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A B S T R A C T   

Pharmaceuticals are known to widely occur in the environment and to affect the health of ecosystems. Sewage 
treatment plants (STPs) are main emission pathways for pharmaceuticals, which are often not sufficiently 
removed during wastewater treatment. In Europe, STP treatment requirements are specified under the Urban 
WasteWater Treatment Directive (UWWTD). The introduction of advanced treatment techniques, such as 
ozonation and activated carbon, under the UWWTD is expected to be an important option to reduce pharma-
ceutical emissions. In this study, we present a European-wide analysis of STPs reported under the UWWTD, their 
current treatment level and potential to remove a set of 58 prioritised pharmaceuticals. Three different scenarios 
were analysed to show 1) UWWTD present effectiveness, 2) the effectiveness at full UWWTD compliance, and 3) 
the effectiveness when advanced treatment is implemented at STPs with a treatment capacity of >100.000 
person equivalents. Based on a literature study, the potential of individual STPs to reduce pharmaceutical 
emissions ranged from an average of 9% for STPs with primary treatment to 84% for STPs applying advanced 
treatment. Results of our calculations show that European-wide emission of pharmaceuticals can be reduced with 
68% when large STPs are updated with advanced treatment, but spatial differences exist. We argue that adequate 
attention should also be paid with regards to preventing environmental impacts of STPs with a capacity 
<100.000 p.e. Circa 44% of total STP effluent is emitted near Natura2000 sites (EU nature protection areas). Of 
all surface waters receiving STP effluent for which the ecological status has been assessed under the Water 
Framework Directive, 77% have a status of less than good. Relatively often only primary treatment is applied to 
wastewater emitted into coastal waters. This analysis can be used to further model pharmaceutical concentra-
tions in European surface waters, to identify STPs for which more advanced treatment might be required and to 
protect EU aquatic biodiversity.   

1. Introduction 

Pharmaceuticals help to increase the longevity and quality of life for 
many people. However, the widespread use of human and veterinary 
pharmaceuticals also results in releases to the aquatic environment (aus 
der Beek et al., 2016). This is of concern as most pharmaceuticals are 
designed to be highly active at low concentrations and resistant to 
biodegradation (Khetan and Collins, 2007). Active pharmaceutical in-
gredients and their transformation products have widely been detected 
in surface water, groundwater and drinking water (Houtman et al., 
2014; Schulze et al., 2019; Zhou et al., 2019). At some locations 

pharmaceuticals are already present at levels deemed unsafe, classifying 
them as a global threat to both human and environmental health (Wil-
kinson et al., 2022). The global consumption of pharmaceuticals has 
increased over the last decades (Klein et al., 2018) and is expected to rise 
further due to multiple factors, including changes and innovations in 
clinical practices, ageing populations and higher market availability, 
potentially amplifying already existing environmental concentrations 
(Belloni et al., 2016; Bernhardt et al., 2017; Bunke et al., 2019; Nagesh 
et al., 2022; OECD, 2021). 

Pharmaceuticals may be emitted as a result from production, patient 
excretion and incorrect disposal (Straub, 2016). In order to protect 
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water sources from pharmaceutical pollution, multiple actions can be 
taken over the whole chemical life-cycle (OECD, 2019; Wezel et al., 
2017). Options early in the chemical life-cycle, include the design of Safe 
and Sustainable substances and personalised healthcare, are often 
preferred as they are more cost-effective (Puhlmann et al., 2021). Via 
patient excrements, pharmaceuticals and their metabolites can enter the 
wastewater systems where they are not sufficiently removed and are 
consequently released into the environment (Luo et al., 2014). 
End-of-pipe measures such as the treatment of wastewater will remain 
indispensable, as it is clear that pharmaceuticals will continue to be 
needed and will thus continue to be released into the wastewater 
(Kümmerer et al., 2018). Sewage treatment plants (STPs) are of special 
relevance as households are seen as one of the most important emission 
sources of pharmaceuticals to wastewater (Adeleye et al., 2022; Comber 
et al., 2015; Michael et al., 2013), except for specific types of pharma-
ceuticals which are mainly emitted via hospitals and health institutions 
(Herrmann et al., 2015; Le Corre et al., 2012). 

In the EU, the Water Framework Directive (WFD) is implemented to 
protect surface waters, transitional waters, coastal waters and ground-
water (Directive 2000/60/EC). A key aim of the WFD is to achieve a 
‘good ecological status’ for all water bodies, which is influenced 
amongst others by water quality. Measurements according to the WFD 
regularly take place within Natura2000 sites; a network of key breeding 
and resting sites for rare and threatened species, and some rare natural 
habitat types that the WFD (Annex V No. 1.3.5) specifically refers to. A 
good ecological condition of aquatic systems is important to ensure 
delivery of ecosystem services in the future (Grizzetti et al., 2019), and 
an important aim of the EU Biodiversity Strategy (European Commis-
sion, 2020a). According to the latest assessment, however, a good 
ecological status has only been achieved for 40% of European surface 
waters, and chemicals released via STPs are identified as one of the main 
pressures on these surface water bodies (EEA, 2018a; Lemm et al., 
2021). 

The WFD also links to the EU Urban Wastewater Treatment Directive 
(UWWTD, 91/271/EEC). The objective of this Directive is to protect the 
environment for adverse effects of urban waste water, and concerns its 
collection, treatment and discharge. The UWWTD sets maximum con-
centrations for the nitrogen, phosphorous and organic matter content for 
treated wastewater, but does not address micropollutants such as 
pharmaceuticals yet. The WFD does include several pharmaceutical 
substances on the so-called ’Watch List’ (European Commission, 2022a). 
In the proposal for a revised UWWTD, the European Commission lays 
down the aim to implement advanced treatment to STPs treating a load 
equal to or greater than 100.000 person equivalents (p.e.) by 31 
December 2035 at the latest (European Commission, 2022b). As also 
mentioned in the Strategic Approach to Pharmaceuticals in the Envi-
ronment, the European Commission will investigate the feasibility of 
upgrading selected STPs to more advanced treatment technologies 
(European Commission, 2020b). 

A wide range of advanced treatment methods have been investigated 
for the removal of pharmaceuticals from wastewater, for which either 
ozonation or activated carbon treatment are reported to be the best 
performing and most cost-effective (Kosek et al., 2020; Logar et al., 
2014; Rout et al., 2021). Advanced treatment techniques have already 
been implemented in Switzerland at selected STPs as part of the Swiss 
water conservation legislation introduced in 2016 (Stamm et al., 2015). 
By following this approach, the pressure of pollution on Swiss surface 
waters is estimated to be reduced by 50% (FOEN, 2015). A recent study 
by Pistocchi et al. (2022a) estimates that by following a similar 
approach in the entire EU, the cumulative toxicity of STP effluent will be 
reduced by circa 36%. Certain knowledge gaps however still remain. For 
example, removal rates as used in the Pistocchi et al. (2022a) study were 
mainly assumed using models. This results in high uncertainties as it is 
still difficult to generically model the fate of chemicals in advanced 
treatment processes due to the influence of, amongst others, specific 
process conditions influence removal efficiencies (Fischer et al., 2019). 

Inclusion of experimental data might provide better insights in the 
removal of chemicals in STPs and reduce uncertainties (Pistocchi et al., 
2022a). 

In this study, experimental removal rates are derived from an 
extensive literature research. Next, we aim to assess the effectiveness of 
European STPs to reduce pharmaceutical emissions for a 1) Present, 2) 
Full Compliance and 3) Advanced Treatment scenario. In addition, 
spatial variation between European STPs are assessed for all European 
river basins taking into account their ecological status as assessed under 
the WFD, as well as proximity to Natura 2000 sites. For the Advanced 
Treatment scenario, we follow the approach by Pistocchi et al. (2022a) 
in order to show the present effectiveness and the possible value of 
introducing advanced treatment at large STPs (>100 000 p.e.). 

2. Methods 

2.1. Waste water treatment scenarios 

Three different scenarios were analysed in this study. For every STP 
in the EU, we considered 1) the present level of treatment (Present 
scenario), 2) full compliance with the UWWTD in its current form (Full 
Compliance scenario) and 3) a scenario where more advanced treat-
ment, either with ozonation or activated carbon, is required at large 
STPs (Advanced Treatment scenario). For the Full Compliance scenario, 
envisioned changes to non-compliant STPs as reported under article 17 
of the UWWTD were used to calculate the total capacity (in p.e.) per 
treatment level (EEA, 2022a). For the Full Compliance and the 
Advanced Treatment scenarios, it was also assumed that 100% of the 
population is connected to a STP. In addition, for the Advanced Treat-
ment scenario, all STPs with a capacity of ≥100.000 p.e. were assigned 
with advanced treatment (ozonation or activated carbon). 

In Fig. 1a workflow is presented to calculate the population (in p.e.) 
per treatment level. First, data collected under Article 15 of the UWWTD 
for the year 2020 and reported in Waterbase v8 (EEA, 2022a) was used 
to assign treatment levels to individual STPs for the present scenario. 
Waterbase contains information on the location and characteristics of 
urban STPs with generated wastewater loads above 2 000 population 
equivalents (p.e.) for all EU member states. Based on availability of data, 
23.568 STPs were selected for our assessment. See SI1 for more detailed 
description on steps taken to filter the data. Treatment levels were 
defined following UWWTD and OECD definitions (OECD, 2003) as pri-
mary, secondary, tertiary, disinfection or advanced treatment (ozona-
tion or activated carbon). Next, the total capacity (in p.e.) per treatment 
level was calculated for 5 regions in Europe (see Table 1), defined ac-
cording to divisions used in the EEA indicator assessment (EEA, 2017). 
Data on the total STP capacity per treatment level was combined with 
Eurostat data on the percentage of residents that is not connected to 
STPs (Eurostat, 2022). At time of the analysis, Eurostat contained data 
till 2019. Hence, for most countries data for the year 2019 was used or 
the latest data available in the database. Details on the percentage of 
residents per member state that are not connected an STP are shown in 
SI1 (Table S1.1). 

2.2. Selected pharmaceuticals and their STP removal rates 

A list of 58 pharmaceuticals posing the highest risk to aquatic sys-
tems was compiled based on already existing prioritisation lists, 
including both parent compounds and metabolites (de Voogt et al., 
2009; European Commission, 2020c; FOEN, 2015; NORMAN Network, 
2014; Zhou et al., 2019). Removal efficiencies of these substances by 
different wastewater treatment techniques were collected in the scien-
tific literature. According to the approach first introduced in 
Switzerland, upgraded STPs will contain either ozonation or activated 
carbon treatment. The removal rates of STPs that apply ozonation or 
activated carbon were combined in this study and averaged to obtain the 
removal rate for advanced treatment. Based on the identified references 
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(63 in total), removal rates were calculated per pharmaceutical per STP 
with a specific treatment type. Only total removal rates were used from 
full scale STPs which apply a combination of techniques. Next, the 
average removal rate over all substances was used to estimate the 
fraction being released to the environment and being removed per 
treatment level. A more extensive description of the literature search 
and calculation method is given in the SI1. 

2.3. Spatial analysis 

The location of STPs and their proximity to Natura2000 sites was 
assessed by using a buffer of 2.000 metre as in line with an earlier 
defined non-binding buffer zone (EEA, 2018b). Natura2000 sites were 
available for all countries except Norway and the United Kingdom (EEA, 
2022b). 

STP data was also combined with data on the ecological status (or 
potential) of water bodies in order to assess the total STP effluent (in p. 
e.) emitted into water bodies with a good or less than good ecological 
status. The ecological status of water bodies as defined under the 2nd 
River Basin Management Plans was derived from the WISE Water 
Framework Directive Database (EEA, 2021). Out of the 23.568 STPs 
reported under the UWWTD, information on the ecological status of 
water bodies into which effluent is emitted was available for 15.950 
STPs. A more detailed description on how the datasets were combined is 
provided in SI1. All data analysis was performed in R and QGIS. 

3. Results and discussion 

3.1. Removal rates of pharmaceuticals in STPs 

The removal rates of the 58 pharmaceuticals taken into account in 
this study for different STP treatment levels are shown in Fig. 2. For a 
couple of substances (e.g. acetaminophen, atenolol, carbamazepine, 
diclofenac, ibuprofen and sulfamethoxazole) relatively many data were 
available, whereas for other substances only few studies or no data could 
be found. Details on removal rates for individual substances can be 
found in the online data repository (van Dijk et al., 2023). Specifically 
for primary and tertiary treatment, up to 50% of individual pharma-
ceutical the literature search did not yield removal rates (black cells in 
Fig. 2). This can impact the validity and reliability of our analysis and 
potentially bias the calculated average STP removal rates. The calcu-
lated removal rates are furthermore biased by the compounds selected in 
this study. In the future, data gaps might be partly filled by using 
modelling approaches such as SimpleTreat (Struijs, 2014). However, 
SimpleTreat can only be used to calculate removal for primary and 
secondary treatment. Data gaps from the literature were partly found 
due to incomplete reporting of measured data on STP substance removal 
in the studies. Future studies would benefit from more transparent and 
accessible data on STP removal efficiencies (Fischer et al., 2019). It’s 
important to acknowledge that our assessment may not cover all rele-
vant pharmaceuticals, as pollution can vary by location and time, and 
there are a multitude of factors that can influence which pharmaceuti-
cals are present in wastewater (Bunke et al., 2019; Massei et al., 2018; 
van Gils et al., 2019). Furthermore, it should be noted that this study 
focused solely on pharmaceuticals, and did not consider other types of 
substances such as biocides and chemicals registered under REACH. 
These substances can however also be important sources of pollution in 
surface waters (Posthuma et al., 2018; van Gils et al., 2020). When 
averaging the collected removal rates of all 58 pharmaceuticals per 
treatment and excluding data gaps, primary treatment has a removal 
potential of circa 9% (±11), secondary treatment of 42% (±27), tertiary 
treatment of 42% (±27), disinfection of 66% (±29) and advanced 
treatment of 84% (±20) (Table 2). Average removal rates of advanced 
treatment lie above the removal criteria of ≥80% earlier laid down in 
Switzerland (FOEN, 2015). Based on our analysis, six substances 
(Cyclophosphamide, Fluconazole, Gabapentin, Irbesartan, Oxypurinol, 

Fig. 1. Workflow for calculating the total population per European region that is connected to a certain treatment level under the Present, Full Compliance and 
Advanced Treatment Scenarios. 

Table 1 
Overview of the different European regions defined in this study.  

Region Countries Total population (in 
2020 or 2019) 

North Norway, Sweden, Finland 16.387.131 
Central Austria, Belgium, Denmark, Germany, 

Ireland, Luxembourg, the Netherlands, the 
United Kingdom 

200.242.146 

South Cyprus, Greece, France, Italy, Malta, Spain, 
Portugal 

197.187.604 

East Czechia, Estonia, Hungary, Latvia, Lithuania, 
Poland, Slovenia, Slovakia 

71.990.553 

South- 
East 

Bulgaria, Croatia, Romania 30.286.952  
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Sulfadiazine) are however expected to not be well removed by ozonation 
or activated carbon treatment (Fig. 2). No significant difference (p value 
of 0.05) between ozonation and active carbon treatment was found 
(SI1). Furthermore, no significant difference between removal effi-
ciencies of secondary and tertiary treatment was found, as well as be-
tween tertiary and disinfection treatment (SI, Table SI1.5). These 
findings can help to generate a better picture of pharmaceutical emis-
sions to water bodies as most modelling exercises to date (e.g. in Old-
enkamp et al., 2018; van Gils et al., 2020) rely on STP models such 
SimpleTreat and therefore only consider the fate and removal during 
primary and secondary treatment (Lautz et al., 2017; Struijs, 2014). 

3.2. Removal rates and substance characteristics 

Primary treatment intends to reduce the solid content of the waste-
water (oils and fats, grease, sand, grit and settleable solids). Based on our 
search only 9% of the total pharmaceutical load can potentially be 
removed, which is in line with earlier reported total removal rates 
(Greenham et al., 2019). Substance removal by secondary treatment 
mainly depends on the sorption on the sewage sludge and their degra-
dation or transformation during the treatment, and therefore likely 
removes the more hydrophobic and degradable pharmaceuticals 
(Michael et al., 2013). With regards to advanced treatment -ozonation or 
activated carbon- overall removal efficiencies are found to be similar in 
this study however differences might exist for the removal of some 
specific compounds. Treatment with activated carbon can for example 
be used for removing many hydrophobic and also some charged phar-
maceuticals from water, whilst high removal after ozonation is usually 
observed for pharmaceuticals with one or more functional groups such 
as non-aromatic carbon-carbon double bonds, amines and activated 
aromatic rings and moieties (Ikehata et al., 2006; Michael et al., 2013). 
Polar chemicals are usually less well removed in STPs (Fischer et al., 
2019; Gollong et al., 2022; Sjerps et al., 2021). Moreover, removal rates 
for non-aromatic compounds by activated carbon is often low, whilst 
compounds with unoxidable bonds are able to survive ozonation treat-
ments (Hale et al., 2022). Additionally, ozonation can lead to the for-
mation of undesired and highly reactive by-products. Hence, while 
ozonation and activated carbon can be effective in removing certain 
contaminants, they are not universally applicable. Following the 
approach reported by Pronk et al. (2020), who proposed a framework to 
estimate removal efficiencies of water treatment techniques based on 
substance characteristics, we could not identify a clear trend between 
substance properties and removal rates. This might be caused by 
different study designs or differences in the actual STP removal effi-
ciency due to variations in i) quality of waste water entering the STPs, ii) 
operating conditions such as sludge retention time, hydraulic retention 
time and flow rate, and iii) other factors such as difference in climate 
(McLachlan et al., 2022; Michael et al., 2013; Pomiès et al., 2013; Yang 
et al., 2017). 

3.3. Total STP removal potential 

The Sankey diagrams of Fig. 3a-c show to what type of STP treatment 
level the population is connected and how the fraction of 

Fig. 2. Heatmap of the 58 pharmaceuticals and their removal rates in STPs by 
different treatment techniques. Removal rates refer to the removal by individ-
ual treatment levels. Data gaps are shown in black. Full calculations and ref-
erences on the removal rates are reported in the open data repository (Dijk 
et al., 2023). 

Table 2 
Descriptive statistical parameters for STPs applying Primary, Secondary, Tertiary, Disinfection, Ozonation, Activated Carbon and Advanced treatments. Advanced 
treatment was calculated as the average from ozonation and activated carbon.  

Treatment Level Number of substances with data (out of 58) Average removal (%) Stdv (%) Min. removal (%) Max removal (%) Median removal (%) 

Primary 26 9 11 0 41 5 
Secondary 55 42 27 0 99 42 
Tertiary 33 42 27 5 99 40 
Disinfection 43 66 29 0 100 68 
Ozonation 50 87 16 27 100 93 
Activated carbon 41 81 18 27 99 88 
Advanced 50 84 20 27 100 89  
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pharmaceuticals is removed or emitted to the environment. At present, 
the potential to reduce environmental emissions of pharmaceuticals of 
all European STPs combined is 48% (± 27) (Fig. 3a). South-East Europe 
has currently the highest percentage of untreated wastewater. Around 
25% of urban wastewater in this region is emitted without any treatment 
into freshwater systems. Other differences in treatment level can be 
observed for specific countries (Fig. 4). For example, in Southern Europe 
disinfection is applied relatively often even though this is not required 
under the UWWTD. This is likely the effect of national legislations. In 
Italy, for example, a disinfection step needs to be implemented at STPs 
with a capacity of 2000 p.e. or higher (Collivignarelli et al., 2017). 

When full compliance would be reached with the current UWWTD, 
the STP removal potential is slightly increased to 52% (± 28) (Fig. 3b). 
Most changes in the Full Compliance scenario are observed in South, 
East and South-East Europe (Fig. 5) as -despite improvements over the 
last few years- these regions currently remain least compliant with the 
UWWTD (European Commission, 2022c). The fact that the current 
UWWTD has no focus on micropollutants such as pharmaceuticals is 
reflected by the relatively small increase of the STP potential to reduce 
pharmaceutical emissions in this Full Compliance scenario. Full 
compliance to the UWWTD is expected to mainly reduce the nutrient 
and microorganism loads of wastewater. In the Advanced Treatment 
scenario, the emission reduction potential for the selected pharmaceu-
ticals is increased to 69% (± 22) (Fig. 3c). Advanced treatment is placed 
in bigger cities, and therefore most changes in this scenario are observed 
in more densely populated areas (Fig. 6). 

In this study only STPs reported under the UWWTD were taken into 
account, meaning STPs with a capacity of <2 000 p.e. are not included. 
364 650 agglomerations with a capacity of 2000 p.e. or less -corre-
sponding to circa 75 million inhabitants- have been identified and are 
predicted to impact receiving water bodies. The percentage of small 
agglomerations was on average higher in Czechia, Slovakia, Croatia, 
Slovenia, Romania and Poland (Pistocchi et al., 2022b). Future updates 
to the UWWTD will likely include smaller STPs in the UWWTD dataset 
(European Commission, 2022d), resulting in an completer picture of 
European STPs and their potential to reduce environmental emission of 
pharmaceuticals. 

3.4. Spatial analysis 

3.4.1. Water body types 
For present day conditions relatively often only primary treatment is 

applied to STPs emitting into coastal waters as compared to STPs that 
emit into estuaries or fresh water bodies (Fig. 7). This can also been seen 
in Fig. 4, in which the geographical location of all STP and their treat-
ment level under present day conditions are shown. Main reason for this 
is that the UWWTD does not specifically protect marine waters and 
many STPs are exempted from stricter treatment when primary treat-
ment is in place (Article 2 (7) UWWTD). This is not in line with the WFD, 
which does specifically cover marine systems. The treatment level of 

STPs emitting into coastal waters improves under the Advanced Treat-
ment scenario at more densely populated areas. However, in other 
coastal areas from e.g. Norway and Croatia mainly primary treatment is 
applied under all scenarios (Fig. 4 and Figure SI1.1). This is reason of 
concern as pharmaceutical pollution already affects marine ecosystems 
(Fabbri and Franzellitti, 2016; Mezzelani et al., 2018). Under the 
Advanced Treatment scenario, treatment level is improved for STPs 
emitting into all water types. STP effluent emitted into lakes also receive 
relatively lower treatment compared to rivers and transitional waters. 
Different water body types may respond different to (chemical) stressors 
(Birk et al., 2020; Reid et al., 2019). STPs emitting into smaller water 
bodies (Figure SI1.2) might be prioritised as, for example, large rivers 
are reported to be less impacted by chemical pollution due to their 
higher dilution capacity compared to other river types (Lemm et al., 
2021). Future modelling studies should furthermore take chemical 
consumption data into account to assess whether water bodies and their 
ecosystems are sufficiently protected and to make (cost-)effective de-
cisions in water quality management with regards to implementation of 
advanced treatment techniques (Coppens et al., 2015). 

3.4.2. Ecological status under the WFD 
At present, 15.950 out of the 23.568 STPs (with a total treatment 

capacity of 5.4e+8 p.e.) emit treated effluent into a surface water bodies 
for which information on the ecological status was available. From Fig. 8 
it can be observed that most (12.396 STPs; with a total treatment ca-
pacity of 4.5e+8 p.e.) of these 15.950 STPs emit treated wastewater into 
water bodies which have a less than good ecological status, while water 
bodies with a good or high ecological status are influenced by less then 
1e+8 p.e. Few changes are observed with regards to STP treatment 
levels under the Full Compliance scenario compared to the Present 
scenario (Figures SI1.6 and SI1.7). The Full Compliance scenario, based 
on envisioned changes reported under Article 17 of the UWWTD, pri-
marily involves improving the performance of existing underperforming 
STPs through maintenance or expansion. It is anticipated that such 
changes will mainly lead to a reduction in nutrient enrichment of surface 
waters, which is one of the main pressures hampering a good ecological 
status of water bodies together with chemical pollution and habitat al-
terations (EEA, 2018a). In the Advanced Treatment scenario 809 (total 
treatment capacity of 2.8e+8 p.e.) out of the 15.950 STPs are updated 
with advanced treatment (Fig. 8), which has the potential to reduce the 
pressure of chemical pollution and improve their ecological status. 

Management of water at the river basin level is key for implementing 
the WFD. Under all scenarios, only primary or secondary treatment 
techniques are applied to most of the generated wastewater load in some 
RBDs in Croatia, France, Norway, Poland, Portugal and the UK 
(Figure SI1.5), whereas some waterbodies in these RBDs have a less than 
good ecological status (EEA, 2021). Next to prioritization based on a p.e. 
cut-off, it may be beneficial to prioritise STPs for advanced treatment 
based on the ecological status. All relevant pressures need to be 
considered in order to make decisions on the implementation of 

Fig. 3. The share of the European population connected to each type of STP treatment level and the percentage of pharmaceuticals that are either removed 
(’removed’) or emitted (’environment’) via STPs for each European region. Panel A represents the ’Present’ scenario, Panel B the ’Full Compliance’ scenario, and 
Panel C the ’Advanced Treatment’ scenario, with a respective pharmaceutical emission reduction potential of 48% (±27), 52% (±28) and 69% (±22). 
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advanced techniques or other measures to help restore and protect 
freshwater ecosystems (Carvalho et al., 2019; Lemm et al., 2021, 2019). 

3.4.3. Natura2000 sites 
At present, circa 44% of all treated effluent (corresponding to 3.1e+8 

p.e.) is emitted directly within Natura2000 sites or the 2 km buffer zone 
(Fig. 9). Most of the effluent undergoes tertiary treatment. When envi-
sioned changes reported under article 17 of the UWWTD are made under 
the Full Compliance scenario, some STPs are no longer used and new 
STPs are constructed. Outside Natura2000 sites this will result in an 
increase of total treated effluent, and an increase in the amount of 
effluent treated with a disinfection step. For STPs emitting in or close to 
Natura2000 however relatively few changes are observed. Under the 

Advanced Treatment scenario, 38% of all effluent will be treated with 
advanced treatment. Then, no difference in treatment level can be 
observed between STPs located near and further away from Natura2000 
areas in any of the scenarios. As STPs are identified as one of the main 
stressors affecting ecological status (EEA, 2018a; Lemm et al., 2021), 
STPs emitting effluent emitted near Natura2000 sites could be priori-
tised for implementation of advanced treatment as well. This might 
especially be relevant in Central Europe, as here the smallest share of 
effluent is treated with advanced treatment steps (Figure SI1.3). 

3.5. Benefits and considerations of advanced treatment 

Given that not all substances are sufficiently removed by advanced 

Fig. 4. STPs and their treatment level under the Present Scenario.  
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treatment techniques and that it is not feasible to update all STPs (Pis-
tocchi et al., 2022c), other measures focussing on input prevention need 
to be considered as well (Kümmerer et al., 2019; Wezel et al., 2017). 
Furthermore, the increased use of chemicals (Bunke et al., 2019; Nagesh 
et al., 2022) and demand for clean water (Boretti and Rosa, 2019) asks 
for a paradigm shift in wastewater management where adequately 
treated wastewater can for example be re-used (Dingemans et al., 2020; 
Villarín and Merel, 2020). Climate change is projected to further reduce 
water availability in sufficient quantity and quality, emphasising the 
importance of such water reuse practices. 

The current study may be used to further model pharmaceutical 
concentrations in European surface waters and to identify STPs for 

which more advanced treatment might be required and to protect EU 
aquatic biodiversity. This study did not aim to assess what advanced 
treatment should be implemented. The most suitable treatment tech-
nique depends on a multitude of factors and will most likely be location 
specific. For example, ozonation may result in the formation of toxic by- 
products, which is why a post-treatment step with a biological active 
sand filter is recommended (von Gunten, 2018). On the other hand, 
ozonation is unlike activated carbon treatment effective in the inacti-
vation of bacteria. Consequently, when stringent limits for reuse are 
requested, an additional disinfection step might be needed for when 
activated carbon is implemented. In addition, other environmental 
burdens than risks of chemicals need to be assessed. Treatment with 

Fig. 5. STPs and their treatment level under the Full Compliance Scenario. New or upgraded STPs are shown in the figure as Primary_new, Secondary_new, Ter-
tiary_new and Disinfection_new. 
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ozonation is for example associated with higher environmental impacts 
due to its high energy consumption (Ganora et al., 2019; Pistocchi et al., 
2022c). One of the aims laid down in the UWWTD proposal is to achieve 
energy neutrality in the wastewater sector by 2040 (European Com-
mission, 2022b). The use of renewable energy resources might help 
achieve this aim and lower the negative impacts of advanced treatments 
(Lutterbeck et al., 2020). All this emphasises the need for integrated 
assessments before deciding whether an STP needs to be updated with 
advanced treatment (Pistocchi et al., 2017; Schuwirth et al., 2018). 

4. Conclusion 

Treatment of wastewater is a key component to reduce environ-
mental emissions of pharmaceuticals. Here, we showed that imple-
menting advanced treatment at STPs with a capacity of >100.000 p.e. 
will improve the total pharmaceutical emission reduction potential of 
STPs in Europe from 48% to 69% based on a set of 58 priority phar-
maceuticals. This set of the 58 pharmaceuticals was based on existing 
prioritisation lists and covers a wide variety of (physical-chemical) 
properties and different use categories. Average STP removal effi-
ciencies ranged from 9% for primary treatment to 84% for advanced 
treatment. The data collected in this study can be complemented with 

Fig. 6. STPs and their treatment level under the Advanced Treatment Scenario. The large STPs that will be upgraded with advanced treatment are shown in the 
figure as Advanced_new. 
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other substance types, such as biocides and REACH registered chemicals, 
and consumption data to obtain a better understanding of the total 
chemical pressure on water bodies. 

Spatial differences with regard to implemented STP treatment levels 
exist under all three scenarios. Coastal waters and lakes seem for 
example not as well protected as freshwaters, whilst some of these 
coastal waters have already a less than good ecological status or po-
tential. Furthermore, more stringent treatment for STPs near 
Natura2000 sites and STPs that emit effluent into water bodies with a 
less than good ecological status was not observed but might be required 
to protect biodiversity. This study did not aim to assess what advanced 
treatment should be implemented and to define which specific STPs 
need to be upgraded as the most suitable water management option 
depends on a multitude of factors and will most likely be location spe-
cific. Integrated assessments are needed that estimate total environ-
mental benefits and burdens of STP treatments, as well as other relevant 
parameters such as costs in order to decide on water management 
practices and to achieve long-term environmental goals listed under e.g. 
the WFD and (revised) UWWTD. 
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Fig. 7. Total amount of treated STP effluent (in p.e.) per that is emitted into coastal waters, lakes, rivers and transitional waters (waters between land and sea, 
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Fig. 8. European wide analysis of the total STP capacity (in p.e.) per treatment 
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as assessed under the WFD. Total number of water bodies are shown 
in brackets. 

Fig. 9. European wide analysis of the total STP capacity (in p.e.) per treatment 
level that is emitted outside or inside a Natura2000 area or the 2.000 m buffer 
zone under the Present, Full Compliance and Advanced Treatment scenarios. 
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Järvinen, M., Jeppesen, E., Kotamäki, N., Kuijper, M., Lemm, J.U., Lu, S., Solheim, A. 
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Micropollutant removal from wastewater: facts and decision-making despite 
uncertainty. Environ. Sci. Technol. 49, 6374–6375. https://doi.org/10.1021/acs. 
est.5b02242. 

Straub, J.O., 2016. Reduction in the environmental exposure of pharmaceuticals through 
diagnostics, Personalised Healthcare and other approaches. A mini review and 
discussion paper. Sustain. Chem. Pharm. 3, 1–7. https://doi.org/10.1016/J. 
SCP.2015.12.001. 

Struijs, J., 2014. SimpleTreat 4.0: a Model to Predict Fate and Emission of Chemicals in 
Wastewater Treatment plants: Background report Describing the Equations (No. 
RIVM Report 601353005/2014). Rijksinstituut voor Volksgezondheid en Milieu, 
Bilthoven, the Netherlands. 

van Dijk, J., Dekker, S.C., Kools, S.A., Van Wezel, A.P., 2023. Data for: “European-wide 
spatial analysis of sewage treatment plants and the possible benefits to nature of 
advanced treatment to reduce pharmaceutical emissions. V2. Mendeley. Data. 2. 
https://doi.org/10.17632/zsrv92557p.2. 

van Gils, J., Posthuma, L., Cousins, I.T., Brack, W., Altenburger, R., Baveco, H., Focks, A., 
Greskowiak, J., Kühne, R., Kutsarova, S., Lindim, C., Markus, A., van de Meent, D., 
Munthe, J., Schueder, R., Schüürmann, G., Slobodnik, J., de Zwart, D., van Wezel, A., 
2020. Computational material flow analysis for thousands of chemicals of emerging 
concern in European waters. J. Hazard. Mater. https://doi.org/10.1016/j. 
jhazmat.2020.122655, 122655–122655.  

van Gils, J., Posthuma, L., Cousins, I.T., Lindim, C., de Zwart, D., Bunke, D., 
Kutsarova, S., Müller, C., Munthe, J., Slobodnik, J., Brack, W., 2019. The European 
Collaborative Project SOLUTIONS developed models to provide diagnostic and 
prognostic capacity and fill data gaps for chemicals of emerging concern. 
Environmen. Sci. Europe 31, 1–8. https://doi.org/10.1186/s12302-019-0248-3. 

Villarín, M.C., Merel, S., 2020. Paradigm shifts and current challenges in wastewater 
management. J. Hazard. Mater. 390 https://doi.org/10.1016/j. 
jhazmat.2020.122139, 122139–122139.  

von Gunten, U., 2018. Oxidation processes in water treatment: are we on track? Environ. 
Sci. Technol. 52, 5062–5075. https://doi.org/10.1021/acs.est.8b00586. 
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