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Microplastics (MP) are not well defined from an analytical point of view and their measurement in the environment is still challenging. At the same time, their increasingly widespread presence is raising concerns for human health and ecosystems. In this contribution, we present a preliminary European-scale assessment of the environmental input of MP through urban wastewater and urban runoff. We quantify the emissions associated with urban wastewater based on the range of observed concentrations in wastewater treatment plants (WWTPs) effluents, and the emissions from tire wear particles (TWP) by assuming that a percentage of the particles generated on roads eventually reaches surface waters. In spite of the large uncertainties entailed in the calculation, it is apparent that TWP dominate the input of total plastic loads into European surface waters. The management of urban runoff, road runoff, and combined sewer overflows (CSO) is essential to control the emissions of MP from urban areas. On the other hand, WWTPs retain the majority of MP in the sewage sludge. The spreading of sewage sludge onto soil therefore represents a potential pathway of MP from urban wastewater into the environment.
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1 INTRODUCTION
Plastics is a term for various materials with very different properties that change with their chemical nature (the constituent polymer and the additives used). Europe-wide, the dominant types of plastics are high- and low-density polyethylene (PE) and polypropylene (PP), whose resin demand in 2021 was close to 1.5 × 107 Mg and 1.0 × 107 Mg respectively. Polyvinylchloride (PVC), Polyurethane (PUR) and Polyethylene terephthalate (PET) accounted for 1.3 × 107 Mg, while all other types of MP accounted altogether for 1.2 × 107 Mg (Plastics Europe & European Association of Plastics Recycling and Recovery Organisations, 2021). Fibres and tire wear particles (TWP) are not included in the resin demand masses and provide additional plastics sources.
Based on the initial product, its use, and its disposal, plastics may reach environmental media intentionally or unintentionally. Very small fragments of plastics are usually referred to as microplastics (MP). Urban wastewater (hereafter wastewater) coming from households and industries, and rainwater runoff (drained in combined or separate sewers) usually contain MP (European Commission, 2020). The current knowledge on specific sources of MP, their pathways, and sinks is rather limited, mass balances help to explore these and to specify monitoring needs (e.g. Kawecki and Nowack (2020)). In Europe, most of the collected wastewater is treated in wastewater treatment plants (WWTPs), removing considerable amounts of MP. WWTPs are mostly designed to remove particulate matter through sedimentation. With a decreasing size and a material density close to the density of water, the effectiveness of sedimentation decreases, and particulate matter (including MP) may be discharged with the WWTP effluent. The effluents of WWTPs may therefore discharge residual MP to the receiving water bodies.
Moreover, when retained, MP end up mainly in the sewage sludge resulting from treatment, and may return to the environment when the sewage sludge is used in agriculture or as compost. Finally, combined sewer overflows (CSO) discharge untreated sewage diluted by stormwater runoff, conveying additional MP to the receiving water bodies. Thus, the wastewater treatment system is a gateway for MP reaching the environment, and should be assessed accordingly.
In this contribution, we first review the existing literature on MP in wastewater and stormwater. Second, we use the gathered data as an input for a model, describing the wastewater-borne MP flow in Europe. Based on the finding of our review, we draw a provisional budget of MP in European wastewater, and highlight open issues of relevance for policy.
2 OVERVIEW OF MP MEASUREMENTS IN LITERATURE
2.1 General Remarks
MP are defined by norm ISO TR21960 as particles of plastics with a dimension between 1 and 1,000 µm. The mass balance and fate of MP in the environment is a relatively new research subject. Up to now, there is no widely accepted standard for the sampling, sample preparation, detection, and data analysis for MP, which hampers the generalization of observations, and requires extreme care in the comparison of data from different sources. Both the total number and the composition (share of the different polymers) of MP found in WWTPs varies substantially and there is no agreement on which polymers are being reported, nor the unit in which MP in the environment should be measured. Sun et al. (2019) and Gatidou et al. (2019) show that studies looking at MP in WWTP use different size ranges (e.g. the finest mesh size ranges from 0.7 to 250 µm)). Therefore, the term “microplastics” MP refers to small plastics particles, fibres, films etc. rather than to the size range defined by the ISO TR21960 norm.
Measuring MP usually includes sampling, sample preparation, and detection. All three steps have a significant influence on the measurements of MP.
Sampling is usually performed by either container collection (e.g. Murphy et al. (2016); Tagg et al. (2015)), autosampler collection (e.g. Michielssen et al. (2016)), pumping and filtration (e.g. Mason et al. (2016); Mintenig et al. (2017); Talvitie et al. (2015); Ziajahromi et al. (2017)) or surface filtration (e.g. Carr et al. (2016)). For MP in freshwaters, Watkins et al. (2021) show a strong correlation between sampling methods and the subsequent MP detection, which poses an issue when we compare different studies. Hildebrandt et al. (2021) analyse different sampling techniques and come to the conclusion that uncertainties due to lack of standardized analytical methods may override the variability of measurements among sampling stations reported in various monitoring, thus undermining any possibility to identify clear patterns in the data. A similar conclusion is made also by Rasmussen et al. (2021). Ben-David et al. (2021), comparing 24-h composite samples with large and small grab samples and analysing the respective coefficients of variation, report that sampling with a finer mesh size effectively doubled the number of MPs found. In a meta-analysis of different sampling methods Sun et al. (2019) highlight that differences in sampling duration, timing, frequency, and various other parameters may affect the comparability of samples collected with a range of methods.
Sample preparation depends on the detection method that must be subsequently applied, and on the complexity of the sample matrix, e.g. drinking water compared with sewage sludge (Sun et al., 2019; Hidalgo-Ruz et al., 2012). Spectroscopic methods require a removal of irrelevant particles (non-MP), while the effects of the organic matrix on the detection must be minimized in thermogravimetric methods. Sample preparation may influence the various polymers to a different extent. For instance, while potassium hydroxide completely destroys PET, it has only minor effects on PE (Al-Azzawi et al. (2020)).
For detection, the most common methods currently used are thermogravimetric (yielding polymer masses) and spectroscopic (yielding polymer numbers and shapes). Spectroscopic methods, including Fourier-transform-infrared-spectroscopy (FTIR) and Raman spectroscopy, cannot identify black-coloured MP like tire wear particles (TWP), but provide information about the MP shape. These methods introduce a significant conversion error when particle masses are calculated out of the 2D images provided by both methods (Primpke et al., 2020). The particle number and the resulting mass may differ significantly for a sample. Both methods have polymer-specific identification skills.
Primpke et al. (2020) also show that an FTIR mass calculation yield different polymer masses for the same sample analysed in comparison with thermogravimetric methods. The latter include pyrolysis-gas chromatography/mass spectrometry (Pyr-GC/MS) and thermal extraction desorption–gas chromatography/mass spectrometry (TED-GC/MS). Primpke et al. (2020) conclude that mass calculations based on FTIR particle counts must be considered critically.
In addition to the difficulties of sampling, sample preparation, and detection, contamination by MP during the analysis may also affect the results. Koelmans et al. (2019) assessed the quality of studies analysing MP in freshwater and drinking water, and found that less than 10% of the studies were meeting minimum quality control/quality assurance criteria in this respect. Failure to report key information on the analytical methods (e.g. polymer specific recovery rates as presented by Okoffo et al. (2021)) and on sampling (e.g. polymer specific sampling volumes, overview in Sun et al. (2019)) add to the overall uncertainty. Up to now, it remains unclear if the analytical procedures adopted in many studies deliver reproducible results.
2.2 MP Occurrence
2.2.1 Wastewater
MP are not included in standardized monitoring programmes, and there is no harmonized reporting of monitoring data as for other pollutants. Data available for MP consist only of spot measurements. These do not include time series, not even at coarse (e.g. yearly) time steps. With respect to spatial data, only few studies assess different locations and, to our knowledge, no study sampled the different stages of the treatment process (e.g. influent, screen, grease separator, primary clarifier, secondary clarifier, sand filtration, effluent) considering the hydraulic retention time (HRT) of the wastewater.
Samples of WWTP influents are not very common. Sun et al. (2019) review 73 measurement studies at WWTPs, of which only a few include the influent. These show MP contents ranging from 1 to 10,044 particles/L. by contrast, the effluent, where more samples are available, show contents of 0–447 particle/L.
The studies reviewed in Sun et al. (2019) and Gatidou et al. (2019) are based on spectroscopic methods, and only Simon et al. (2018) apply a mass conversion to the results. A few studies using thermo-analytical methods, the method of choice when it comes to MP masses, have been published more recently concerning MP in WWTPs (e.g. Elert et al. (2017); Bannick et al. (2019); Funck et al. (2021); Goedecke et al. (2022)).
Funck et al. (2021) calculate MP emissions with WWTP effluents as 1.2–2.1 mg/year per population equivalent (PE) and for WWTPs with sand filters and 4.1 mg/a/PE for a WWTP without. Goedecke et al. (2022) measured the MP mass of the studied WWTP effluent between 5 mg/m3 and 50 mg/m3. This corresponds to 365 mg/PE/year—3,650 mg/PE/year assuming a water discharge of 200 L/PE/day. Simon et al. (2018) calculate a MP effluent mass of 560 mg/PE/a based on the 2D FTIR images.
2.2.2 Retention in WWTPs
Drawing any conclusion on the effect of WWTPs based on these and similar studies is very difficult, due to the several challenges mentioned above. Particularly, it is difficult to test hypotheses concerning the change in MP retention with the level of wastewater treatment. Sun et al. (2019) argue that WWTPs with tertiary treatment processes to have a lower effluent concentration of MP than those with primary or secondary treatment, based on a study by Ziajahromi et al. (2017). However, the latter includes onlya a single WWTP with primary treatment.
In any case, the overall retention rate of MP in WWTPs is usually 90% or higher (e.g. Bayo et al. (2020); Edo et al. (2020)). Consistent retention rates emerge in spite of the high variability of influent and effluent content of MP among studies due to the use of different sampling and analytical methods. Sun et al. (2019) reviews three studies that use spectroscopic methods and measure both influent and effluent MP content, and find a retention rate always above 98% for particles larger than 100 µm (Magnusson & Norén, 2014), (Carr et al., 2016), (Lares et al., 2018). In line with the physical principles of sedimentation, data from Ben-David et al. (2021) and Funck et al. (2021) suggest that a smaller MP size also leads to a decreasing retention rate. Ben-David et al. (2021) calculate the retention rate of MP larger than 20 µm as 95.8% and of MP larger than 0.45 µm as 88.2% at a WWTP in Israel. Similarly, Rasmussen et al. (2021), calculate the MP retention rate as 99.6% for and 98.8% for particles larger and smaller than 500 μm, respectively, at a Swedish WWTP equipped with a disc filter. Magni et al. (2019) estimate a MP retention rate of 94%, 77% and 65% for particles above 500, below 500 and below 100 μm, respectively. For small MP, an advanced treatment based on filtration usually ensures a high MP retention. Talvitie et al. (2017) analysed a disc filter (DF), rapid sand filtration (RSF), dissolved air flotation (DAF), and a membrane bioreactor (MBR), for which they found removal efficiencies of 40%–99%, 97%, 95% and 99%, respectively. Ziajahromi et al. (2017) observed that the MP concentration reduced significantly after ultrafiltration and reverse osmosis.
In principle, the type of polymer may affect the retention of MP in WWTPs. Sun et al. (2019) review seven studies (Mintenig et al. (2017); Murphy et al. (2016); Ziajahromi et al. (2017); Lares et al. (2018); Talvitie et al. (2017); Li et al. (2018); Simon et al. (2018)) that distinguish the type of polymers involved. The most commonly analysed were polyester (PES, ∼28%–89%), PE (∼4%–51%), PET (∼4%–35%), and polyamide (PA, ∼3%–30%). PP is not commonly found in WWTPs in spite of its large production volumes. Funck et al. (2021) show that retention rates of a sand filtration stage may differ depending on the type of polymer. They calculate a removal of 94% ± 3% for PE, 87% ± 6% for PS, 87% ± 15% for PP, and 75% ± 8% for PET. However, even net of the analytical difficulties mentioned above, these differences result from a difference in MP size, shape, density and cannot be easily related to the polymer type alone.
The shape of MP seems to have an influence on their retention in WWTPs. MP in effluents of WWTPs show a higher share of fibres with respect to other MP shapes like e.g. particles or films (Ben-David et al. (2021); Lares et al. (2018); Leslie et al. (2017); Ziajahromi et al. (2017)), suggesting that fibres are retained less effectively in the treatment process.
2.2 3 Sludge
MP in wastewater undergoing treatment end up mostly in the sewage sludge (Rasmussen et al., 2021). This is stabilized before being landfilled, incinerated or used in agriculture, possibly after further treatment such as composting. Sewage sludge stabilization processes, such as liming or anaerobic digestion, do not seem to affect the MP content (Mahon et al. (2017)). While sewage sludge incineration and, to a lesser extent, landfilling minimize environmental discharges of MP, the use of sewage sludge in agriculture returns virtually all its MP content to the environment, even after composting.
This represents the largest share of the WWTP MP load entering the environment, exceeding the load through the discharge of effluents (Kay et al. (2018); Dris et al. (2015)). On the other hand, MP in sewage sludge are retained in a solid matrix to some extent (Weber et al., 2022), while those discharged with the effluents may reach the receiving waters immediately, hence cause potential impact on the ecosystem.
The sampling, sample preparation, and detection of MP in sewage sludge is more complex compared to water, due to the increased interference of the organic matrix. This leads to fewer studies compared to MP in water. Spectroscopic analyses are performed by Rolsky et al. (2020) reporting a minimum number of particles in the Netherlands with 0.45–0.2 MP/g sewage sludge and a maximum in Italy with 113–57 MP/g sewage sludge and Edo et al. (2020), who calculate 165 ± 37 MP/g sewage sludge respectively. However, there is no mass calculation out of the MP numbers. Using thermogravimetric methods, Okoffo et al. (2021) study multiple biosolids from Australia and the United Kingdom (United Kingdom) and calculate an averaged MP content of 6.275 mg/g dry sludge in the latest United Kingdom sample (from 2009). This MP mass in the biosolids should correlate to the difference between the WWTPs influent MP mass and the WWTPs effluent MP mass assuming there are no other MP sinks. In this way, the amount of MP in sewage sludge can be calculated from MP masses in the influent or effluent, assuming an appropriate retention rate.
2.2.4 Stormwater
While domestic sewage conveys MP originating from household products, stormwater and CSO convey materials washed off from surfaces during rain events. A significant share of these materials is from tire wear particles (TWP) (Wagner et al., 2018). The input of TWP depends on the interplay of factors such as rain events intensity and frequency, winds, street sweeping cycles etc., making quantification very complex. As a consequence, our understanding of the phenomenon is still rather poor (Liu et al., 2019). Sampling TWP has to be event-based, due to the intermittent nature of discharges. This is also true for the transport of MP in separate sewers or CSO. In spite of a few recent experimental studies (Werbowski,et al., 2021, Treiller et al., 2021, Liu et al. (2019), no comprehensive MP flow analysis has been attempted yet.
While MP reaching WWTPs are retained very effectively by WWTPs, stormwater and CSO may release virtually all the MP they convey without any treatment (Werbowski et al., 2021). Thus, they represent relevant environmental input pathways even though they occur occasionally. Kawecki and Nowack (2020) evaluate that CSO represent 80% of MP input to freshwater in Switzerland.
Focusing exclusively on TWP, Wagner et al. (2018) estimate that a mass of 1,327,000 Mg/a is generated in the European Union. TWP has not been analysed as much as other polymers, because it cannot be detected with spectroscopic methods due to its black colour. However, based on modelling, Wagner et al. (2018) suggest that TWP is one major source of MP in the environment. Only a fraction of the generated TWP ends up in the wastewater treatment system, while other fractions end up in stormwater discharges and CSO. For the Seine watershed, Unice et al. (2019) performed a detailed modelling study and conclude that around 2% of TWP generated reach the estuary. Unice et al. (2019) assume that 50% of the TWP is transported through road runoff, of which 75% reaches combined sewers. If treated in a WWTP, the removal efficiency is 95%. As TWP are possibly one of the largest MP inputs into the environment, their contribution to MP pollution cannot be ignored. However, unlike for the common MP actually measured at WWTPs, TWP can only be quantified based on the TWP generated in Europe.
3. A PRELIMINARY EUROPEAN BUDGET OF MP IN WASTEWATER
Practically no consistent spatial-temporal dataset of measured MP occurrence in ambient water is available. Hence, even the most basic data required to calibrate and validate a predictive model are currently not available. Nevertheless, based on existing data, we can attempt a preliminary model for screening purposes. This model may serve the purpose of framing the problem of a mass balance of MP, and may help understand, by orders of magnitude, the scale of the problem. Our goal here is to formulate an initial and provisional proposal, necessarily calling for subsequent updates, as more data become available. The high variation of the polymer composition adds to the difficulty of comparisons and highlights the need for more data to refine any mass balance of MP. Even though there are obvious differences, data in literature are not yet sufficiently robust to enabling a differentiated assessment of the single types of polymers.
Our attempt to estimate a European MP mass balance and the total discharge of MP from urban areas into surface waters is represented by the following equation:
[image: image]
In the equation, L is the mass discharge of MP to the receiving surface water bodies depending on the following groups of variables:
1) descriptors of the wastewater and sewage sludge volumes entailed:
- n is the number of WWTPs.
- Pi the population equivalents (PE) treated in the ith WWTP.
- P0 the population equivalents that are discharged untreated.
- Q the total annual urban runoff volume.
- [image: image] is the annual volume of combined runoff and sewage that is discharged through CSO.
- [image: image] is the annual volume of dry weather flow discharged through CSO (i.e. the sewage fraction of [image: image]).
- [image: image] is the volume of sewage produced by one population equivalent. We assume [image: image] = 200 L/PE/d,
- Si is the fraction of sewage sludge mass generated at the ith WWTP that is applied to soil.
2) descriptors of the removal and transfer processes of MP:
- β is the MP retention of urban runoff that is treated in the different WWTP levels (e.g. primary, secondary etc.).
- ηi is the retention rate for MP in the ith WWTP.
- k is the fraction of MP applied to soil with sewage sludge, that is transferred to receiving water bodies via mechanisms including erosion, runoff and leaching.
3) descriptors of the input of MP from the technosphere:
- [image: image] is the amount of MP discharged by one PE.
- [image: image] is the amount of MP discharged by one PE that remains in the sewage sludge. Conceptually, this should be equal to [image: image]
- [image: image] is the concentration of MP in urban runoff.
- [image: image] is the atmospheric deposition of MP into water bodies.
The assumptions concerning the descriptors of input and transfer are summarized in Table 1, while the assumed descriptors of wastewater and sewage sludge volumes are provided for each EU country in Table 2. In the following paragraphs, we illustrate the assumptions made for the calculation of the MP mass balance.
TABLE 1 | Parameters taken from current literature refining the European MP flow model.
[image: Table 1]TABLE 2 | Descriptors of the wastewater and sewage sludge volume. Data sources: see main text.
[image: Table 2]3.1 Descriptors of MP Input
The direct atmospheric deposition of MP on surface water bodies, [image: image], should be extrapolated from measurements, which are presently not available. Provisionally, we neglect this term in our calculations ([image: image]).
For the mass of MP in sewage, [image: image], we extrapolate plausible values from available measurements. To this end, we refer to the following representative studies analysing WWTPs discharge: Funck et al. (2021) provide a “low” estimate of 4.1 mg/PE/a and Simon et al. (2018) provide a “medium” estimate of 560.0 mg/PE/a.
In addition, Okoffo et al. (2021) analysed biosolids samples of the United Kingdom, finding an average concentration of 6.3 mg/g of dry solids (DS). This can be used to extrapolate a mass of the influent under the assumption that there are no additional sinks in WWTPs. The concentration of 6.3 mg/g DS in Okoffo et al., 2021 leads to a “high” estimate of 100,584 mg/PE/a using UK’s 70,913,918 PE (European Commission, 2020) and a total sewage sludge mass of 1,137,000 Mg/a (Eurostat, 2021). This approach is fundamentally different from the measurements in the WWTPs effluents but highlights the importance of precise MP mass balances at the WWTP level.
The three estimated discharges of MP with WWTP effluents range over five orders of magnitude. This reflects both the statistical uncertainty and the huge variability in influent parameters and the respective treatment systems. Estimates referred to WWTP influents are not available, due to the challenges of sampling, sample preparation and analytics. However, the MP masses of the effluents in Simon et al. (2018) and Funck et al. (2021) can be extrapolated to the MP mass of the influent assuming a retention rate for a tertiary WWTP of 95%, as WWTPs in both are described to have this level of treatment. In the following, we will refer to the estimation of [image: image] extrapolated from the measurements of Funck et al. (2021), Simon et al. (2018) and Okoffo et al. (2021) as the low, medium, and high end of expected masses in WWTP influent. While it is certainly not realistic to assume wastewater having an equal mass of MP per PE in the whole Europe, there is currently not enough data to justify any further differentiation. The range of assumed concentrations is expected to enable a sufficient exploration anyway.
The measurements of MP in biosolids by Okoffo et al. (2021) are comparable to the theoretical studies and estimates from Nizzetto et al. (2016) and Bertling et al. (2021). For Germany, Nizzetto et al. (2016) calculate 7,000–10,000 Mg/a in sewage sludge, Bertling et al. (2021) 5,665 Mg/a—12,897 Mg/a and Okoffo et al. (2021) 5,960 Mg/a—9,223 Mg/a. This would suggest that the reported masses of both Funck et al. (2021) and Simon et al. (2018) and the retention rates shown in Table 1 are underestimating the mass of common MP in sewage sludge. Nevertheless, more data on MP in sewage sludge and WWTP effluents are needed to further assess this issue.
The removal efficiency η is assumed to be 70% (primary WWTPs), 85% (secondary WWTPs), 95% (tertiary WWTPs) and η = 99% (advanced WWTPs) respectively. The definition of the different WWTP systems is based on the available database (European Commission, 2020) using the respective classification of primary, secondary, and tertiary treatment. In addition, we define advanced treatment to include an installed sand filtration or a micro-filtration (e.g. micro screens, disc filters, ultra-filtration etc.), data that are also available in the database. In our case, advanced treatment does not imply an ozonation, a further treatment with activated carbon and other methods that are commonly associated with advanced treatment. With an advanced treatment installed, there was no differentiation between an advanced treatment on a secondary WWTP or a tertiary WWTP, even though there might be actual differences due to the different HRT in both systems. This difference in the HRT is reflected by the secondary WWTP having a retention of 85% and the tertiary WWTP having a retention of 95%. All retention rate estimates are rather conservative.
For what concerns [image: image], we first of all argue that most of the MP inputs are TWP. Compared to common MP, the generation of TWP is relatively well analysed. We rest on the estimates of Wagner et al. (2018), although TWP mass is still highly uncertain. We may assume as a first approximation that the TWP distribution is uniform in time and space (in reality we expect a significant variability, but we lack information on the European level to support any more refined assumption). Finally, we assume no TWP are present in sewage. Based on the quantifications by Wagner et al. (2018) and Unice et al. (2019), we consider two scenarios where 10% and 25% of the TWP generated in the EU are discharged with runoff, respectively. These assumptions should again describe a range of probable shares of TWP reaching the environment and can be updated with more accurate data when these are available. In both scenarios, CSO and separate sewers reduce the TWP load by 20% and 10% respectively (mostly representing some kind of retention in e.g. manholes, retention basins that get cleaned regularly). Retention rates based on Table 1 were used for WWTPs.
3.2 Descriptors of the Wastewater and Sewage Sludge Volume
For Pi, we used the data of the 10th implementation report of the UWWTD (European Commission, 2020). When information about the actual capacity of WWTPs was missing, the design capacity was used instead. When a WWTP did not specify the treatment, a treatment comparable to a secondary WWTP was assumed. Currently, the population still untreated, P0, is small and expected to be virtually all subject to some treatment in the future, based on the legislation already in place. Therefore, we assume P0 = 0.
For Q, we use the estimate provided in Pistocchi (2020).
For [image: image] and [image: image] we used the results of the European-scale urban hydrological model presented in Quaranta et al. (2021) under current conditions. Their model is limited to a set of representative functional urban areas (FUAs). The results of our model must therefore be multiplied by the ratio of (total impervious surface area) to (impervious surface area included in the FUAs), to account for the flows not included in the modelling. The impervious surface area is derived from satellite imagery as discussed in Quaranta et al. (2021).
The fraction of sewage sludge applied to agriculture, S, can be estimated on the basis of data from eurostat (2021).
3.3 Descriptors of the Removal and Transfer Processes of MP
For each MS, we estimate β. Therefore, we assume that a fraction of Q is drained by combined sewers, based on the fraction of population served by combined sewers (rCS) in the various countries (see Table 2). Of this, the volume [image: image] - [image: image] is discharged through CSO. The runoff treated in WWTPs is therefore:
[image: image]
The fraction β is estimated as the removal efficiency for MP (including TWP), multiplied by [image: image]. For the MP removal efficiency, we take the average of removal efficiencies for the various levels of treatment (according to Table 1) weighted by the fraction of population served by WWTPs at the various levels in each country (Table 2). This is expressed as:
[image: image]
Where [image: image] is the scalar product operator, [image: image] is the vector of removal rates and [image: image] is the vector of the fraction of population undergoing each level of treatment in the mth country.
The fraction of MP transferred from soil to water, k, is highly dependent on local conditions and is generally expected to be well below 1. However, we could not find solid evidence supporting its quantification.
3.4 Preliminary Mass Balance Results
We use the assumptions described previously to quantify the total load of MP to receiving water bodies through wastewater treatment effluents, CSO and separate runoff discharges in the EU. Figure 1 shows the results of the calculation. For the flows of TWP we consider two scenarios (scenarios 1 and 2, with 10% and 25% of the TWP generated being transported with runoff), while for common MP we consider three scenarios (low, medium and high MP content in wastewater) as discussed above. The results are presented for all combinations of scenarios.
[image: Figure 1]FIGURE 1 | Preliminary mass balances of common MP (with scenarios of low, medium, and high estimates in different grey scales) and TWP in Europe (scenario 1 (upper number) and scenario 2 (lower number)) (all numbers are Mg/a). Dashed lines represent unquantified flows.
The largest MP pathway into the environment is the separate sewer system conveying TWP. The MP input through separate sewers (61,788 Mg/a for scenario 1, 154,470 Mg/a for scenario 2) are assumed to consist only of TWP, as to our knowledge, there is no comprehensive data on common MP in separate sewers. The flow of common MP in separate sewers must be updated when data become available.
CSO provide another relevant pathway for MP into the environment, combining dry weather flow (DWF) containing common MP, and runoff containing TWP, the latter accounting again for the majority of the MP inputs into the environment through this pathway. With 19,010 Mg/a (scenario 1) and 47,525 Mg/a (scenario 2), the mass is much higher than the mass of common MP with 0.8 Mg/a (low), 106 Mg/a (medium) and 955 Mg/a (high).
The TWP inputs through WWTP discharge are 2,726 Mg/a (scenario 1) and 6,815 Mg/a (scenario 2) based on the share of TWP in combined sewers that is treated within WWTPs. 3 Mg/a (low), 362 Mg/a (medium), and 3,247 Mg/a (high) of common MP are discharged from WWTPs respectively.
We subtracted the mass of common MP in the effluent from the mass of common MP in the influent to get the retained MP in sewage sludge (based on the effluent data from Funck et al. (2021), Simon et al. (2018), and the calculated data from Okoffo et al. (2021)). These are 40 Mg/a (low), 5,420 Mg/a (medium), and 48,678 Mg/a (high). Assuming a sewage sludge use of Table 2, common MP with a mass of 19 Mg/a (low), 2,561 Mg/a (medium), and 22,124 Mg/a (high) are spread onto soil by the agricultural use of sewage sludge and compost. To our knowledge, there is no data on TWP in sewage sludge. Using the estimated retention rates of Table 1, around 40,858 Mg/a (scenario 1) and 102,145 Mg/a (scenario 2) of TWP could end up in sewage sludge. Of that 13,791 Mg/a (scenario 1) and 34,477 Mg/a (scenario 2) enter the environment through sewage sludge.
While sewage sludge application to soil is a very significant input pathway for common MP, and TWP flowing through WWTPs, in the environment, we have limited information on the extent to which this pathway contributes directly to water pollution. The discharge of MP to the water compartment through this pathway is arguably much smaller.
Due to the fundamentally different bases for the estimation of common MP and TWP, we present an additional separate breakdown of sources for the two, for each MS.
Figure 2 shows that the overall environmental inputs of common MP vary significantly within Europe. In most MS, the spreading of sewage sludge after simple stabilization or after composting (low: 19 Mg/a, medium: 2,561 Mg/a, high: 23,000 Mg/a for Europe) leads to more common MP inputs into the environment (soil) than wastewater (low: 3 Mg/a, medium: 362 Mg/a, high: 3,247 Mg/a for Europe).
[image: Figure 2]FIGURE 2 | environmental inputs of common MP through sewage sludge and through water (some MS do not use sludge in agriculture, see Table 2). Labels on the x-axis refer to country codes (Table 2).
Our model distinguishes between MP entering the environment through WWTP effluent, separate sewers and CSO. With no data on separate sewers, common MP inputs through WWTP discharge and CSO are shown in Figure 3. In most MS, most MP inputs are due to WWTP discharges, and CSO contribute to 10%–35%. In 5 MS, CSO account for more than 35% of the MP inputs. Figure 3 also shows that the most efficient measures to reduce the input of MP may be different from MS to MS and depend largely on the existing infrastructure.
[image: Figure 3]FIGURE 3 | Share of WWTP discharge and CSO regarding the environmental input of common MP (some MS do not report plausible CSO data/CS ratio data). Labels on the x-axis refer to country codes (Table 2).
TWP are entering the environment through separate sewers, CSO and WWTPs (see Figure 4). In the majority of the MS, most TWP inputs are through separate sewers, with CSO being the second most common point of input. In most MS, TWP entering the environment through WWTPs only play a minor role (in most MS <10% of the inputs).
[image: Figure 4]FIGURE 4 | Share of separate sewers, CSO, and WWTPs discharge regarding the environmental input of TWP (some MS do not report plausible CSO data/CS ratio data). Labels on the x-axis refer to country codes (Table 2).
4 CONCLUDING REMARKS
The results of the MP mass balance presented in Figure 1 show that TWP inputs are significantly higher than common MP inputs. Within common MP, there is a large data variation. For TWP, separate sewers and CSO are the major pathways while WWTP contribute less than 10% to the environmental inputs. Figure 4 highlights that efficient measures for the reduction of TWP inputs must include specific solutions for each wastewater disposal system and the many other variables that define the amount of TWP reaching these systems. Nevertheless, CSO and runoff treatment in general provide important measures to reduce the inputs of TWP to waters.
WWTPs reduce the influent load of MP by approximately 1, 2 or 3 orders of magnitude (depending on whether advanced treatments such as sand filters, disk filters or membranes are added to conventional mechanical-biological processes) based on mass and commonly assessed particles. The performance is influenced by a variety of factors such as the content of rainwater in sewage, the ratio of industrial to domestic wastewater influent, and the urban or rural nature of the catchment.
Measures on WWTP to reduce MP inputs include improving current processes (e.g. Freeman et al. (2020); Rasmussen et al. (2021)). While an improved wastewater treatment transfers more MP from wastewater into sewage sludge, this additional mass is not expected to change the overall balance in the sludge significantly.
Measures to reduce MP in the effluents of WWTPs will not reduce the overall environmental inputs if the sewage sludge is subsequently used in agriculture, and sewage sludge management remains essential. Understanding how much MP are entering surface waters from sewage sludge use on adjacent soils remains an important question.
The reduction of common MP into the environment is specific for each region and specific for the polymer. As polymers define the sources, sinks, and pathways, further actions also have to be polymer-specific to be efficient. A focus on already known pathways (e.g., PET fibres through washing) could lead to a specialized, multi-stage approach that could reduce environmental inputs significantly.
Overall, the development of a sound monitoring system is necessary not only to increase the accuracy of our model but also to assess local differences and challenges. The monitoring should include measurements within WWTPs, sewage sludge, specific events (rain, CSO) and the necessary metadata.
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