

Talvitie et al., 2017). In the literature, pre-treatment processes are often included in the primary 

treatment. Processes that occur during primary treatment are sedimentation, skimming and aeration 

(Iyare et al., 2020; Koyilath Nandakumar et al., 2021). Pre-treatment and primary treatment can 

remove between 50 and 98% of microplastics depending on the characteristics of the microplastics 

such as buoyancy and coagulation (Iyare et al., 2020; Koyilath Nandakumar et al., 2021; Sun et al., 

2019). The removal during pre-treatment and primary treatment is mainly achieved during the grease 

or surface skimming, during the settling of heavy microplastics or during grit removal and gravity 

separation of microplastics that are trapped in solid flocs (Sun et al., 2019). Studies show that fibres 

are more effectively removed than fragments during pre-treatment. A possible explanation is that 

fibres get trapped more easily in flocculating particles and they often are floating (Koyilath 

Nandakumar et al., 2021; Sun et al., 2019).  

Secondary treatment usually makes up for biological treatment and clarification. The treatments that 

are involved in secondary treatment are activated sludge, rapid sand filtration, membrane bioreactor, 

trickling filters, oxidation ditch, anaerobic/anoxic and aerobic treatment, solid contact tanks, 
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sequencing batch reactor, denitrifiers, disc-filters and settling tanks and skimmers, depending on the 

WWTP (Koyilath Nandakumar et al., 2021; Sol et al., 2020; Sun et al., 2019). During this stage, 

microplastics can be decreased to 0.2 – 20% (Cristaldi et al., 2020; Sun et al., 2019). In contrast to pre-

treatment, secondary treatment removes more fragments than fibres. When primary and secondary 

treatment are combined Iyare et al. (2020) states that between 88 and 94% of the microplastics are 

removed from the wastewater.  

Tertiary treatment has varying effects on microplastic removal (Cristaldi et al., 2020). Not all WWTPs 

have tertiary treatment. Examples of processes that can be incorporated in tertiary treatment are 

chlorination, ozonation, UV radiation, coagulation, dissolved air flotation, ultra-filtration, reverse 

osmosis, gravity filtration and biological filtration (Koyilath Nandakumar et al., 2021; Sol et al., 2020). 

Some methods such as rapid sand filtration, trickling filtration, biodegradation and membrane 

bioreactor may be present in secondary or tertiary treatment (Koyilath Nandakumar et al., 2021; Sol 

et al., 2020). The efficiency of the tertiary treatment is depending on the processes applied. Some 

methods are highly efficient in the removal of microplastics (Koyilath Nandakumar et al., 2021). These 

are dynamic membrane filtration, gravity power filtration, density separation, electrocoagulation, sol-

gel method, magnetic recovery and biodegradation (polymers used as carbon source by biological 

agents) (Cristaldi et al., 2020; Koyilath Nandakumar et al., 2021). Table 3 gives an overview of the 

microplastic removal efficiencies of some tertiary treatment processes (Cristaldi et al., 2020; Koyilath 

Nandakumar et al., 2021; Sun et al., 2019). As can be seen in Table 3, the best performance is shown 

by membrane related technologies such as (anaerobic) bioreactor membrane technologies (Cristaldi 

et al., 2020; Sun et al., 2019). For primary, secondary and tertiary treatment the summed removal 

efficiency is on average 40-99.9% (Cristaldi et al., 2020; Iyare et al., 2020; Koyilath Nandakumar et al., 

2021). 

Table 3: Overall removal efficiency of tertiary treatment in combination with primary and secondary treatment, based on 
Cristaldi et al. (2020); Iyare et al. (2020); Koyilath Nandakumar et al. (2021) and Sun et al. (2019) 

Tertiary treatment process Overall Removal efficiency microplastics in % 

Bioreactor membrane 94-99.9 

Rapid sand filtration 45 – 98.9 

Coagulation 92.2 – 95.7  

Ozone 99.2  

Membrane disc filter 99.1  

Nitrification on plastic media trickling filter 96  

Anaerobic bioreactor membrane 99.4 

Disc filter (pore size 10-20 um) 40-98.5 

Dissolved air floatation  95  

 

Sewage overflow is an important source of microplastics in the riverine environment. Dris et al. (2018) 

found that combined sewage overflows (CSOs) contain high concentrations of fibres. For example, for 

Paris, the CSO discharges are approximated 21 million m3 year-1. This corresponds according to Dris et 

al. (2018) with a potential introduction of 4 to 5 x 1012 fibres annually into the freshwater. For the river 

Spree in Germany, a 6 hour rain event was used to simulate CSOs (Weyrauch et al., 2010). During the 

rain event, more than twice the 6-h effluent of treated sewage entered the river Spree untreated 

(Weyrauch et al., 2010). Dris et al. (2018) found a difference of factor 2.2 – 2.7 between the number 

of fibres in wastewater and in the water from CSOs. Thus during CSOs, more than twice the effluent of 

WWTPs with double concentrations of fibres enters the riverine environment. For freshwaters, CSOs 

even appear to be the main and major input source of microplastics into the freshwater environment. 
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The concentrations of fibres in the overflow were sometimes even higher than in wastewater (Dris et 

al., 2018). 

Synthetic textile fibres are present in the sludge from WWTPs (Koyilath Nandakumar et al., 2021; Zubris 

& Richards, 2005). Sludge from WWTPs is used on agricultural land because it contains organic matter 

and nutrients that can have beneficial effects on crop growth. Appendix 2 gives an overview of the 

amount of sewage sludge that is applied on soil and in agriculture in European countries expressed in 

tons of dry substance per year. The amounts go from 0% of the total sludge produced by the WWTPs 

to 100% re-used as soil fertilizer. Because of the high persistency of synthetic textile fibres, these were 

found in soil samples from fields that had sludge application up to 15 years ago. Because of this 

persistency in the soil, runoff from agricultural land fertilized with sludge is a small source of textile 

fibres in rivers (Schell et al., 2022; Zubris & Richards, 2005). Schell et al. (2022) found that the average 

microplastic concentration in runoff water was between 0 and 14 MPs L-1. Compared to the amount of 

microplastics that originate from WWTPs, runoff is probably a minor pathway of microplastics to the 

riverine environment (Dris et al., 2018; Schell et al., 2022). 

An overlooked pathway of textile fibres in the environment are airborne emissions due to electric 

clothes dryers and atmospheric fallout (Dris et al., 2016; O’Brien et al., 2020). Dris et al. (2016) 

monitored atmospheric fallout of fibres in a dense urban environment and a less dense sub-urban 

environment for one year and found an average fallout of 110 ± 96 particles/m2/day and a range from 

2 to 355 particles/m2/day, with systematically fewer fibres at the sub-urban environment then the 

urban environment. The fibres predominantly found are in the smaller size ranges, from 200 – 600 μm 

with a diameter that varies mainly between 7 and 15 μm. The fibre fallout was low during dry weather 

or periods when the cumulative precipitation was low. Levels of atmospheric fallout were highly 

variable during rainy periods. This may be an indication that rainfall is an important factor influencing 

for atmospheric fallout (Dris et al., 2016). From the fibres found, 17% were synthetic fibres, mainly 

polyethylene-terephthalate and polyamide, 12% was a mixture of varied materials, for example 

polyethylene-terephthalate and polyurethane or cotton and polyamide. 50% of the fibres from 

atmospheric fallout were natural fibres, mainly cotton or wool (Dris et al., 2016). By studying the mass 

of fibres, Dris et al. (2016) found two densities that correspond to low and heavy plastic polymers 

widely used in the textile industry. These fibres in the atmosphere could be transported to the riverine 

environment by wind or by runoff when they deposit on surfaces (Dris et al., 2016).  

3.3.4 Selection of sources and pathways to be included 
To model the fate of textile fibres in the riverine environment, a selection of the sources and pathways 

was made. The most important source of textile fibres is the domestic washing of clothes. Evidently 

this source was included in the ePiE model. Industrial laundry settings were not included as a point 

sources of textile fibres since data on the amounts and locations of these were lacking. The only diffuse 

source that was included is untreated wastewater (Oldenkamp et al., 2018). Since this is also domestic 

wastewater, the amount of textile fibres present is the same as the amount that is released during 

domestic washing. Atmospheric deposition was excluded because of lack of data on how the 

deposition is distributed over land and water. Other diffuse sources such as washing of clothes directly 

in the river and recreational boating were also excluded because of a lack of data and the fact that 

these sources are considered minor sources of textile fibres.  

The pathways for diffuse sources and point sources that carry the textile to the river are summarized 

in Table 4. The amounts of textile fibres that are released into the riverine environment are estimated. 

The calculations can be found in Appendix 3. From Table 4, it can be seen that WWTPs and sewage 

overflow are the most important pathways. For sewage overflow, the estimated amount could be an 

overestimation. Not all sewage water from CSO events is discharged in the freshwater environment, 
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mitigation strategies such as rainwater basins and storage pipes exist, but their extent in Europe is not 

known (Cools et al., 2016). Atmospheric fallout will not be included in the model since it is only a minor 

source. Sewage overflow and runoff will also not be included in the model. The reason for this is that 

sewage overflow is a dynamic and highly variable source that is difficult to implement in the ePiE model 

since the model is static. The estimation for runoff is highly uncertain (Schell et al., 2022). Runoff is 

dependent on a lot of factors such as rainfall, terrain, land-use, way of tillage etc. Therefore, it was not 

included in the model.  

Table 4: Estimated amount of textile fibres released in the riverine environment from the different pathways in Europe 

Pathway Estimated amount of textile 

fibres (#/year) 

Wastewater treatment plants 6.14 x 1015 

Untreated wastewater 1.24 x 1016 

Atmospheric fallout 1.32 x 1010 

Runoff 4.96 x 1015 

Sewage overflow 3.77 x 1014  

 

3.2.5 Adaptation of the sources and pathways in ePiE 

In the current version of ePiE, WWTPs and untreated wastewater are the sources of pharmaceuticals 

into the riverine environment (Oldenkamp et al., 2018). In order to assign the wastewater loads to the 

different European WWTPs, ePiE uses the location and characteristics of 26 582 European 

agglomerations that have a generated load above 2000 population equivalents. Each agglomeration is 

assigned to at least one WWTP based on an identification number, similarities in names, coordinates, 

codes or generated loads. For the agglomerations that could not be assigned to a WWTP, the 

assumption was made that the wastewater is discharged without treatment.  

To calculate the source strength for the pharmaceutical or prodrug of interest, ePiE needs the per 

capita consumption rate of the pharmaceutical or prodrug of interest of the countries that are located 

in the river basin of interest (Oldenkamp et al., 2018). This rate can be calculated by taking the amount 

of an active pharmaceutical ingredient (API) consumed in a country and dividing that by the number 

of inhabitants and the number of days in a year.  

The amount that actually enters the WWTPs is not the amount that is consumed. Factors that 

determine the amount of pharmaceuticals that enter the riverine environment are the fraction of the 

administered parent compound that is excreted or egested unchanged or as a reversible conjugate via 

urine and faeces, the fraction of prodrug metabolized to the pharmaceutical of interest and its 

excretion or egestion via urine and faeces, the number of agglomerations connected to the WWTPs, 

the level of WWTP connectivity per agglomeration, the specific removal efficiency of the 

pharmaceutical in WWTPs, the wastewater loads generated per agglomeration and the total 

wastewater load  in the relevant country (Oldenkamp et al., 2018).  

The original equations of the ePiE model that calculate the source strength are presented in Appendix 

4. 

To make the ePiE model suitable for microplastics, these equations were adapted as follows:  
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𝐸𝑤,𝑤𝑤𝑡𝑝 = (𝑊 × 𝐹𝑆) ×
∑ (𝑉𝑤𝑤,𝑎𝑔𝑔,𝑗 × 𝑓𝑐𝑜𝑛𝑛,𝑎𝑔𝑔,𝑗 × 𝑓𝑤𝑤𝑡𝑝,𝑎𝑔𝑔,𝑗)𝑛

𝑗=1

𝑉𝑤𝑤,𝑐𝑛𝑡
× (1 − 𝑓𝑟𝑒𝑚) (4) 

 

𝐸𝑤,𝑎𝑔𝑔 = (𝑊 × 𝐹𝑆)  × 
𝑉𝑤𝑤,𝑎𝑔𝑔 × (1 − 𝑓𝑐𝑜𝑛𝑛,𝑎𝑔𝑔)

𝑉𝑤𝑤,𝑐𝑛𝑡

(5) 

 

Where: 

Ew,wwtp  =  yearly fibre emissions into the river network from a WWTP (#/year) 

W =  the amount of textile washed in households (kg/year*household) 

FS =  the amount of fibre shredding during the washing process (#/kg) 

N =   number of agglomerations j connected to the WWTPs (-) 

Vww,agg,j  =   wastewater loads generated per agglomeration j (p.e.) 

fconn,agg,j  =  the level of WWTP connectivity of the agglomeration j (-) 

fwwtp,agg,j =  the fraction of agglomeration j  connected to WWTP (-) 

frem =   specific removal efficiency for microplastics per WWTP (-) 

Ew,agg     = yearly emissions of textile fibres into the river network from 

agglomerations with incomplete WWTP connectivity (#/year) 

Vww,cnt =  total of wastewater load in the relevant country (p.e.) 

Equation 4 calculates yearly emissions of textile fibres into the river network from WWTPs (Ew,wwtp; 

#/year) (Oldenkamp et al., 2018). Equation 5 calculates yearly emissions of microplastics into the river 

network from agglomerations with incomplete WWTP connectivity (Ew,agg; #/year).  

W is the country-specific yearly data on the amount of textile washed in households in 

kg/year*household. Variables that determine W are the population per country, the average European 

householdsize (2.3 persons), the amount of washings done per household and the average weight per 

wash. The amount of fibre shredding during the washing process is expressed by FS in #/kg. Multiplying 

FS with W gives the amount of textile fibres released during washing that reaches the WWTPs (#/year). 

For the adaptation of ePiE, the values of Kärkkäinen & Sillanpää (2021) were used to determine the 

value of FS. This choice was made because it is a recent published research paper and it uses a washing 

machine that is a reference for the washing machines used by European consumers. Further, they use 

a washing temperature of 40°C and use liquid detergent. From a survey from the International 

Association for Soaps, Detergents and Maintenance Products (AISE, 2020), the average washing 

temperature in Europe is 42.4°C and liquid detergent is the preferred format for 74% of the questioned 

consumers. Kärkkäinen & Sillanpää (2021) also tested 6 different garments with different compositions 

like 100% polyester, 96% polyester/4% elastane, 92% polyamide/8% elastane and 100% acryl. Another 

important argument for using the values from Kärkkäinen & Sillanpää is the small filter size, in 

particular 0.7 μm, that is used for the quantification of textile fibres. Table 5 gives an overview of the 

values reported by Kärkkäinen & Sillanpää (2021).  
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The value of Frem was divided into three different values each representing the specific removal 

efficiency for microplastics in WWTPs with respectively primary, secondary or tertiary treatment. For 

primary treatment this removal efficiency is on average 74% and for primary and secondary treatment 

combined it is 76.5%. For primary, secondary and tertiary combined the average removal efficiency is 

96% (Cristaldi et al., 2020; Iyare et al., 2020; Koyilath Nandakumar et al., 2021). 

  

Table 5: Research results on microfiber release during machine wash, mean number per fabric mass (#/kg). Data retrieved 
from  Kärkkäinen, N., & Sillanpää, M. (2021). 

Sample Description Textile 1st wash 
(#/kg) 

2nd wash 
(#/kg) 

3th wash 
(#/kg) 

4th wash 
(#/kg) 

5th wash 
(#/kg) 

PES-fap One fabric, 
fleece, anti-
pilling 

100% 
polyester 

177 300 37 380 17 681 17 512 19 044 

PES-fnap Two blankets, 
fleece, not 
anti-pilling 

100% 
polyester 

189 233 100 787 30 878 27 250 25 712 

PES-ss One softshell 
fabric 

96% 
polyester, 4% 
elastane 

6 316 099 1 654 033 574 128 251 741 186 848 

PES-ts1 
 

Four technical 
sport t-shirts 

100% 
polyester 

3 119 688 690 116 268 424 322 068 230 744 

PES-ts2 Four technical 
sport t-shirts 

100% 
polyester 

1 351 418 266 738 98 794 91 247 72 037 

PA-ts Four technical 
sport t-shirts 

92% 
polyamide, 
8% elastane 

520 522 114 611 45 863 38 021 35 802 

PAN-je Two jumpers 100% acryl 104 152 22 479 39 923 28 892 49 057 

 

3.3 Riverine processes 
Textile fibres that enter the riverine environment are subject to different chemical, biological and 

chemical processes (Crew et al., 2020). The riverine processes are divided into degradation processes, 

transportation and sedimentation processes and biofouling and aggregation. In this chapter the 

different processes are explained, followed by their importance for textile fibres in the riverine 

environment. At the end of this chapter, it is explained how the different processes are included in the 

model.  

3.3.1 Degradation processes 
Degradation processes are irreversable processes that lead to a change in the structure of a material 

or chemical substance (Booth et al., 2017). These processes are characterized by a change of properties 

and/or fragmentation and are affected by environmental conditions. Properties that influence the 

environmental degradation of microplastics are the polymer composition and the presence of 

additives. Degradation can occur through biotic or abiotic pahways. Typically, the abiotic process 

preceed the biotic processes. Abiotic processes are initated by hydrolysis, by UV-light or shear stress 

(Booth et al., 2017; Klein et al., 2018). Figure 2 gives a schematic overview of the degradation of plastic 

polymers. 

The specific conditions of the environment, such as oxygen concentration, water chemistry, 

temperature, presence of other chemicals, sunlight (UV), ozone and the degrading microorganism 

community determine the kinetics of polymer degradation in that environment (Booth et al., 2017; 

Luo et al., 2022). The degradation of most plastics occurs first at the polymer surface. Exposure to UV-
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light, chemical or enzymatic attacks make up for surface erosion. The smaller the plastic particle, the 

faster the degradation process proceeds due to the higher surface to volume ratio (Booth et al., 2017). 

The degradation processes lead to the conversion of microplastics into oligomers or monomers. They 

are possibly even completely mineralized (Klein et al., 2018). Despite that these degradation processes 

occur in the natural environment, they seem of little importance in rivers because these processes are 

very slow in nature, ranging from years to hundreds of years (Barnes et al., 2009; Kooi et al., 2018). In 

lakes, where the residence time of microplastics is longer, these processes are potentially important 

(Kooi et al., 2018).  

 

 

Figure 2: Degradation pathways of synthetic polymers in the aquatic environment. Retrieved from Klein, S., Dimzon, I. K., 
Eubeler, J., & Knepper, T. P. (2018). 

In the following sections, the different degradation processes are described together with their 

relevance for textile fibres and especially polyester, since this is the most common synthetic textile 

fibre (Carney Almroth et al., 2018). 

3.3.1.1 Photodegradation 

Photodegradation occurs when plastic polymers are exposed to UV radiation and oxygen (Booth et al., 

2017; da Costa et al., 2016). In the natural environment the UV radiation is sunlight. UV-A and UV-B 

are mainly responsible for photodegradation (Zhang et al., 2021). The polymer structure must contain 

unsaturated chromophoric groups to be able to absorb light energy. Chromophores are impurities in 

the polymer, e.g. internal in-chain impurities (hydroperoxides, carbonyls) or external impurities 

(polymerisation catalyst residues, additives, pollutants; (Gijsman et al., 1999; Zhang et al., 2021). In 

most cases, however, it are the additives and impurities such as pigments and catalyst residues that 

absorb the UV light. Photodegradation triggers an auto-oxidation reaction preceded by a free radical 

mechanism (Booth et al., 2017; Zhang et al., 2021). This free radical mechanism consists of three steps; 

initiation, propagation and termination (Booth et al., 2017). Absorption of UV light by the polymer 

ensures the forming of free radicals during the initiation step. These primary radicals react with oxygen 

and form peroxy or more complex radicals. During the propagation step these peroxy radicals break C-

H bonds and extract hydrogen from the polymer. New alkyl radicals are formed. The propagation 

reduces the molecular weight of the polymer. When two radicals combine to an inert product, the 

termination step occurs. In this step new functional groups can be formed and introduced. Examples 

of these functional groups are olefins, aldehydes, ketones, and carboxylic acid. The susceptibility of 

these groups to photoinitiated degradation is even greater and therefore the degradation process will 

be accelerated. When carboxylic and hydroxy groups are introduced during the oxidation process, the 

hydrophilicity of the polymer will increase. This makes the polymer more available for biodegradation 
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(Booth et al., 2017). Because polyester contains chromophores and ester linkages, it is susceptible to 

photo-oxidation (Bond et al., 2018). The density of polyester is on average 1.365 kg/m3, that of 

polyamide 1.135 kg/m3 and for acrylic 1.150 kg/m3 (Cesa et al., 2020). These densities are higher than 

the density of water. Due to the higher densities, photooxidation will not be a viable degradation 

mechanism, once the textile fibres have settled below the photic zone (Sait et al., 2021).  

In general, photooxidation causes surface microcracking or small holes and dimples and embrittlement 

to synthetic textile fibres. Besides these changes, the surface brightness and colour change as well (Luo 

et al., 2022; Sait et al., 2021). Important in the kind of alteration that occurs during photooxidation is 

the colour of the fibre and perhaps also the presence of additive chemicals. UV stabilisers and 

antioxidants are known to slow the photodegradation process. Other additive chemicals could increase 

the susceptibility to degradation processes (Sait et al., 2021).  

3.3.1.2 Hydrolysis 

When the reaction of polymers with water results in a physical change of the polymer, this is called 

hydrolysis (Booth et al., 2017). During hydrolysis, the polymer chains are split in two. The catalysators 

of hydrolysis are acids, bases, or enzymes. Furthermore, hydrolysis is not limited to the surface of the 

polymer as water can penetrate the bulk material. When the reaction is catalysed by the acid-base 

reaction, a nucleophilic attack (of water or hydroxyl ion) on the carbon of the carbonyl group occurs. 

This mainly happens with polymers that are built out of esters or amides, like for example polyester. 

When the water is basic, the hydroxyl ion is a better nucleophile. The carbonyl group will be protonated 

what promotes an attack at the carbon. In both cases the product will be a compound with a carboxylic 

acid group (Booth et al., 2017). 

Hydrolysis is affected by many factors (Booth et al., 2017). The main important one is bond stability. 

The more labile the bond is, the faster the hydrolysis can proceed. In the aquatic environment the pH 

value and salinity of the water are important factors influencing hydrolysis (Zhang et al., 2021). Low 

pH accelerates the hydrolysis and the salinity of the water causes the polymer to degrade faster 

(Hocker et al., 2014; Oliveira et al., 2019) 

3.3.1.3 Mechanical degradation 

The breakdown of plastics due to the action of external forces is called mechanical degradation (Zhang 

et al., 2021). Mechanical degradation occurs due to the attrition with rocks, sand and sediments and 

the action of wind and waves (da Costa et al., 2016; Zhang et al., 2021). Freezing and defrosting of 

plastics in the aquatic environment also causes mechanical degradation of the polymers (Zhang et al., 

2021). The friction forces on the microplastics that occur during the movement through the different 

aquatic environments cause embrittlement and shredding of the material into smaller particles such 

as nano plastics (Klein et al., 2018). The effect of mechanical degradation on plastics depends on the 

mechanical properties of the plastics, such as elongation at break. This is the capability of a plastic to 

resist changes of shape without the formation of cracks. The lower the elongation at break value to 

more likely fragmentation occurs. Eventually, continued mechanical stress on plastics can result in 

chain scission of the polymers (Zhang et al., 2021). Because of the decrease in particle size due to 

mechanical degradation, the surface area of the polymers increases. This causes higher reactivity and 

results in faster degradation (Klein et al., 2018).  

3.3.1.4 Thermal degradation 

Thermal degradation is the breakdown of plastics due to elevated temperature (Zhang et al., 2021). In 

the riverine environment, thermal degradation is unlikely to happen. This because the temperature 

requirement for this reaction is high, often close to 200°C or higher (Booth et al., 2017; Klein et al., 

2018; Zhang et al., 2021). 



27 
 

3.3.1.5 Biodegradation 

Microorganisms including bacteria, fungi and insects are present in freshwaters (da Costa et al., 2016; 

Zhang et al., 2021). They have been identified at the surface of plastics where they play an active role 

in the degradation, either physical or biological (Klein et al., 2018; Zhang et al., 2021). Physical 

biodegradation refers to biting, chewing and digestive fragmentation. Biological biodegradation occurs 

due to biochemical processes (Zhang et al., 2021). The polymers are fully or partially degraded into 

CO2, H2O, N2, H2, CH4, salts, minerals and biomass (Klein et al., 2018). These biological processes take 

place due to the action of excreted enzymes such as esterase, cutinase, lignin peroxides, laccase, 

manganese peroxides, protease and glycoside hydrolases (Miri et al., 2022; Othman et al., 2021; Yuan 

et al., 2020). In most cases, these enzymes cleave the polymeric chain via mechanisms involving 

hydrolysis of amides, esters or urethane bonds (da Costa et al., 2016; Klein et al., 2018). In this process, 

the molecular weight of the polymers is reduced by chain scission, such as occurs with 

photodegradation. This leads to the loss of the polymeric structure what makes the molecules more 

susceptible to microbial action. In the end, there is the generation of water-soluble oligomers and 

monomers. This leads to the start of the mineralization process that occurs within microorganisms (da 

Costa et al., 2016; Miri et al., 2022; Mishra et al., 2021). The water-soluble substances go through the 

semi-permeable outer membrane of the microorganisms, where they are used as a carbon or nitrogen 

source via metabolic pathways (Klein et al., 2018). These enzymatic processes can be divided in two 

different mechanisms (Othman et al., 2021). The first mechanism is the enzyme surface modification 

mechanism caused by enzyme hydrolases, also called biodeterioration and bio fragmentation. They 

modify the microplastic polymer surface. It increases the hydrophilicity of the microplastic surface but 

does not degrade the building blocks of the polymer. The second mechanism is the enzyme surface 

interaction, that is able to degrade the inner block of the microplastic and is only possible through a 

few cutinase enzymes. These cutinase enzymes change the bonding of the polymer which results in 

the degradation into monomers. In the next step, assimilation results due to the integration of 

monomers transported into the microbial cytoplasm where it finally comes into the metabolism of 

microorganisms. How the monomers are transported into the bacterial cellular membrane needs to 

be investigated further (Miri et al., 2022; Othman et al., 2021).   

The rate and extension of biodegradation depends on different factors; the types of organisms present, 

the amount of biomass available, the colonization potential and their specific sensitivity and 

adaptability to environmental conditions (da Costa et al., 2016; Mishra et al., 2021). Different 

microorganisms are identified to be able to degrade plastics (Yuan et al., 2020; Zhang et al., 2021). 

Polyester, a common polymer of textile fibres can be degraded by for example Bacillus gottheilii, 

Enterobacter asburiae, Bacillus subtilis, Chelatococcus and Ideonella sakaiensis (Mishra et al., 2021; 

Yuan et al., 2020; Zhang et al., 2021). Further fungal strains and microbial consortia have been 

identified to be able to degrade microplastics (Yuan et al., 2020). The bioavailability of the polymers in 

the aquatic environment is determined by the density of the polymers, the morphology of the particles 

and the structure (chemical bonds, polymerization, branching, hydrophobicity or crystallinity and the 

presence of substituents; (da Costa et al., 2016; Klein et al., 2018; Yuan et al., 2020). The environmental 

conditions necessary for biodegradation are determined by the availability of light, the temperature, 

pH, moisture, salinity and the presence of chemicals in the aquatic environment (Klein et al., 2018; 

Mishra et al., 2021; Yuan et al., 2020). 

3.3.2 Transportation and sedimentation processes 
The transport of microplastics in the aquatic environment is governed by many physical processes 

(Zhang et al., 2021). When particles move in a fluid, this is the result of advective, dispersive and 

diffusive mass transfer mechanisms (Kooi et al., 2018). Figure 3 gives a schematic representation of 

the processes that play a rol in the transport of microplastics. The longitudinal transport based on the 
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flow velocity is advection. The dispersive mass transfer is the result of turbulent spreading of mass. 

This spreading occurs from high concentrated areas to less concentrated areas, that is a result from 

nonideal flow patterns at a macroscopic level (Kooi et al., 2018). The multidirectional transportation, 

thus the distribution of all flow directions and velocities that make up for dispersion is a macroscopic 

fenomene. When particles move from a high to a low concentration on a microscopic level, this is 

called diffusive mass transfer (Kooi et al., 2018; Zhang et al., 2021). Other processes involved with the 

transportation of particles in the aquatic environment are the internal tides, wind forces, Langmuir 

circulation, ice formation, melting and drift (Zhang et al., 2021). Biofouling or aggregation is 

responsible for vertical transport together with hyperpycnal flows (Zhang et al., 2021). The 

hydrological characteristics of freshwater environments that affect the transportation processes are 

water flow velocity, water depth, bottom topography and vegetation (Kumar et al., 2021; Wong et al., 

2020). The characteristics of the microplastic together with the hydrological characteristics determine 

the transport of the microplastics. When the density of the microplastic is lower than the density of 

water, the microplastic is buoyont and easily transported through the freshwater environment. When 

the density is higher, the microplastic either sediments directly or is during high flow regimes 

transported to places in the freshwater environment where the waterflow is less strong (Waldschläger 

et al., 2020). When the velocity of the water is low, high density microplastics can also slide, roll and 

intermittently bounce at the river bed (Kumar et al., 2021). 

 

Figure 3: Schematic representation of the processes that play a role in the transport of microplastics. It includes non-buoyant 
microplastics (a) and buoyant microplastics (b). The processes involved are (1) turbulent transport, (2) settling, (3) 
aggregation, (4) biofouling, (5) resuspension and (6) burial. Retrieved from Kooi, et al. (2018). 

Sedimentation occurs at locations where the flow velocity is low (Horton & Dixon, 2018; Zhang et al., 

2021). Examples of these places are intersections of two or more water currents, at bends and broader 

sections of the river and places behind a dam (Wong et al., 2020; Zhang et al., 2021). Sedimentation of 

microplastics can occur due to gravity for high density plastics. High density plastics are plastics with a 

density that is higher than the density of water, namely more than 1 kg/m3. For lower density plastics, 

sedimentation occurs as a result of biofueling and aggregation (Zhang et al., 2021).  Especially at places 

where the flow rate is low, a significant effect on the amount of for example the biomass of 

phytoplankton occurs, what could facilitate the formation of biofilm on the surface of plastics. This 

results in a higher likelihood of sedimentation (Zhang et al., 2021). In lakes and reservoirs high levels 

of sedimentation occur, what makes them serve as a sink for microplastics with possible long-term 
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preservation of the microplastics within the sediment (Horton & Dixon, 2018; Waldschläger et al., 

2020). This occurs due to  the calm water (Waldschläger et al., 2020).  

When the velocity of the freshwater environment is high, e.g. during storms, floods and dam releases, 

microplastics can be remobilized from the sediment by resuspension or erosion of the riverbed (Kooi 

et al., 2018; Wong et al., 2020). When the generated turbulence is high enough, even dense or 

biofouled microplastics can be resuspended. This resuspension is highly dependent on the sediment 

bed the microplastics lay on together with the density of the microplastic and the particle diameter 

(Waldschläger et al., 2020). 

The properties of the particles, such as size, density, shape, fractal dimension and porosity, influence 

advection, dispersion, diffusion, settling and resuspension (Kooi et al., 2018). It seems that 

microplastics with an irregular shape have high complex settling mechanisms when compared with 

spherical microplastics (Horton & Dixon, 2018). For buoyant microplastics, for example, those with 

irregular shapes are most likely to be retained underwater, rather than return to the surface in 

comparison with microplastics that have a spherical shape (Horton & Dixon, 2018). Fibres that have a 

low density are found to have high buoyancy and low settling velocities (Kumar et al., 2021). Fibres can 

remain in suspension for a longer time when compared to fragment and spherical microplastics. Fibre 

particles are transported over longer distances. For resuspension, fibres need a high shear stress that 

initiates the movement because they are strongly trapped in sediments (Kumar et al., 2021). 

3.3.3 Biofouling and its impact on biodegradation and aggregation 
Biofouling is mainly caused by bacterial biofilms (National Research Council (US) Board on Biology & 

National Research Council (US) Ocean Studies Board, 2000). A biofilm is an aggregate of bacteria on a 

surface. It is surrounded or held together by extracellular polymeric substances produced by the 

bacteria (National Research Council (US) Board on Biology & National Research Council (US) Ocean 

Studies Board, 2000). The formation of biofilms is influenced by different factors. Figure 4 gives a 

schematic overview of the different factors influencing biofilm formation (Harrison et al., 2018). 

Microplastics are found to be a distinct habitat for microorganisms. It can absorb nutrients to promote 

the proliferation of microorganisms and the microbial communities and functions. Microplastics are 

also used as adhesion media and carbon and energy source by the biofilms (Yuan et al., 2020). 

In freshwater environments, microplastics are colonized by environmental microorganisms within 

hours (Harrison et al., 2018). Biofilm formation is facilitated by the formation of cracks and pits, a 

reduction in molecular weight and an increase in surface oxidation caused by photodegradation and 

mechanical degradation. Other factors that influence the biofilm formation are temperature, salinity, 

pressure and the availability of light and oxygen.  

Examples of microorganisms that colonize microplastics are Pseudomonas, Arcobacter, Aeromonas, 

Zymophilus and Aquabacterium (Harrison et al., 2018). Other non-bacterial microorganisms that are 

found to form biofilms are for example Chlamydomonas reinhardtii, a microalga (Harrison et al., 2018) 

It is found that plastic-colonizing microorganisms have an effect on the surface properties and 

buoyancy and weight of the polymers affected (Harrison et al., 2018; Luo et al., 2022). Biofilms damage 

the structure of microplastics. They can mask surface properties, degrade additives, secrete enzymes 

that modify or degrade microplastics and release metabolic byproducts (Yuan et al., 2020). Biofouling 

is found to enhance the sinking and settling of microplastics (Kaiser et al., 2017). It increases the sinking 

velocity, especially in already non-buoyant particles (Kaiser et al., 2017).  
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Figure 4: Physical, chemical and biological factors likely to affect the formation and composition of plastisphere microbial 
films. Retrieved from Harrison, et al. (2018). 

The degradation of microplastics mediated by biofilms is more complex than the pure biodegradation 

by microorganisms such as bacteria and fungi (Yuan et al., 2020). Biofilm mediated degradation occurs 

in four stages. In the first stage the surface properties of the microplastics are altered due to adherence 

of microorganism to the surface. In the second stage there is an increase in enzymatic degradation 

resulting in the leaching of additives and monomers out of the microplastics. This alters the structure 

and function of the microbial community associated with the biofilm. In the third stage embrittlement 

and a loss of mechanical stability occurs due to the enzyms or radicals from the microorganisms that 

attack the microplastics and its additives. In the fourth and final stage the microplastics are penetrated 

by microbial filaments and accumulate water. This leads to the decomposition and further utilization 

of the microplastics by the microorganisms in the biofilm (Wang et al., 2020; Yuan et al., 2020). 

Biofilm formation facilitates the homo- and heteroaggregation of microplastics. Homoaggregation is 

the mutual aggregation of particles, thus microplastics that aggregate with other microplastics. 

Heteroaggregation is the aggregation with other materials, for example suspended solids (Besseling et 

al., 2017). The polymers of biofims act as binders, so the microplastics aggregate with other 

microorganisms and particulate matter. The composition of the aggregates consists of microplastics, 

other suspendid solids, sediment, organic matter, metallic oxides and microorganisms such as algae 

(Kooi et al., 2018; Kumar et al., 2021; Scherer et al., 2018). These are bound together with biopolymers 

(Scherer et al., 2018). Aggregation depends on different factors. Microplastics properties important 

for aggregation include the shape, size, density and age. Environmental conditions of water that play 

a role in aggregation are pH, the precense of surfactants, organic matter content, metal ions and other 

toxic chemicals (Kumar et al., 2021). 

The modelling of aggregation processes is often done with a von Smoluchowski particle interaction 

model. This kind of model decribes aggregation kinetically as a function of different factors. These 
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factors are the colliding particle concentrations, their sizes and densities, their collision frequencies 

and attachment efficiencies (Kooi et al., 2018). 

3.3.4 Importance of the different degradation and transportation processes for textile fibres 
In ePiE, distinction is made between rivers and lakes. This difference is based on the hydraulic 

residence time (Oldenkamp et al., 2018). To model the degradation and transportation processes of 

textile fibres in the riverine environment, this distinction is of importance due to the impact of the 

different processes. For example, a longer hydraulic residence time increases the chance that textile 

fibres settle in the sediment layer and get buried. With higher flows and thus shorter residence times, 

this process occurs less (Kooi et al., 2018).  

The most important processes in rivers that influence the fate of textile fibres are advective transport, 

homo- and heteroaggregation, biofouling and biodegradation, sedimentation, resuspension and burial 

(Kooi et al., 2018). These, except for biofouling and homoaggregation, were included in the model. 

Homoaggregation was excluded because of the complexity of the process, the low likelihood of 

collisions between fibres and the lack of ready to use formulas to model homoaggregation of fibres. 

Biofouling is a very complex process, that depends on many variables. Therefore, the choice was made 

to not include this in the model. Photooxidation is not an important degradation process for textile 

fibres in rivers. This because of the short residence time (maximum a few days) and the density of 

textile fibres that is higher than the density of water (Cesa et al., 2020; Sait et al., 2021).  

In rivers, mechanical degradation can be of importance. When textile fibres are transported in the 

riverine environment they encounter rocks, sand, and sediments. This friction can cause damage to 

the polymer that enhances degradation (Zhang et al., 2021). The effect of mechanical degradation 

depends on the elongation at break of the plastics. The elongation at break reflects the capability of a 

plastic to resist changes of shape without cracks forming. The elongation at break varies for different 

plastics and can be from 1% up to 900%. The lower the elongation at break, the more mechanical 

degradation has an effect on the plastic (Zhang et al., 2021). Since textile fibres are released during the 

mechanical stress of the washing process, they are susceptible for mechanical degradation, but due to 

lack of ready-to-use formulas, this process was not included (Zhang et al., 2021).  

In lakes, microplastics are more susceptible to biological and chemical processes (Kooi et al., 2018). 

The processes that are of importance for textile fibres are biodegradation, biofouling, aggregation, 

settling and burial. Photodegradation is of minor importance because of the density of textile polymers 

that is higher than the density of water (Sait et al., 2021). Due to the higher density, textile fibres will 

settle and will not be long enough in the photic zone to be impacted by photodegradation (Sait et al., 

2021).  

3.3.5 Adaptation of riverine processes in ePiE 
The riverine processes that were adapted in the ePiE model can be presented in a box model (Figure 

5). To model the different processes, differentiation was made between small size textile fibres (0.3 

mm in length), large size textile fibres (length 3.5 mm) and average size textile fibres (1.7 mm in length), 

(Kärkkäinen & Sillanpää, 2021).  

The formulas from the original ePiE model can be found in Appendix 4. Oldenkamp et al. (2018) used 

a single average (pseudo-) first order rate constant to represent the loss processes, namely 

biodegradation, photolysis, hydrolysis, sedimentation, and volatilization. This (pseudo-) first order 

degradation rate was determined based on the results of different equations. For the adaptation of 

the ePiE model, the same strategy was used. For the formulas, no distinction was made between rivers 
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and lakes because the differences important for the processes are accounted for in the formulas, 

namely the parameters of flow and discharge and residence time for lakes.  

In Appendix 5, all the parameters of the equations used in the adapted model are listed. The equations 

used from Besseling et al. (2017) and Nizetto et al. (2016) were validated for spherical microplastics. 

 

 

Figure 5: Box model of the riverine processes that were included in the adapted model (E-PlEx).The box represents a node in 
the river network where the riverine processes are calculated. 

3.3.5.1 Heteroaggregation 

Heteroaggregation is calculated with following equation (Koutnik et al., 2021), derived from the 

Smoluchowski’s population equation: 

𝑑𝑛

𝑑𝑡
=

1

2
𝛼𝐾𝑗,𝑆𝑆𝑖 (11) 

Where: 

α = attachment efficiency (-) 

Kj,SSi =  collision frequency of particle j with suspended solid i (m3 109 particle-1 s-1) 

 

To calculate the collision frequency (Kj,SSi; m3 109 particle-1 s-1) for heteroaggregation with suspended 

solids, following formula is used (Besseling et al., 2017): 

𝐾𝑗,𝑆𝑆𝑖 = (
2𝑘𝑏𝑇

3𝜇
∗

(𝑎𝑗 + 𝑎𝑆𝑆𝑖)
2

𝑎𝑗𝑎𝑆𝑆𝑖
+

4

3
𝐺(𝑎𝑗 + 𝑎𝑆𝑆𝑖)

3
+ 𝜋(𝑎𝑗 + 𝑎𝑆𝑆𝑖)

2
|𝑣𝑠,𝑗 − 𝑣𝑠,𝑆𝑆𝑖|) 109 (12) 

Where: 

kb = Boltzman constant (1.3806488 x 10-23 m2 kg s-2 K-1; Besseling et al., 2017) 

T = Temperature of suspending medium ( 12.7°C or 285 K; Markovic et al., 2013)  
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μ =  Viscosity of water (0.0012106 kg s-1 m-1  at 12.7°C; Engineering ToolBox, 2004) 

a = particle radius (m) 

G = Shear rate (s-1) 

g =  Gravitation acceleration (9.81 m s-2) 

ρp =  Density of the particle (kg m-3) 

ρw = Density of the suspending medium (water) (999.37 kg m-3 at 12.7 °C; Engineering 

ToolBox, 2003) 

 

The shear rate (G; s-1) is calculated with following formula (Besseling et al., 2017): 

𝐺 = 0.5
𝑔0.5𝑣𝑤

𝐶ℎ𝑒𝑧𝑦 𝜇
 (8) 

Where: 

vw = Water flow rate (m3 s-1)  

Chezy = Chezy coefficient (40 m0.5 s-1) 

 

3.3.5.2 Biodegradation 

The formula to represent biodegradation processes is (Besseling et al., 2017): 

𝑑𝑛𝑗

𝑑𝑡
= −𝑘𝑑𝑒𝑔𝑛𝑗 (13) 

Where: 

kdeg = degradation rate constant (6.81 x 10-9 s-1; Besseling et al., 2017) 

The degradation rate constant is based on a maximum degradation of polyethylene of 1.75% per 

month (Besseling et al., 2017). 

 

3.3.5.3 Sedimentation and burial 

Sedimentation is included in the ePiE model, but the choice was made to change the formula to 

calculate the sedimentation rate, so it is more suitable to quantify the sedimentation of textile fibres 

and their homo- and hetero-aggregates. The original equation of sedimentation included parameters 

currently unknown or unused for microplastics; for example the solid-water partitioning coefficient 

and the air-water portioning coefficient. Adaptation of the original equation was therefore not 

desirable. The following formula was used to model the sedimentation process (dep; (-))  of textile 

fibres (Besseling et al., 2017; Nizzetto et al., 2016).  

𝑑𝑒𝑝 =  𝑢𝑇 ∗ 𝑀𝑃𝑆𝐸𝐷 ∗ 𝜌𝑝 ∗ 𝜋 ∗ 𝑎2 ∗ 𝑙𝑝 (14) 

Where: 

uT = settling velocity (m s-1) 
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MPSED = the mass of textile fibres of size class i present in the sediment at any given time (kg 

m2) 

lp= particle length (m) 

 

The settling velocity (uT; m s-1) is calculated with the following equation (Nizzetto et al., 2016): 

𝑢𝑇 =
(𝜌𝑝 − 𝜌𝑤)

18𝜇
∗ 𝑔 ∗ 𝐷𝑚𝑒𝑑

2  (15) 

Where: 

Dmed = median diameter of textile fibres in a given size class i (m) 

 

When textile fibres are buried in the deeper sediment layer this can be quantified using first order 

kinetics. This is represented in following formula (Besseling et al., 2017): 

𝑑𝑛

𝑑𝑡
= −𝑘𝑏𝑢𝑟𝑛𝑗  (16) 

Where: 

kbur = Sediment burial rate (3.17 x 10-9 s-1; Besseling et al., 2017) 

 

3.3.5.4 Resuspension 

Resuspension (res; kg m-2, s-1) occurs when a critical shear stress level is exceeded and is a function of 

flow conditions and the diameter of the particle (Besseling et al., 2017; Nizzetto et al., 2016): 

𝑟𝑒𝑠 =  𝑎8 ∗ 𝑀𝑃𝑆𝐸𝐷 ∗  𝜌𝑝 ∗ 𝜋 ∗ 𝑎2 ∗ 𝑙𝑝 ∗ 𝜔 ∗ 𝑓 ∗ 𝑟𝑀𝑃 (17) 

Where: 

a8 =  a tuneable scaling factor (2.1 x 10-6 s2 kg-1; Lazar et al., 2010) 

MPSED = the mass of textile fibres of size class i present in the sediment at any given time (kg 

m-2) 

ω = the stream power per unit of bed surface (J s-1 m-2) 

f = friction factor (-) 

rMP = the fraction of textile fibres of a given size class i that can be entrained from the 

sediment (-) 

 

The entrainable fraction of textile fibres (rMP; (-)) is calculated as follows (Nizzetto et al., 2016): 

𝑟𝑀𝑃 =
𝐷𝑚𝑎𝑥 − 𝐷𝑙𝑜𝑤

𝐷𝑙𝑜𝑤 − 𝐷𝑢𝑝
 (18) 

Where: 
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Dmax = the maximum diameter for the entrainable particles (m) 

Dlow = the minimum diameter of fibre size i (diameter – 0.00000205 (average range in 

diameter retrieved from Table 2) (m) 

Dup = the maximum diameter of fibre size i (diameter + 0.00000205) (m) 

 

Dmax (m) is calculated using a modified Inman curve (Lazar et al., 2010): 

𝐷𝑚𝑎𝑥 = 9.9941(𝑣∗)2.5208 (19) 

Where: 

v* = shear velocity (m s-1) 

 

The stream power (ω) is calculated with following formula (Lazar et al., 2010): 

𝜔 = 𝜌𝑤 ∗ 𝑔 ∗
𝑄

𝑊𝑖
∗ 𝑠 (20) 

Where: 

Q = discharge (m3 s-1) 

Wi = reach width (m) 

 

The friction factor (f; (-)) is calculated as follows (Lazar et al., 2010): 

𝑓 =
𝑅

𝑅𝑚𝑎𝑥
(21) 

𝑅 =
𝑑𝑊

2𝑑 + 𝑊
(22) 

𝑅𝑚𝑎𝑥 =
𝜋 (

𝑊
2

)
2

𝜋𝑊
(23)

 

3.3.5.5 Advection 

To model advective transport (mdown; s-1) , namely the transport of the textile fibres with the flow of 

the river, following formula was used (Nizzetto et al., 2016): 

𝑚𝑑𝑜𝑤𝑛 = 𝑀𝑃𝑆𝑈𝑆 ∗ 𝑄 (24) 

Where: 

MPSUS = number of microplastics that is suspended in the water phase (-) 

Q = river water discharge (m3 s-1) 
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3.3.5.6 Mass Balance equations 

The equations for degradation and transportation processes result in the following mass balance 

equation for textile fibres in the aqueous environment (Besseling et al., 2017): 

𝑑𝑛𝑖

𝑑𝑡
= ∑ (

𝑛𝑖

𝑄 ∗ (𝑎𝑔𝑔ℎ𝑒𝑡 + 𝑘𝑑𝑒𝑔 + 𝑢𝑇 − 𝑟𝑒𝑠) + 𝑉𝑜𝑙𝑢𝑚𝑒
)

𝑖

1

 (25) 

The number of fibres at any node is calculated with the mass balance equation. The number of fibres 

that come from the previous node, together with the number that is potentially released at that node 

is divided by the river water discharge multiplied by the removal rate and summed with the volume of 

the river or lake. The removal rate is calculated by the summation of the rate of heteroaggregation, 

biodegradation and sedimentation after which resuspension is subtracted.  

After sedimentation, the particles are removed from the water phase. The mass balance equation for 

settled fibres in the sediment is (Besseling et al., 2017; Nizzetto et al., 2016): 

𝑑𝑛𝑠,𝑗

𝑑𝑡
= 𝑛𝑗 ∗ (𝑢𝑇 − 𝑟𝑒𝑠 − 𝑘𝑏𝑢𝑟) (26) 

To calculate the number of fibres present in the sediment at any given node the concentration of fibres 

in the water is multiplied by the sedimentation rate minus the resuspension and burial rate. The 

number of fibres that is buried to the deep sediment layers is therefore also excluded from the number 

of fibres present in the sediment. 

 

3.3.6 Summary adaptations ePiE model 
To make the ePiE model suitable to predict the fate of textile fibres in the riverine environment, many 

adaptations were implemented. The main structure of the model remained the same. In Appendix 6 

the structure of the adapted model is presented, together with the necessary packages in R, the input 

files, and a brief summary of the fibre-specific functions.  
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4 Case study with the adapted model 

4.1 Elbe River 
To test the adapted model, a case study was performed on the Elbe river basin. The Elbe has its source 

in the Giant Mountains in the Czech Republic and passes through eastern and northern Germany 

where it discharges into the North Sea (Scherer et al., 2020). The Elbe River is 1091 km long and has a 

total catchment area of 148,268 km2. The river can be divided in the Upper Elbe, the Middle Elbe and 

the Lower Elbe. The catchment area of the Elbe river stretches through four countries, namely the 

Czech Republic, Austria, Poland and Germany (Scherer et al., 2020). The Moldau, Saale, Havel and 

Mulde are the most important tributaries of the Elbe river (Scherer et al., 2020).  

4.2 Test Run 
In order to execute the test run on the Elbe river basin, different parameter values needed to be 

specified.  

For the characteristics of the textile fibres, average values were used based on the results of the 

literature review of Table 2. The chosen characteristics are presented in Table 6. The radius and the 

length of the fibres was determined by taking the average number from the fibres found in the studies 

listed in Table 2.  

Table 6: Characteristics of textile fibres used in the test run, retrieved from Table 2. 

Fibre size Radius (m) Length (m) Density (kg/m3) 

Small 6.2 x 10-6 3.0 x 10-4 1.365 

Average 7.9 x 10-6 1.7 x 10-3 1.365 

Large 9 x 10-6 3.5 x 10-3 1.365 

 

The input of textile fibres into the sewerage was calculated for each country of the Elbe river basin 

with equation 27 (FWWTP; (-)). This number was used for the input data in the E-PlEx model, after which 

the model calculated the emissions based on the location and size of the WWTPs, the wastewater 

loads generated per agglomeration, the number of agglomerations connected to the WWTPs, the level 

of WWTP connectivity of the agglomeration, the fraction of the agglomeration connected to WWTPs 

and the yearly emissions into the river network from agglomerations with incomplete WWTP 

connectivity (Oldenkamp et al., 2018). 

𝐹𝑊𝑊𝑇𝑃 =
𝐼

𝐺
∗ 𝑊𝑎𝑚 ∗ 𝐹𝑤𝑎𝑠ℎ ∗ 52 (27) 

 

Where: 

I = Number of citizens in the country  (European Union, n.d.) 

G = Number of people per households (2.3; European Union, 2021) 

Wam = The amount of washings per week (3.35; International Association for Soaps, 

Detergents and Maintenance Products, 2020) 

Fwash = The number of fibres released per washing (-) 

 

Fwash is calculated as follows: 
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𝐹𝑤𝑎𝑠ℎ = 𝐹𝑆 ∗ 𝑆 ∗ 𝐹𝑖𝑙𝑙 (28) 

 

Where: 

FS = The average amount of fibres released per kg wash. This is calculated by taking the 

mean value of fibre releases found by Kärkkäinen & Sillanpää (2021) (489,606 fibres) 

S =  The average size of a washing machine (7 kg; Kruschwitz et al., 2014) 

Fill = The average level of filling the washing machine (82%; International Association for 

Soaps, Detergents and Maintenance Products, 2020) 

For this calculation, the assumption was made that households only wash synthetic clothing and that 

all synthetic clothing is made from polyester.  

This resulted in a yearly estimated release of textile fibres for the Czech Republic of 2.27623 x 1015 , for 

Austria 1.89461 x 1015, for Poland 8.07949 x 1015 and for Germany 1.77022 x 1016 fibres. Because the 

model accounts for three different fibre sizes, the number of fibres released are equally divided 

between the fibre sizes (small, average, and large). This gives a clear view on how the different sizes 

behave in the riverine environment. For the Czech Republic, this resulted in 7.58744 x 1014 fibres per 

fibre size, for Austria 6.31538 x 1014 , for Poland 2.69316 x 1015 and for Germany 5.90075 x 1015 fibres. 

The model automatically calculates the number of fibres released into the river basin based on the 

location and size of the WWTPs and the agglomerations in the relevant country. 

The next step in the calculation is the removal of fibres during wastewater treatment. These values are 

also user input. The different wastewater treatments included for fibres are primary treatment, 

secondary treatment, and advanced treatments such as O3-removal, sand filtration and microfiltration. 

The removal rates used are the same for every fibre size. The efficiency of primary removal is set at 

74%. The efficiency of secondary removal at 2.5% and the efficiency of O3-removal, sand filtration and 

microfiltration at 22.7%, 21.5% and 22.5% respectively. For each fibre size, the same removal rates 

were used, so at every WWTP the same ratio of small, average, and large fibres enter the riverine 

environment. 

For the riverine processes that textile fibres undergo, only heteroaggregation needed user input 

values. For heteroaggregation, three sizes of suspended solids were taken into account, namely 5.0 x 

10-7 m, 5 x 10-6 m and 5 x 10-5 m. In modelling heteroaggregation, the choice was made to let small 

fibres aggregate with small suspended solids, average size fibres with average size suspended solids 

and large fibres with large suspended solids. This assumption was made because of lack of knowledge 

on the distribution of the sizes of suspended solids in the riverine environment. 

With these input values the model was run.  

Figure 6 gives a visual representation of the concentrations of small fibres at the average, minimum 

and maximum flow. Figure 7 visualizes the same for average size fibres and Figure 8 for large size fibres. 

The more purple the colour, the higher the concentration of fibres. Green means zero or a small 

amount (under 1 fibre per litre) in the water. As can be seen from these figures, the differences in 

concentrations are small during different flow regimes, but vary strongly between fibre sizes. The 

highest concentrations can be found around large cities. At the sources of the small rivers of the Elbe 

basin, no fibres are present. This only means that at those points in the river network, no WWTP is 
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present and thus no point source of textile fibres. For the calculation of statistical values on the results 

of the test run, the zero values and values below 0.1 were removed from the dataset.  

 

Figure 6: Concentrations of small fibres in the water at an average flow, minimum flow, and maximum flow 

 

Figure 7: Concentration of average size fibres in the water at an average flow, minimum flow, and maximum flow 

 

Figure 8: Concentration of large fibres in the water at an average flow, minimum flow, and maximum flow 
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When looking at the results of the different fibre sizes and different flow regimes, it can be concluded 

from the data in Table 7 that there is a considerable difference between the mean values of small 

fibres and average and large fibres. The greatest difference can be found at a maximum flow regime, 

where the mean value of small fibres is 390 to more than 980 times bigger than the average and large 

fibres.  

Table 8 shows the minimum and maximum number of fibres per litre water in the water phase. The 

minimum numbers are exceedingly small and could be set equal to zero, but because the values are 

expressed in number of fibres that are present at a node per litre water per second the values are not 

zero.  

Table 7: Mean modelled number of fibres per litre water for different fibre sizes and different flow regimes 

Flow Mean small fibres Mean average fibres Mean large fibres 

Average 2.55 x 106 5.57 x 103 1.39 x 104 

Minimum 1.25 x 106 6.14 x 103 1.39 x 104 

Maximum 5.47 x 106 5.57 x 103 1.39 x 104 
 

Table 8: Minimum and maximum modelled number of fibres per litre water for different fibre sizes and different flow 
regimes 

Flow Small fibres Average fibres Large fibres 

Min Max Min Max Min Max 

Average 1.00 x 10-1 5.12 x 109 1.00 x 10-1 3.14 x 106 1.25 x 10-1 3.14 x 106 

Minimum 1.00 x 10-1 2.43 x 109 1.00 x 10-1 3.14 x 106 2.24 x 10-1 3.14 x 106 

Maximum 1.00 x 10-1 1.06 x 1010 1.00 x 10-1 3.14 x 106 2.24 x 10-1 3.14 x 106 

 

What can be seen from Table 8 is the same as from Figure 6, 7 and 8, namely that the number of fibres 

is the highest among small fibre sizes and the lowest with high fibre sizes. The maximum amount of 

average size fibres and large size fibres is the same, for all flow regimes. This is because this maximum 

number of fibres is a result of model calculation near the airport of Berlin, Germany. This number is 

calculated at a WWTP that is a source in the model. Because during wastewater treatment no 

difference is made between the different fibre sizes, the same amount of each fibre size enters the 

riverine environment at the WWTPs. The difference between the small size fibres and the average and 

large fibres can be explained by the fact that the overall number of small fibres in the results of the 

model is much higher than the results of the average and large fibres. Therefore, a much larger number 

of small fibres is already present in the river at the moment that the fibres from the WWTPs are 

released into the riverine environment.  

To take the numbers from Tables 7 and 8 into perspective, the Müritz lake in Germany can serve as an 

example. The Müritz lake has an area of 107.94 km2 and is the second largest lake in Germany. It has a 

total volume of 9.1691 x 1011 litres. At the point where the water leaves the lake, at the Reeck canal to 

flow into the Kölpin lake, there are 0.0103 fibres per litre in the water. The lake discharges 5.335 m3/s 

on an average flow. This means that every day 460 944 000 litres of water leaves the lake. This also 

mean that every day 4 747 723 fibres leave the lake. Because heteroaggregation is modelled as a 

dissipation process, the actual number of fibres that leaves the lake will probably be more.  

The dissipation through heteroaggregation could explain the higher number of small fibres in the water 

and sediment in comparison to the average and larger fibres. The collision frequency, the most 

important variable in the calculation of heteroaggregation, is a lot higher for large fibres than small 
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fibres. This is caused by the choice to let small fibres aggregate with small suspended solids and large 

fibres with large suspended solids. The collision frequency for small, average and large size fibres are 

respectively 0.222, 0.523, 10.5. Therefor a lot more large fibres will be removed from the water phase 

due to heteroaggregation. 

Table 9 gives the mean number of fibres per kg sediment for the different fibre sizes and different flow 

regimes. For this statistical calculation, the small numbers were not removed, only the zeros. This was 

done because of the overall small concentrations found in the sediment after the model run. The mean 

values for small fibres are the highest. That is surprising because larger fibres have a larger weight and 

should settle easier. A possible explanation for this discrepancy between the results and the expected 

outcome is again heteroaggregation that is implemented as a dissipation process. Therefore, larger 

fibres dissipate from the water phase and cannot settle.  

Furthermore, homoaggregation and biofouling are not included in the model, as are changes in density 

due to heteroaggregation. This makes the results of sedimentation probably inaccurate.  

Table 10 gives the minimum and maximum values of textile fibres per kg sediment. As can be seen, the 

values differ greatly. Small fibres tend to be more present in the sediment than large fibres, and have 

high maximum values at a maximum flow regime.  

Table 9: Mean modelled number of fibres per kg sediment for different fibre sizes and different flow regimes 

Flow Mean small fibres Mean average fibres Mean large fibres 

Average 0.15 1.79 x 10-5 1.88 x 10-5 

Minimum 0.01 1.75 x 10-5 2.00 x 10-5 

Maximum 0.03 1.97 x 10-5 1.81 x 10-5 
 

Table 10: Minimum and maximum modelled number of fibres per kg sediment for different fibre sizes and different flow 
regimes 

Flow Small fibres Average fibres Large fibres 

Min Max Min Max Min Max 

Average 2.42 x 10-20 32.48 5.31 x 10-60 1.99 x 10-2 4.94 x 10-324 1.99 x 10-2 

Minimum 1.27 x 10-24 15.38 7.25 x 10-76 1.99 x 10-2 4.94 x 10-324 1.99 x 10-2 

Maximum 2.10 x 10-18 66.97 1.74 x 10-50 1.99 x 10-2 4.94 x 10-324 1.99 x 10-2 

 

4.3 Comparison with field data 
The results of the test run were compared with measuring results from the Elbe river (Scherer et al., 

2020). The measuring results from Scherer et al. (2020) were compared with the model results based 

on the coördinates of the samplings sites. The results from the model run were opened in QGIS and 

the node closest to the sampling site was searched. The model results used were these of minimum 

flow conditions as the sampling from Scherer et al. (2020) also took place at low flow. The results of all 

fibre sizes were added and converted to number of fibres per m3 . Scherer et al. (2020) found on 

average 46.5% fibres in the water samples and 21.5% in the sedimentation samples. For each sampling 

site, the exact percentage of fibres in the samples was used to calculate the amount of fibres the 

different samples contained. The results of this comparison can be found in Table 11. 
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As can be seen from Table 11, the values calculated by the model and the measured values are very 

different. There are multiple possible explanations for the big differences between the model results 

and the results from the measuring campain.  

To start at the sources of textile fibres in the riverine environment, WWTPs and untreated wastewater 

are not the only sources. The model does not account for runoff, atmospheric deposition, recreational 

boating and washing clothes directly in the river water. Because industrial fabrication and washing 

processes of textile fibres were not included (only domestic washing was), the fibre load entering the 

WWTPs could be an underestimation.  

Table 11: Comparison of model results with measuring results from Scherer et al. (2020) and the ratio between the modelled 
and measured results. Number of fibres per 1000 litres water and number of fibres per m3 sediment 

Location Water phase  Sediment  

 Scherer et 
al. (2020) 

Model 
results 

Ratio 
(modelled/ 
measured) 

Scherer et 
al. (2020) 

Model 
results 

Ratio 
(modelled/ 
measured) 

Wittenberg 0.28 x 101 3.56 x 101 1.27 x 101 2.34 x 105 2.26 x 10-7 9.00 x 10-3 

Dessau  0.46 x 101 
 

1.36 x 105 2.96 x 104 2.77 x 105 1.91 x 10-3 6.90 x 101 

Havelberg  0.10 x 101 2.80 x 101 2.8 x 101 2.98 x 105 2.26 x 10-5 7.58 x 10-1 

Wittenberge  0.34 x 101 1.76 x 103 5.18 x 102 1.70 x 105 2.50 x 10-8 1.47 x 10-3 

Dömitz  0.53 x 101 3.15 x 10-1 5.94 x 10-2 4.18 x 105 4.00 x 10-9 9.56 x 10-5 

Geesthacht  5.18 x 10-1 1.66 x 103 3.20 x 103 7.87 x 105 2.35 x 10-5 2.99 x 10-1 

Elbstorf n.a. 3.73 x 103 n.a. 2.01 x 105 5.25 x 10-5 0.26 x 10-1 

Hafenstraße  0.16 x 101 1.84 x10-5 1.15 x 10-3 1.82 x 104 2.59 x 10-13 1.00 x 10-8 

 

At the WWTPs, the removal of fibres could possibly be overestimated. The values used are mean values 

from different studies. The values found in the studies varied greatly and so the used values may not 

be representable. 

Scherer et al. (2020) executed the measuring campain at very low flow conditions. For the comparison, 

the results of low flow conditions from the model were used. When comparing the flow reported by 

Scherer et al. (2020) and the calculated flow from the model, these were different. Scherer et al. (2020) 

reported an average flow at Wittenberg of 119-128 m3/s-1. The model calculated an average flow of 

407 m3/s-1. At the site Wittenberge, Scherer et al. (2020) reported 247-260 m3/s-1 and the model 759 

m3/s-1. So the flow conditions from the model were still almost 4 times higher than the flow at the 

moment of the measuring campain. Flow conditions have influence on the fate of textile fibres, 

especially for aggregation, sedimentation and resuspension processes (Besseling et al., 2017; Nizetto 

et al., 2016). The differences between the measured and modelled results are much higher than the 

differences in flow, therefore flowconditions are not the main reason for the differences. 

In the model the choice was made to use the parameters of polyester to model synthetic fibres. 

Further, all clothing washed was assumed synthetic clothing. In reality, many more synthetic and non-

synthetic fabrics are washed with each their own amount of fibres that are released and their own 

characteristics. Scherer et al. (2021) found many different polymer types during the sampling campain. 

Over all microplastic shapes found (fibres, fragments, spheres and foiles) more than 5 different 

polymer types were found, among that polyethylene, polypropylene and polystyrene were most 

abundant and PVC, PET, polyamide, acrylic and styrene where found in around 5% of the microplastics. 

This can have an influence on the modelling result, because for example the density of the different 
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polymers is different, what has again an influence on sedimentation and resuspension (Besseling et 

al., 2017; Nizetto et al., 2016).  

Another possible explanation for the discrepancy between the calculated and measured number of 

fibres, is that the equations used are not suitable to model fibres. The equations used from Besseling 

et al. (2017) and Nizetto et al. (2016) were validated for spherical microplastics. Fibres probably behave 

different in the aquatic environment and undergo processes such as flocculation, that other 

microplastic shapes do not undergo (Koyilath Nandakumar et al., 2021).  

Heteroaggregation was modelled as dissipation process. Therefore, in the model the heteroaggregates 

are removed from the riverine environment. In reality the heteroaggregates stay present. This also 

could cause the difference in modelled and measured numbers of fibres. Further, heteroaggregation 

depends on the concentration of suspended solids, that is not accounted for in the model. The low 

numbers of large fibres in the sediment and water phase are also due to heteroaggregation. 

Because heteroaggregation removes the fibres from the results in the model and because 

homoaggregation and biofouling were not modelled, the sedimentation and resuspension processes 

are not realistic. Due to hetero aggregation, homo aggregation and biofouling the size and density of 

the particles change, which greatly influences sedimentation and resuspension processes.  

Seasonality could also be an explanation. The amount of fibres that are released via WWTPs could vary 

during the year. It is known that garments made from fleece for example, shred a lot more fibres than 

a technical synthetic sports shirt. Other variables such as chemical finishes, kind of washing machine 

and detergent influence the amount of fibres released during washing (see Chapter 3.2.1). Scherer et 

al. (2021) conducted their measuring campain in the months of July and August, when the use of for 

example fleece garments is less than in winter months. The model calculates release based on average 

yearly fibre shredding from washing garments and makes no difference between seasons. This could 

also be an explanation for the discrepancy between modelled and measured results.  
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5.Discussion 

5.1 Discussion on the results 
The aim of this study was to get an impression of the number of textile fibres in the riverine 

environment by the adaptation of the ePiE model (Oldenkamp et al., 2018) to the E-PlEx model. 

Different processes on textile fibres in the riverine environment were identified, such as 

heteroaggregation, homoaggregation, biodegradation, biofouling, sedimentation, resuspension and 

burial. In the E-PlEx model, heteroaggregation, biodegradation, sedimentation, resuspension and 

burial were modelled. A casestudy on the Elbe river basin was used to test the E-PlEx model. The results 

obtained from the casestudy should give an impression on the number of fibres in the Elbe river basin, 

but the modelled and measured numbers (Scherer et al., 2020) are very different and there is no 

similarity between the differences.  

5.2 Limitations 
From the results it can be seen that the modelled numbers currently are not a good representation of 

the actual number of textile fibres in the riverine environment. Multiple factors cause the discrepancy 

between the modelled results and results from measuring campains. 

The amount of textile fibres released during the washing of synthetic clothes has a high variability 

(Vassilenko et al., 2021). The fibre shredding is dependent on many variables (Dalla Fontana et al., 

2021; Piñol et al., 2015; Vassilenko et al., 2021). This makes the prediction of fibre release highly 

uncertain. Further, the choice was made to assume that all clothes washed are synthetic and made of 

polyester. As different synthetic fibres have different properties that influence their fate in the riverine 

environment, the choice to use only one type of fibre is a limitation of the model.  

The E-PlEx model only takes WWTPs and agglomerations without WWTP connection as sources of 

textile fibres. Other sources as atmospheric fallout, runoff, CSOs, recreational boating and washing 

clothing in rivers were not included (O’Brien et al., 2020; Parker et al., 2021). This probably results in 

underestimation of the number of fibres entering the riverine environment. 

The removal rates from the WWTPs were based on the average removal rates found in different 

studies (Cristaldi et al., 2020; Iyare et al., 2020; Koyilath Nandakumar et al., 2021). This makes the 

actual removal rate an estimation, influencing the number of textile fibres entering the riverine 

environment.  

Once in the riverine environment, textile fibres undergo different processes. Not all processes were 

modelled. Homoaggregation, a potentially important aggregation process for fibres, was not 

accounted for. Heteroaggregation was modelled as a dissipation process and the choice was made to 

let each fibre size aggregate with one size of suspended solids. The outcome of these choices is that 

heteroaggregates are removed from the waterphase and large fibres had a much higher aggregation 

rate. In reality, heteroaggregates are not removed from the water phase but undergo changes in size 

and density, that have an influence on further riverine processes such as sedimentation and 

resuspension (Besseling et al., 2017). Furthermore, different fibre sizes aggregate with different 

suspended solids and not to one size of suspended solids. The concentration of suspended solids, that 

probably is an important factor for heteroaggregation, was not included in the model.  

The included sedimentation, resuspension and burial processes are an underestimation of the reality. 

Because biofouling and homoaggregation are not accounted for and heteroaggregates are removed 

from the water phase instead of assigned a new size and density, sedimentation rates are probably 

highly underestimated (Besseling et al., 2017).  
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Many other variables, such as seasonal variabilities in waterflow and fibre release are not modelled, 

because the model is static. These factors could be the reason that the results of the casestudy are 

disappointing. 

The equations used to model the processes are validated for spherical microplastics, but not for fibres 

(Besseling et al., 2017; Koutnik et al., 2021). Therefore, degradation and transportation rates may not 

be representative for fibres.  

5.2 Recommendations  
To model the fate of textile fibres in the riverine environment, more research is needed. The sources 

of textile fibres are mostly known, but their strength remains uncertain (Besseling et al., 2017). More 

research is needed to quantify and qualify the amount of fibres that shred during domestic washing 

and the impact of the different variables such as washing temperature, age of clothing, quality of 

fabric, the ratio between different synthetic fabrics, structure of fabric, chemical finishes, type of 

washing machine and type of detergent and softener used (Dalla Fontana et al., 2021; Piñol et al., 

2015; Vassilenko et al., 2021). Other sources such as industrial washing and fabrication processes and 

tumble drying of clothing need to be investigated further. 

The amount of textile fibres removed during wastewater treatment is also very variable (Cristaldi et 

al., 2020; Iyare et al., 2020; Koyilath Nandakumar et al., 2021). More knowledge is needed to 

comprehend the factors that determine this variability. Other pathways such as runoff and 

atmospheric deposition are still little studied and more understanding of these pathways is needed to 

fully model the exposure of the riverine environment to textile fibres (Dris et al., 2016). 

The riverine processes that textile fibres undergo are still very unclear. The equations that are available 

are not validated for fibres, for they probably act in a different way than spherical microplastics 

(Besseling et al., 2017; Koutnik et al., 2021). More research is needed to better understand the 

behaviour of textile fibres in the riverine environment.  

For further adaptations to the E-PlEx model, following sources, pathways and processes could be 

included; diffuse sources, CSOs, runoff, atmospheric deposition, homoaggregation, biofouling, 

heteroaggregation depending on the concentration of suspended solids and the adaptation of the size 

and density of the microplastics after biofouling, homo- and heteroaggregation.  
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6.Conclusion 
With the increasing worldwide population and the fast fashion trends, textile fibres are an important 

source of microplastics in the environment. In this thesis, the ePiE model (Oldenkamp et al., 2018) was 

adapted to become the E-PlEx model (Environmental Plastic Exposure). The aim was to study the 

behaviour of synthetic textile fibres in the European riverine environment.  

The E-PlEx model shows that the burden of textile fibres in the riverine environment is high. The mean 

modelled concentrations of textile fibres range from 5.8 * 103 – 5.5 * 106 fibres per litre water. The 

numbers of textile fibres in the sediment phase is low compared to the water phase, ranging from 0 – 

6.0 fibres per kg sediment. Also great differences can be found between the different fibre sizes and 

different flow regimes. This has different causes, mainly heteroaggregation that is modelled as a 

dissipation process and a much higher heteroaggregation rate for large fibres. Also, the equations are 

probably unsuitable to model fibres, as they have not been validated for microplastics in the shape of 

fibres. The processes that are modelled need to be adapted further to be more suitable for textile 

fibres. To be able to do this, more research on the behaviour of textile fibres is needed.  

Despite the limitations of the study, it is clear that mitigation strategies are needed. The burden of 

textile fibres on the riverine environment is high and probably will be increase in the future. The 

negative effects of textile fibres, and microplastics as a whole, on the environment are not well known 

but they are potentially harmfull for many organisms. More research is needed on the sources, 

pathways, riverine processes and environmental burden of synthetic textile fibres in the riverine 

environment.  
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Appendices  

Appendix 1: Method Table 1 
For Table 1, 21 studies have been retained from the literature search. From these 21 studies, 11 studies 

were selected, based on following criteria: 

- Research with focus on experiments to quantify textile fibre release during washing 

- Focus on synthetic textile fibres 

- Results needed to be clearly represented by actual numbers 

- Recovery of textile fibres needs to be done with 1 filtersize 

Six studies focussed on the sampling of textile fibres in domestic wastewater, rather than measuring 

the fibre release during washing. These were excluded from Table 1. One studie focussed on cotton 

fibres and therefor was excluded. One study did not give actual results, but only compared the results 

from European and U.S.A. garnment and detergents on textile fibre release. This study was also 

excluded. There was also 1 study that combined the results of two filter sizes. To make comparison 

with other studies possible, this study was exluded. The last study to be excluded from Table 1 focussed 

on estimating annual fibre release. This one was not retained because of less accurate results in the 

quantification of fibre release during 1 washing cycle. The remaining 11 studies were included in Table 

1. 
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Appendix 2: Overview of sludge application for agriculture in Europe 
 

Country Sludge re-used (soil 
and agriculture) in T 
DS/year 

Total sludge in T 
DS/year 

Percentage sludge re-
used of total sludge 

Netherlands 0 325 133 0  

Malta 0 10 571 0 

Slovenia 1471 31 153 4.72 

Luxembourg 2229 8918 24.99 

Lithuania 9701 44 422 21.84 

Latvia 11 961 25 114 47.63 

Portugal 13 885 119 171 11.65 

Estonia 15 526 18 690 83.07 

Romania 17 569 240 417 7.31 

Greece 21 528 119 777 17.97 

Slovakia 24 530 51 637 47.50 

Bulgaria 26 229 66 920 39.19 

Belgium 30 254 164 808 18.36 

Austria 48 313 237 938 20.30 

Ireland 54 954 56 018 98.10 

Denmark 85 000 131 000 64.89 

Czech Republic 98 506 206 714 47.65 

Hungary 108 008 159 977 67.51 

Sweden 125 297 204 153 61.37 

Finland 146 050 146 050 100 

Poland 218 599 604 310 36.17 

Italy 245 616 564 768 43.49 

Spain 664 205 819 501 81.05 

France 754 967 941 881 80.16 

United Kingdom 845 257 1 122 280 75.32 

Germany Unknown 1 531 310 NA 

Retrieved from Urban Waste Water Treatment Directive. (2017). Sludge quantities and destinations 

by country in tons of Dry Substance per year (T DS/year). https://uwwtd.eu/content/sewage-sludge-

map on december 5th, 2021 
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Appendix 3: Calculations for the estimations of fibre releases to the riverine 

environment 
 

The estimated amount of textile fibres per year released from wastewater treatment plants (FWWTP; (-

)) in Europe was calculated as follows: 

𝐹𝑊𝑊𝑇𝑃 = ((
𝐼

𝐺
∗ 𝑊 ∗ 𝐹𝑤𝑎𝑠ℎ ∗ 52) ∗ (𝑐𝑜𝑛𝑝𝑟𝑖 ∗ 𝑤𝑤𝑝𝑟𝑖))

+ ((
𝐼

𝐺
∗ 𝑊 ∗ 𝐹𝑤𝑎𝑠ℎ ∗ 52) ∗ (𝑐𝑜𝑛𝑠𝑒𝑐 ∗ 𝑤𝑤𝑠𝑒𝑐))

+ ((
𝐼

𝐺
∗ 𝑊 ∗ 𝐹𝑤𝑎𝑠ℎ ∗ 52) ∗ (𝑐𝑜𝑛𝑡𝑒𝑟 ∗ 𝑤𝑤𝑡𝑒𝑟)) 

 

Where: 

I = Number of citizens in Europe (447 700 000 (-); European Union, n.d.) 

G = Number of people per households (2.3 (-); European Union, 2021) 

W = The amount of washings per week (3.35 (-); International Association for 

Soaps, Detergents and Maintenance Products, 2020) 

Fwash = The number of fibres released per washing (-) 

conpri = The amount of households connected to primary wastewater treatment (4%; 

European Environment Agency, 2015) 

consec = The amount of households connected to secondary wastewater treatment 

(15%; European Environment Agency, 2015) 

conter = The amount of households connected to tertiary wastewater treatment 

(47%; European Environment Agency, 2015) 

WWpri = The amount of textile fibres that is not removed by primary treatment (26%; 

Iyare et al., 2020) 

WWsec = The amount of textile fibres that is not removed by secondary treatment 

(23.5%; Iyare et al., 2020) 

WWter = The amount of textile fibres that is not removed by tertiary treatment (4%; 

Iyare et al., 2020) 

 

Fwash is calculated as follows: 

𝐹𝑤𝑎𝑠ℎ = 𝑓𝑖𝑏𝑟𝑒𝑎𝑣𝑔 ∗ 𝑆 ∗ 𝐹𝑖𝑙𝑙 

Where: 

fibreavg  = The average amount of fibres released per kg wash. This is calculated 

by taking the mean value of fibre releases found by Kärkkäinen & Sillanpää (2021) (489 606 

fibres/kgsynthetic textile) 
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S  =  The average size of a washing machine (7 kg; Kruschwitz et al., 2014) 

Fill  = The average level of filling the washing machine (82%; International 

Association for Soaps, Detergents and Maintenance Products, 2020) 

 

The number of fibres that enter the riverine environment through untreated wastewater is calculated 

with following formula: 

𝑓𝑖𝑏𝑟𝑒𝑢𝑛𝑡 = (
𝐼

𝐺
∗ 𝑊 ∗ 𝐹𝑤𝑎𝑠ℎ ∗ 52) ∗ 𝑐𝑜𝑛𝑛𝑜𝑡 

Where:  

connot = The amount of households that is not connected to a WWTP (13%; European 

Environment Agency, 2015) 

 

Atmospheric fallout is calculated as follows: 

𝑓𝑖𝑏𝑟𝑒𝑎𝑡𝑚 = 𝑎𝑡𝑚 ∗ 𝑜𝑝𝑝 ∗ 𝑤𝑜𝑝𝑝 ∗ 365 

Where: 

atm = the amount of atmospheric fallout of textile fibres (110/m2/day; Dris et al., 

2018) 

opp  =   Surface of Europe (4 000 000 km2; European Environment Agency, n.d.-a) 

wopp = the percentage of surface water in Europe (8.22%, based on the surface of 

Europe (4 000 000 km2) and the area of surface water in Europe (328 791 km2; European 

Environment Agency, n.d.-a) 

The contribution of surface runoff to the fibre load in surface waters is calculated with following 

formula: 

𝑓𝑖𝑏𝑟𝑒𝑟𝑜 = 𝑉𝑟𝑜 ∗ 𝑟𝑜𝑓𝑖𝑏𝑟𝑒  

Where: 

Vro = Volume of runoff water in Europe (3.1 x 1015 litre; European Environment 

Agency & World Health Organization, 2002) 

rofibre = The amount of textile fibres in runoff water (1.6 per litre; Schell et al., 2022) 

 

The amount of textile fibres released to the riverine environment due to combined sewer overflow 

events (CSOs) is estimated as follows: 

𝑓𝑖𝑏𝑟𝑒𝐶𝑆𝑂 = 𝑙𝑜𝑎𝑑 ∗ 𝐶𝑆𝑂𝑙𝑜𝑎𝑑 ∗ 𝐶𝑆𝑂𝑓𝑖𝑏𝑟𝑒 

Where: 

load = The generated load of wastewater in Europe (3.97 x 1013 litre/year; European 

Environment Agency, n.d.-b) 
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CSOload = The amount of annual flow to WWTP that is discharged by CSO events into 

the environment (5%; Martin, n.d.) 

CSOfibre = Estimated amount of fibres per litre water from a CSO event (190 fibres/L; 

Dris et al., 2018) 

For this calculation the lowest number of fibres per litre water was used, because the numbers found 

by Dris et al. (2018) were from the city of Paris, which is densily populated and not representable for 

all of Europe.  
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Appendix 4: Original formulas used in the ePiE model (Oldenkamp et al., 2018) 
 

Formula for yearly emissions into the river network from WWTPs (kg/year): 

 

𝐸𝑤,𝑤𝑤𝑡𝑝 = (𝑀 ∗ 𝑓𝑝𝑐 +  𝑀𝑝𝑑 ∗ 𝑓𝑚𝑒𝑡) ∗
∑ (𝑉𝑤𝑤,𝑎𝑔𝑔,𝑗 ∗ 𝑓𝑐𝑜𝑛𝑛,𝑎𝑔𝑔,𝑗 ∗ 𝑓𝑤𝑤𝑡𝑝,𝑎𝑔𝑔,𝑗)𝑛

𝑗=1

𝑉𝑤𝑤,𝑐𝑛𝑡
∗ (1 − 𝑓𝑟𝑒𝑚) 

 

Formula for yearly emissions into the rive’r network from agglomerations with incomplete WWTP 

connectivity (kg/year)𝐸𝑤,𝑎𝑔𝑔 = (𝑀 ∗ 𝑓𝑝𝑐 + 𝑀𝑝𝑑 ∗ 𝑓𝑚𝑒𝑡) ∗
𝑉𝑤𝑤,𝑎𝑔𝑔∗(1−𝑓𝑐𝑜𝑛𝑛,𝑎𝑔𝑔)

𝑉𝑤𝑤,𝑐𝑛𝑡
 

 

Where: 

Ew,wwtp   = yearly emissions into the river network from WWTPs (kg/year) 

Ew,agg  = yearly emissions into the river network from agglomerations with 

incomplete WWTP connectivity (kg/year) 

M  = yearly consumption of the API of interest in the relevant country 

(kg/year) 

Mpd  = yearly consumption of the APIs prodrug in the relevant country 

(kg/year) 

fpc   = the fraction of the administered parent compound excreted/egested 

unchanged or as reversible conjugates via urine and faeces (-) 

fmet  = the fraction of prodrug metabolized to the API of interest, and 

subsequently excreted/egested via urine and faeces (-) 

n  =  the number of agglomerations j connected to the WWTP (-) 

fconn,agg,j   = the level of WWTP connectivity per agglomeration j 

fwwtp,agg,j  = the fraction of agglomeration j connected to the WWTP 

frem  = the API-specific removal efficiency per WWTP (-) 

Vww,agg,j  = wastewater loads generated per agglomeration j (p.e.) 

Vww,cnt  = total wastewater loads generated in the relevant country (p.e.) 

 

 

Formula for the calculation of the concentration Ci (μg/L) at any node i in the river network: 

 

𝐶𝑖 =
𝐸𝑤,𝑖 + ∑ (𝐸𝑤,𝑗 ∗ 𝑒

−(∑ 𝑘𝑚,𝑑𝑗−𝑖
)∗𝑑𝑗−𝑖/𝑣𝑑𝑗−𝑖

5
𝑚=1𝑛

𝑗=1

𝑄𝑖
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Where: 

Ew,i  = the emissions into the river network at node i (mg/s) 

Ew,j  = the emissions into the river network at node j upstream from node i 

(mg/s) 

n  =  total number of nodes upstream from node i (-) 

dj-I  = the distance over the river network between node j and node i (m) 

km,d(j-i)  = the average (pseude-) first order rate constant for loss processes m 

over dj-i (s-1) 

vd(j-i)  = the average river flow velocity over dj-i (m/s) 

Qi  = the total river flow at node i (m3/s), including any discharges 

 

Formula for the calculation of the concentrations in lakes and reservoirs: 

 

𝐶𝑖 =
∑ (𝐸𝑤,𝑝)𝑛

𝑝=1

(
𝑉𝑖

𝐻𝑅𝑇𝑖
) + ∑ (𝑘𝑚,𝑖) ∗ 𝑉𝑖

5
𝑚=1

 

 

Where: 

Ew,p  =  emission into lake or reservoir i coming from node p (mg/s) 

n  = the total number of nodes emittiong into lake or reservoir i (-) 

HRTi  = the hydraulic retention time of lake of reservoir i (s) 

Vi  = the volume in lake or reservoir i (m3) 

km,i  = the (pseudo-) first order rate constant for loss process m in lake or 

reservoir i (s-1) 

 

Formula for the extrapolation of degradation rates (biodegradation, photolysis and hydrolysis): 

𝑓𝑡𝑒𝑚𝑝 = 2
(𝑇𝑓𝑖𝑒𝑙𝑑 − 𝑇𝑡𝑒𝑠𝑡)

10
 

Where: 

Ttest  = temperature under test conditions (K) 

Tfield  =  temperature under field conditions (K) 

ftemp  = correction factor 
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Formula for the correction of degradation rate constants for sorption to suspended solids and 

dissolved organic carbon: 

𝑓𝑑𝑖𝑠𝑠 =
1

1 + 𝐾𝑝,𝑠𝑢𝑠𝑝 ∗ 𝐶𝑠𝑢𝑠𝑝 ∗ 𝐾𝑝,𝐷𝑂𝐶 ∗ 𝐶𝐷𝑂𝐶
 

Where: 

Kp,susp   = chemical’s suspended solids-water partition coefficient (L/kg) 

Csusp  = local concentration of suspended solids (kg/L) 

Kp,DOC  = chemical’s dissolved organic carbon-water partition coefficient (L/kg) 

CDOC  = local concentration of dissolved organic carbon (kg/L) 

 

Formula to estimate Kp,susp for nonionizing chemicals: 

𝐾𝑝,𝑠𝑢𝑠𝑝 = 𝐾𝑂𝐶,𝑛 ∗ 𝑓𝑂𝐶,𝑠𝑢𝑠𝑝 = 1.26 ∗ 𝐾𝑂𝑊,𝑛
0.81 ∗ 𝑓𝑂𝐶,𝑠𝑢𝑠𝑝 

 

Where: 

KOW,n  = octanol-water partition coefficient 

KOC,n  = organic carbon-water partioning coefficient 

fOC,susp  = organic carbon content of suspendid solids 

 

Formula to estimate Kp,susp for ionizing chemicals: 

𝐾𝑝,𝑠𝑢𝑠𝑝 = (𝑓𝑛 ∗ 𝐾𝑂𝐶,𝑛 + 𝑓𝑐𝑎𝑡 ∗ 𝐾𝑂𝐶,𝑐𝑎𝑡 + 𝑓𝑎𝑛 ∗ 𝐾𝑂𝐶,𝑎𝑛) ∗ 𝑓𝑂𝐶,𝑠𝑢𝑠𝑝  

 

Where: 

fn, fcat, fan  = mass fractions of individual forms of ionizing chemicals 

 

Formula for the correction of photolysis rates at reduced light intensity at local field conditions: 

𝑓𝑙𝑖𝑔ℎ𝑡 = 𝑓𝑑𝑎𝑦 ∗
1 − 10−𝐷𝜆∗𝛼𝜆∗100∗ℎ𝑤

ln(10) ∗ 𝐷𝜆 ∗ 𝛼𝜆 ∗ 100 ∗ ℎ𝑤
 

Where: 

fday  = time fraction of light per day 

hw  = local water depth and turbidity 

Dλ  = ratio between the light’s average path length through the water 

column and the water depth 
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αλ  = wavelength-specific beam attenuation coefficient (cm-1) 

Formula for sedimentation rates based on the combination of adsorption, desorption, sedimentation 

and resuspension velocities of suspended particles: 

𝑘𝑠𝑒𝑑 = (
𝑣𝑎𝑑𝑠 + 𝑣𝑠𝑒𝑑

ℎ𝑤
) −

(
𝑣𝑎𝑑𝑠 + 𝑣𝑠𝑒𝑑

ℎ𝑤
) ∗ (

𝑣𝑟𝑒𝑠 + 𝑣𝑑𝑒𝑠
ℎ𝑠𝑑

)

(
𝑣𝑟𝑒𝑠 + 𝑣𝑑𝑒𝑠 + 𝑣𝑠𝑒𝑑,𝑎𝑐𝑐

ℎ𝑠𝑑
+ 𝑘𝑏𝑖𝑜,𝑠𝑒𝑑)

 

Where: 

hsd  = top layer of the sediment (m) 

ksed  = local sedimentation rate (s-1)  

vads  = individual local velocity for adsorption (m/s) 

vdes  = individual local velocity for desorption (m/s) 

vdes  = individual local velocity for sedimentation (m/s) 

vres  = individual local velocity for resuspention (m/s) 

vsed,acc  = net sediment accumulation rate in water (m/s) 

kbio,sed  = biodegradation in the sediment layer (s-1) 

 

Formula for the correction factor for sorption to estimate the value of biodegradation in the sediment 

layer: 

𝑓𝑠𝑒𝑑,𝑑𝑖𝑠𝑠 =
1

1 + 𝐾𝑝𝑡𝑜𝑡,𝑠𝑒𝑑 ∗ 𝜌𝑠,𝑠𝑒𝑑 ∗
(1 − 𝜃𝑠𝑒𝑑)

𝜃𝑠𝑒𝑑

 

Where: 

Kρtot,sed  = partitioning coefficient between water and sediment solids 

(Lwater/kgsolids) 

ρs,sed  = local mineral density of the sediment solids (kgsolids/Lsolids) 

Θsed  = local porosity of the sediment (Lwater/Lsediment) 

 

Formulas for local velocity for adsorption (vads) and desorption (vdes): 

𝑣𝑎𝑑𝑠 =
𝑣𝑚,𝑤,𝑤|𝑠𝑑 ∗ 𝑣𝑚,𝑠𝑑,𝑤|𝑠𝑑

𝑣𝑚,𝑤,𝑤|𝑠𝑑 + 𝑣𝑚,𝑠𝑑,𝑤|𝑠𝑑
∗ 𝑓𝑑𝑖𝑠𝑠 

𝑣𝑑𝑒𝑠 =
𝑣𝑚,𝑤,𝑤|𝑠𝑑 ∗ 𝑣𝑚,𝑠𝑑,𝑤|𝑠𝑑

𝑣𝑚,𝑤,𝑤|𝑠𝑑 + 𝑣𝑚,𝑠𝑑,𝑤|𝑠𝑑
∗

1

𝐾𝑠𝑑|𝑤
 

Where: 

vm,w,w|sd  = partial mass transfer coefficient at the water side (m/s) 
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vm,sd,w|sd  = partial mass transfer coefficient at the sediment side (m/s) 

Ksd|w  = sediment/water partition coefficient 

Formulas for local sedimentation velocities (vsed) and resuspension velocities (vres) are dependend on 

the gross local sedimentation rate from water (vsed,gross (m/s)) that is derived as follows: 

If 

𝑣𝑠𝑒𝑑,𝑠𝑢𝑠𝑝 ∗
𝐶𝑠𝑢𝑠𝑝

𝜌𝑠𝑑,𝑏𝑢𝑙𝑘
> 𝑣𝑠𝑒𝑑,𝑎𝑐𝑐  

Then: 

𝑣𝑠𝑒𝑑,𝑔𝑟𝑜𝑠𝑠 = 𝑣𝑠𝑒𝑑,𝑠𝑢𝑠𝑝 ∗
𝐶𝑠𝑢𝑠𝑝

𝜌𝑠𝑑,𝑏𝑢𝑙𝑘
 

Else: 

𝑣𝑠𝑒𝑑,𝑔𝑟𝑜𝑠𝑠 =  𝑣𝑠𝑒𝑑,𝑎𝑐𝑐  

 

Where: 

ρsd,bulk  = local bulk density of the sediment (kg/L) 

vsed,susp  = the settling velocity of suspended particles (m/s) 

vsed,acc  = net sediment accumulation rate in water 

 

Formula for ρsd,bulk: 

𝜌𝑠𝑑,𝑏𝑢𝑙𝑘 = 1 − 𝑓𝑣𝑠𝑜𝑙𝑖𝑑,𝑠𝑑 + 𝑓𝑣𝑠𝑜𝑙𝑖𝑑,𝑠𝑑 ∗ 𝜌𝑠𝑑  

Where: 

fvsolid,sd  = the volume fraction solids in sediment 

ρsd  = the mineral density of the sediment (kg/L) 

 

Formula for the estimation of the volatilization velocity: 

𝑘𝑣𝑜𝑙 =
𝑣𝑣𝑜𝑙

ℎ𝑤
 

𝑣𝑣𝑜𝑙 =
𝑣𝑚,𝑎,𝑎|𝑤 ∗ 𝑣𝑚,𝑤,𝑎|𝑤

𝑣𝑚,𝑎,𝑎|𝑤 + 𝑣𝑚,𝑤,𝑎|𝑤
∗ 𝐾𝑎|𝑤 ∗ 𝑓𝑑𝑖𝑠𝑠  

Where: 

vvol  = the volatilization velocity (m/s) 

vm,a,a|w  = the local partial mass transfer coefficient at the air interface (m/s) 

vm,w,a|w  = the local partial mass transfer coefficient at the water interface (m/s) 
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Ka|w  = the chemical-specific air/water partition coefficient 

 

Formula for the estimation of Ka|w: 

𝑣𝑚,𝑎,𝑎|𝑤 = 0.1 ∗ (0.3 + 0.2 ∗ 𝑣𝑤𝑖𝑛𝑑) ∗
18(0.67∗0.5)

𝑀𝑊
 

𝑣𝑚,𝑤,𝑎|𝑤 = 0.01 ∗ (0.0004 + 0.00004 ∗ 𝑣𝑤𝑖𝑛𝑑
2) ∗

32(0.5∗0.5)

𝑀𝑊
 

𝐾𝑎|𝑤 =
𝑃𝑣 ∗ 𝑀𝑊

𝑆𝑤 ∗ 𝑅 ∗ 𝑇𝑎𝑖𝑟
 

Where: 

Vwind  = the local wind speed (m/s) 

Tair  = air temperature (K) 

MW  = molecular weight (g/mol) 

Pv  = vapour pressure (Pa) 

Sw  = water solubility (mg/L) 

R  = univeral gas constant (8.314 Pa/m3/mol/K) 
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Appendix 5: Table of parameters used in E-PlEx 
 

Parameter Meaning Value/unit 

Ew,wwtp Yearly fibre emissions into the river 

network from a WWTP 

#/year 

W The amount of textile washed in 

households 

Kg/year*household 

FS The amount of fibre shredding 

during the washing process 

#/kg 

N Number of agglomerations j 

connected to the WWTPs 

(-) 

Vww,agg,j Wastewater loads generated per 

agglomeration j  

p.e. 

fconn,agg,j The level of WWTP connectivity of 

the agglomeration j 

(-) 

fwwtp,agg,j The fraction of agglomeration j 

connected to WWTP 

(-) 

frem Specific removal efficiency for 

microplastics per WWTP 

(-) 

Ew,agg Yearly emissions of textile fibres into 

the river network from 

agglomerations with incomplete 

WWTP connectivity 

#/year 

Vww,cnt Total of wastewater load in the 

relevant country 

p.e. 

α Attachment efficiency (-) 

Kj,SSi Collision frequency of particle j with 

suspended solid i 

m3 109 particle-1 s-1  

kb Boltzman constant 1.3806488 x 10-23 m2 kg s-2 K-1 

(Besseling et al., 2017) 

T Temperature of suspending medium 12.7°C or 285 K for the Elbe river 

(Markovic et al., 2013) 

μ Viscocity of water 0.0012106 kg s-1 m-1 at 12.7°C 

(Engineering ToolBox, 2004) 

a Particle radius m 

G Shear rate s-1 
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g Gravitation acceleration 9.81 m s-2 

ρp Density of the particle 1.365 kg m3 for polyester (Cesa et al., 

2020) 

ρw Density of the suspending medium 

(water) 

999.37 kg m3 at 12.7°C (Engineering 

ToolBox, 2003) 

vw Water flow rate m3 s-1 

Chezy Chezy coefficient 40 m0.5 s-1 (Besseling et al., 2017) 

kdeg Degradation rate constant 6.81 x 10-9 s-1 (Besseling et al., 2017) 

uT Settling velocity m s-1 

MPSED The mass of textile fibres of size class 

i present in the sediment at any 

given time 

Kg m2 

lp Particle length m  

Dmed Median diameter of textile fibres in a 

given size class i 

m 

kbur Sediment burial rate 3.17 x 10-9 s-1 (Besseling et al., 2017) 

a8 Tunable scaling factor 2.1 x 10-6 s-2 kg-1 (Lazar et al., 2010) 

ω Stream power per unit of bed 

surface 

J s-1 m-2 

f Friction factor (-) 

rMP The fraction of textile fibres of a 

given size class i that can be 

entrained from the sediment 

(-) 

Dmax The maximum diameter for the 

entrainable particles 

m 

Dlow The minimum diameter of fibre size i Diameter – 0.00000205 m (average 

range in diameter retrieved from Table 

2) 

Dup The maximum diameter of fibre size i Diameter + 0.00000205 m (average 

range in diameter retrieved from Table 

2 

v* Shear velocity m s-1 

Q River water discharge m3 s-1 

Wi Reach width M 
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MPSUS Number of microplastics that is 

suspended in the water phase 

(-) 

agghet Rate of heteroaggregation (-) 

ni Number of particles of size class i (-) 

res Resuspension rate (-) 

I Number of citizens in the country (-) 

G Number of people per household 2.3 (European Union, 2021) 

Wam The amount of washings per week 3.35 (International Association for 

Soaps, Detergents and Maintenance 

Products, 2020) 

S The average size of a washing 

machine 

7 kg (Kruschwitz et al., 2014) 

Fill The average level of filling the 

washing machine 

82% (International Association for 

Soaps, Detergents and Maintenance 

Products, 2020) 

load Generated waste water load in 

Europe 

3.97 x 1013 litre/year (European 
Environment Agency, n.d.-b) 
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Appendix 6: Overview of the E-PlEx model 
 

 

 

 

 


