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ABSTRACT

The Joint Danube Survey (JDS4), organized in 2019, provided a unique dataset 
on the occurrence of several hundred newly identified contaminants of emer-
ging concern (CEC) in waters of the Danube river basin, including wastewater 
from selected wastewater treatment plants. In this study, published JDS4 data 
were used to assess the significance of individual substances identified in was-
tewater using the grey water footprint approach. Determining all newly iden-
tified contaminants is time-consuming and expensive, so it is reasonable to 
focus on the „most problematic“ substances. The advantage of the grey water 
footprint assessment is conversion of the  amount of discharged pollutants 
into the volume of water needed for dilution to an environmentally ‘safe level’, 
allowing comparison of different substances. Based on JDS4 data, out of several 
hundreds of substances detected, 33 were identified as potentially risky, accor-
ding to set criteria. However, this list cannot be taken as definitive, as the level 
of knowledge about the harmfulness of individual substances quickly develops 
with regard to the  risk currently attributed to them. Similarly, the  JDS4 data-
set reflects a specific data collection methodology, which may not capture all 
connections related to the  impact of the  occurrence of new substances on 
the environment.

INTRODUCTION

New or „emerging“ contaminants are substances of anthropogenic origin that 
have been monitored in the environment for a relatively short time. Therefore 
their occurrence is not entirely mapped, and their effects on organisms, inc-
luding humans, are not yet fully known. These mainly include chemical sub-
stances used and released into the environment through various pathways. In 
particular, it concerns residues from pharmaceuticals and personal care produ-
cts (PPCP), pesticides and plant protection products (PPP), and industrial che-
micals. They are generally referred to as Contaminants of Emerging Concern 
(CEC). These substances are not only detected in wastewater but also in sur-
face, groundwater, and even drinking water. One of the main sources of CECs 
in the environment is wastewater treatment plants, which are not equipped to 
remove the full range of them [1].

The mapping of CECs in waters was a part of the 4th Joint Danube Survey 
(JDS4), carried out in 2019, in 13 countries belonging to the Danube river basin, 
including the Czech Republic. The main purpose of the Joint Danube Surveys 

is to ensure (in a short period) reliable and mutually comparable information 
on selected water quality indicators and the state of Danube ecosystems, and 
its main tributaries  [2]. In water samples collected within JDS4, a broad-spec-
trum targeted screening of 2,362 chemical substances and their transformation 
products was performed, identifying 586 CECs [3]. One of the matrices analyzed 
within JDS4 was wastewater from 11 wastewater treatment plants (WWTPs), at 
their inflows and outflows. Tab. 1 lists the monitored WWTPs.

Tab. 1. List of monitored WWTPs within JDS4

Site code WWTP in Country

JDS4-WW1 Donauwörth Germany

JDS4-WW2 Linz-Asten Austria

JDS4-WW3 Hodonín Czech Republic

JDS4-WW4 Vrakuňa (Bratislava) Slovakia

JDS4-WW5 Győr Hungary

JDS4-WW6 Novo mesto (Ločna) Slovenia

JDS4-WW7 Županja Croatia

JDS4-WW8 Šabac Serbia

JDS4-WW9 Giurgiu Romania

JDS4-WW10 Vratsa Bulgaria

JDS4-WW11 Uzhgorod Ukraine

The grey water footprint is part of water footprint methodology, focusing 
on quantifying water consumption throughout the life cycle of a product, pro-
cess, service, or within an organization. The grey water footprint is defined as 
a volume of water required to dilute discharged pollution to environmentally 
safe concentrations according to set environmental limits [4]. It is an environ-
mental indicator that allows comparison of different pollutants by converting 
them into water volumes needed. The water footprint concept was introduced 
in 2002  [5], initially containing only quantitative assessments using blue and 
green water footprints. The expansion of the concept to also include qualitative 
assessment (grey water footprint) took place between 2005 and 2008 [6]. One 
of the first studies addressing the grey water footprint of wastewater treatment 
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plants is a Romanian study from 2011 [7]. Since then, several studies have been 
published on the  grey water footprint of WWTPs, addressing topics such as 
the impact of WWTPs on reducing the grey water footprint [8–11]; quantifying 
water and carbon footprints of WWTPs [9, 12]; and quantifying the grey water 
footprint of industrial wastewater [13–16]. Several studies also focused on phar-
maceuticals, which form one part of CECs, and their grey water footprint [17–19].

All three mentioned works dealing with the  grey water footprint of phar-
maceuticals were limited in the scope of monitored substances. The aim of this 
study is to use the grey water footprint to assess the significance of individual 
CECs detected in wastewater during JDS4. Determining all CECs in wastewater 
is a time-consuming and cost-demanding task. Therefore, for routine monitor-
ing, it is reasonable to select substances with the highest grey water footprint.

DATA AND METHODS

The concentrations of the detected CECs in the  form of minimum and maxi-
mum values measured in individual matrices were published as supplemen-
tary material to an article by Nq et al.  [3], together with Predicted No Effect 
Concentration (PNEC) values. PNEC is the  concentration of a  chemical sub-
stance that indicates the  threshold at which adverse effects of exposure in 
the ecosystem have not (yet) been observed. These values are not intended to 
predict the upper limit of the concentration of a chemical substance that has 
a toxic effect [20]. In ecotoxicology, PNEC values are often used as a tool for asse-
ssing environmental risks [21], for example by the European Chemicals Agency 
(REACH Regulation (EC) on Registration, Evaluation, Authorisation and Restriction 
of Chemicals) and other toxicological agencies for assessing environmental 
risks [20]. PNEC value can be used in connection with Predicted Environmental 
Concentration (PEC) to calculate the  Risk Characterization Ratio (RCR), also 
known as the Risk Quotient (RQ) or Hazard Quotient (HQ)  [22]. The RCR equ-
als the ratio of PEC/PNEC for a specific chemical substance and is a determini-
stic approach for estimating environmental risk at the local or regional scale. If 
PNEC exceeds PEC, it is concluded that the chemical substance poses no risk 
to the environment.

PNEC can be calculated from data on acute toxicity or chronic toxicity 
for one species, from data on Species Sensitivity Distribution (SSD), or from 
data obtained from field studies or ecosystem modelling tests  [20, 23, 24]. 
Depending on the type of data used, an assessment factor is applied, that takes 
into account the reliability of the ecotoxicological data used when extrapolat-
ing it to the entire ecosystem. The value of the assessment factor depends on 
the uncertainty of the available data and ranges from 1 to 1,000 [20].

When data from acute toxicity tests are used to calculate PNEC values, 
the quality and relevance of these data must be verified. Ideally, this data should 
relate to species from multiple trophic levels and/or taxonomic groups  [20]. 
The lowest determined concentration causing a 50% effect (L – lethal, E – effec-
tive, I – inhibitory) – LC50, EC50, IC50 – is then divided by the assessment factor 
for calculating PNEC, which is usually 1,000 [20].

When using chronic toxicity data to calculate PNEC, the No Observed Effect 
Concentration (NOEC) values are used. NOEC is the  highest tested concen-
tration at which no statistically significant (p < 0.05) difference in effect was 
observed in chronic toxicity tests compared to the control group. The  lowest 
NOEC in the  set of test data is divided by an assessment factor of 10 to 100, 
depending on the diversity of test organisms and the volume of available data. 
The more species or data there are, the lower the assessment factor is [20].

The Hazardous Concentration for 5 % of species (HC5) can also be used to 
derive PNEC. HC5 is the concentration at which 5 % of species in the SSD show 
an effect [10]. A statistical estimate of the SSD value of HC5 can be made from 
the results of a large number of ecotoxicological tests performed with a single 
substance using multiple trophic levels of test organisms (fish – invertebrates 
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Fig. 1. Groups of emerging contaminants detected in wastewater within JDS4

– algae). To determine PNEC, the HC5 value is then divided by an assessment 
factor of 1 to 5 [20]. However, in many cases, there may not be sufficiently large 
datasets available for determining the HC5 value using the SSD statistical pro-
cedure. In these cases, the NOEC value is used for PNEC derivation [20].

When using data on the effect of a substance from field studies or model 
tests, the  value of the  assessment factor is specific to the  particular study or 
experiment [20].

Since most emerging contaminants do not have a set maximum permitted 
concentration in the aquatic environment (environmental standard), the PNEC 
value is used in calculating the grey water footprint according to the Equation 1:

GWFi = = =
Li Ci×Q Ci

Cmax,i - Cnat,i PNECi-0 PNECi

(1)

where:	 GWFi	 is	 grey water footprint of substance i
	 Li		  amount of discharged substance i
	 Cmax,i		�  maximum permitted concentration 

of substance i in the aquatic environment 
(environmental standard)

	 Cnat,i		�  natural concentration of substance i in 
the aquatic environment; for anthropogenic sub-
stances = 0

	 Ci	 	 concentration of substance i in wastewater
	 Q		�  flow rate of discharged wastewater; considering 

the study’s objective, Q = 1 was assumed
	 PNECi	 	� concentration of substance i, below which 

no adverse effect of exposure in the ecosystem 
is measured

A  total of 419 CECs found in wastewater during JDS4 were included in 
the analysis. Of these, 311 CECs were detected in treated wastewater discharged 
from WWTPs, and 306 CECs were detected in wastewater entering WWTPs. Only 
198 substances were found both in the influents and effluents to/from WWTPs. 
The largest proportion of detected CECs were pharmaceuticals. With a total of 
165 substances, they represent 39.4 % of all detected CECs in wastewater (Fig. 1).

In the next step, values of the grey water footprint (GWF) of a unit volume 
were determined according to Equation 1, for the  minimum and maximum 



40

VTEI/2024/1
N

am
e

C
at

he
go

ry

C
on

ce
nt

ra
ti

on
 in

 
ef

fl
ue

nt
 [n

g/
L]

C
on

ce
nt

ra
ti

on
 in

 
in

fl
ue

nt
 [n

g/
L]

Im
po

rt
an

t 
in

P
N

EC
 [n

g/
L]

G
W

F 
in

 e
ffl

ue
nt

 
[L

/
L]

G
W

F 
in

 in
fl

ue
nt

 
[L

/
L]

m
in

m
ax

m
in

m
ax

effl
ue

nt

in
flu

en
t

m
in

m
ax

m
in

m
ax

17beta-Estradiol Pharmaceuticals 2.02 4.04 0.00 0.00 Yes 4.00E-04 5.04 10.09 N/A N/A

4-tert-Octylphenol 
(4-t-OP)

Industrial 
chemicals

41.00 236.00 74.00 284.00 Yes 1.00E-01 0.41 2.36 0.74 2.84

Amoxicillin Antibiotics 89.93 272.97 22.00 163.00 Yes 7.80E-02 1.15 3.50 0.28 2.09

Azithromycin Antibiotics 4.85 202.33 1.10 24.00 Yes 1.90E-02 0.26 10.65 0.06 1.26

Candesartan Pharmaceuticals 7.40 44.00 15.00 24.00 Yes Yes 3.10E-03 2.39 14.19 4.84 7.74

Carbamazepine Pharmaceuticals 28.00 343.00 21.00 181.00 Yes 5.00E-02 0.56 6.86 0.42 3.62

Carbamazepine-10,11-
dihydro-10,11 dihyd-
roxy

Pharmaceuticals 1,041.96 5,726.77 270.00 4,950.00 Yes 3.65E+00 0.29 1.57 0.07 1.36

Celecoxib Pharmaceuticals 188.00 188.00 19.00 19.00 Yes 9.00E-02 2.09 2.09 0.21 0.21

Ciprofloxacin Antibiotics 28.96 617.27 0.00 0.00 Yes 8.90E-02 0.33 6.94 N/A N/A

Cloxacillin Antibiotics 16.00 154.00 91.00 2,025.00 Yes Yes 4.50E-02 0.36 3.42 2.02 45.00

Diazinon
Agricultural 
chemicals

1.69 304.86 4.54 4.54 Yes 1.00E-02 0.17 30.49 0.45 0.45

Diclofenac Pharmaceuticals 280.00 1,312.00 330.00 1,320.00 Yes Yes 5.00E-02 5.60 26.24 6.60 26.40

Dicloxacillin Antibiotics 5.30 12.00 3.80 12.00 Yes 5.10E-03 1.04 2.35 0.75 2.35

Dodecyl-
benzenesulfonate

Industrial 
chemicals

5.67 110.44 90.80 1,325.27 Yes 1.20E-01 0.05 0.92 0.76 11.04

Fendiline Pharmaceuticals 171.00 171.00 0.00 0.00 Yes 2.40E-02 7.13 7.13 N/A N/A

Fipronil
Agricultural 
chemicals

1.62 59.70 7.70 30.00 Yes Yes 7.70E-04 2.10 77.53 10.00 38.96

Fipronil-sulfide
Agricultural 
chemicals

90.60 90.60 58.00 58.00 Yes Yes 1.20E-02 7.55 7.55 4.83 4.83

Galaxolidone Pharmaceuticals 859.00 9,884.00 20.00 2,947.00 Yes Yes 1.00E-01 8.59 98.84 0.20 29.47

Imidacloprid
Agricultural 
chemicals

21.65 327.67 15.00 34.00 Yes Yes 8.30E-03 2.61 39.48 1.81 4.10

Lorazepam
Antipsychotic 
drugs

209.00 209.00 236.00 236.00 Yes 9.60E-02 2.18 2.18 2.46 2.46

Metazachlor
Agricultural 
chemicals

13.57 962.50 0.00 0.00 Yes 2.00E-02 0.68 48.13 N/A N/A

Methoprene
Agricultural 
chemicals

1.00 5.50 0.00 0.00 Yes 1.40E-03 0.71 3.93 N/A N/A

N-Methyldodecylamine
Industrial 
chemicals

0.00 0.00 40.00 763.00 Yes 1.04E-01 N/A N/A 0.38 7.34

Orlistat (Na) Pharmaceuticals 0.00 0.00 16.00 35.00 Yes 8.00E-03 N/A N/A 2.00 4.38

Tab. 2. Risk CECs detected in wastewater during JDS4
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measured concentrations of each CEC at the  inflow and outflow to/from 
WWTPs. Substances were designated as risky if their maximum GWF value was 
higher than 0.1 % of the maximum GWF value of the substance with the highest 
value (at WWTP inflow or outflow). The value of 0.1 % was chosen with regard 
to very high GWF values of the substance with the highest value at the inflow 
or outflow to/from WWTP (see Results) – which statistically represent an outlier 
value. Another reason that led to the choice of such a wide range is uncertain-
ties associated with PNEC determination (see Discussion) when the assessment 
factor for different CECs ranges from 1 to 1,000.

RESULTS

Based on the procedure described in the Data and Methods section, 33 CECs 
were selected (Tab. 2). In total: 6 substances from the  Antibiotics group; 
1  substance from the  Antipsychotics group; 11 substances from the  Other 
Pharmaceuticals group; 9 substances from the  Agricultural chemicals group; 
and 6 substances from the Industrial chemicals group.

Out of the  33 detected CECs, three substances (Rifaximin, 
N-Methyldodecylamine, and Orlistat (Na)) were not detected in the  WWTPs 
effluents. And conversely, ten substances (17beta-Estradiol, Ciprofloxacin, 
Fendiline, Metazachlor, Methoprene, Phosphate-2-Ethylhexyl diphenyl (EHDP), 
Phosphate-Tris(2-ethylhexyl) (TEHP), pp-DDD, pp-DDE, Trenbolone) were not 
detected in the WWTPs influents. The criterion of the maximum GWF of a sub-
stance being higher than 0.1 % of the maximum GWF of the  substance with 

the highest GWF value is met by 13 substances in WWTPs influents (Fig. 2) and 
by 29 substances in WWTPs effluents (Fig. 3).

The highest GWF, in both influent and effluent to/from WWTPs, was for 
Telmisartan (used for treating high blood pressure). The  GWF of Telmisartan 
in the influent of WWTPs is more than 80 times higher than the second-high-
est GWF caused by the  antibiotic Cloxacillin. In the  case of WWTP effluents, 
the GWF of Telmisartan is more than 15 times higher than the second-highest 
GWF caused by Galaxolidone (a metabolite of the synthetic musk Galaxolide), 
whose maximum measured concentration in discharged wastewater was 
the  highest among all monitored substances, almost 12 times higher than 
of Telmisartan. Within the JDS4, Galaxolidone was detected in all studied envi-
ronmental matrices (WWTP influents and effluents, river water, groundwater, 
and biota) which confirms its high mobility and potentially high ecological risk.
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PFOS
Industrial 
chemicals

3.50 27.00 27.00 27.00 Yes Yes 6.50E-04 5.38 41.54 41.54 41.54

Phosphate-2-Ethylhexyl 
diphenyl (EHDP)

Industrial 
chemicals

9.50 129.59 0.00 0.00 Yes 1.80E-02 0.53 7.20 N/A N/A

Phosphate-Tris(2-
ethylhexyl) (TEHP)

Industrial 
chemicals

1.57 142.72 0.00 0.00 Yes 3.90E-02 0.04 3.66 N/A N/A

pp-DDD
Agricultural 
chemicals

0.29 0.97 0.00 0.00 Yes 5.00E-04 0.58 1.95 N/A N/A

pp-DDE
Agricultural 
chemicals

0.26 1.26 0.00 0.00 Yes 4.00E-04 0.65 3.16 N/A N/A

Rifaximin Antibiotics 0.00 0.00 25.00 95.00 Yes 2.50E-03 N/A N/A 10.00 38.00

Telmisartan Pharmaceuticals 11.00 844.00 7.10 2,021.00 Yes Yes 5.50E-04 20.00 1,534.55 12.91 3,674.55

Terbutryn
Agricultural 
chemicals

1.36 103.52 0.41 2.70 Yes 6.50E-02 0.02 1.59 0.01 0.04

Trenbolone Pharmaceuticals 3.10 5.70 0.00 0.00 Yes 1.30E-03 2.38 4.38 N/A N/A

In the columns of maximum concentrations and PNEC, the three highest values are marked in red.
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Fig. 2. Maximum and minimum GWF of risk substances at the WWTP inflows
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Fig. 3. Maximum and minimum GWF of risk substances at the WWTP outflows

DISCUSSION

Uncertainties associated with the use of PNEC

The use of PNEC values instead of maximum permitted concentrations (Cmax) in 
Equation 1 leads to some uncertainties in the results obtained. The first uncer-
tainty lies in the  representativeness of the  determination of PNEC values for 
individual substances. PNECs are based on toxicity and ecotoxicology tests 
that are performed on specific organism species and under certain condi-
tions. Ecotoxicological data used to determine PNEC can be acquired from var-
ious studies that differ in the methods and conditions used. These differences 
can lead to different PNEC values for the same substance. For example, in this 
study, the contaminant of most concern is Telmisartan. This is due to a com-
bination of high concentrations of this substance in wastewater and concur-
rently very low PNEC values (55  ng/L), which were adopted from the  source 
study [3]. However, in other studies, even lower PNEC values for Telmisartan can 
be found, e.g. 37 ng/L [25] or 26 ng/L [26]. In contrast, the continuously updated 
ecotoxicological database NORMAN [27] reports the last valid value of 49 µg/L 
(November 27, 2022), i.e. three orders of magnitude higher.

When determining PNEC, various factors must be taken into account, such 
as the concentration and exposure of the substance in the environment. These 
factors can be difficult to ascertain, potentially leading to uncertainties in PNEC 
values. PNECs are often determined using models. When using models for pre-
dicting the behavior of substances in the environment, uncertainties may arise 
as models may not accurately account for all factors affecting the  behavior 
of substances in a given environment. For emerging contaminants, sufficient 
toxicological data are not always available for a robust PNEC value determina-
tion. In such cases, it can be difficult to determine a safe level of exposure in 
the environment.

Another uncertainty lies in the unclear interaction between individual sub-
stances. PNEC values are determined for individual substances and do not pro-
vide information on how these substances may interact with other substances 
in the environment. In ecotoxicology, the interactions of CECs are addressed by 
the expression of mixture effects [28–30].

Comparison with other studies

The grey water footprint of pharmaceuticals and other CECs in wastewater has 
so far only been addressed by a  few studies [17–19]. However, the  aforemen-
tioned studies quantified the total GWF, while this study focuses on the GWF of 
a unit volume of wastewater discharged. A direct comparison of values is thus 
not possible. Nevertheless, it is possible to compare whether substances moni-
tored in previous studies are also significant CECs according to the results of this 
study. Martínez-Alcalá et al. [19] focused solely on the four most common phar-
maceuticals (Carbamazepine, Diclofenac, Ketoprofen, and Naproxen). Similar to 
our study, Martínez-Alcalá et al. [19] identified Carbamazepine and Diclofenac 
as more risky/dangerous/hazardous contaminants. In the  study by Wöhler et 
al. [17], the  highest GWF was caused by the  Ethinylestradiol hormone, which 
was not detected in wastewater during JDS4. The main reason for the highest 
GWF of Ethinylestradiol refers to its extremely low PNEC value (0.00001 µg/L), 
used in the  study by Wöhler et al. [17]. Oxazepam (anti-anxiety and depres-
sion medication) was identified as a substance with the second-highest GWF 
in the  Netherlands but was not considered as potentially risky in this study. 
The  reason is the  use of very different PNEC values; in our study, a  value of 
0.37 µg/L was used, while in the study by Wöhler et al. [17], a value of 0.0019 µg/L 
was used. In contrast, Diclofenac had the  second-highest GWF in Germany, 
which corresponds to the  findings in our study, which also ranks Diclofenac 
among risky substances in terms of grey water footprint.
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The GWF of a unit volume determined according to Equation 1 corresponds 
to the  Risk Quotient (RQ) defined as the  ratio between PEC and PNEC when 
applied to wastewater. Usually, RQ is applied to water bodies, such as rivers, 
lakes, and reservoirs. In some cases it has also been applied to wastewater, 
as in the  study by Chiffre et al. [31] where the  highest risk quotients refer to 
the antibiotics Sulfamethoxazole and Ofloxacin. Ofloxacin was not detected in 
wastewater at monitored WWTPs during JDS4. Sulfamethoxazole was found in 
wastewater during JDS4, but the GWF values (alias risk quotient) were very low, 
and therefore, it was not identified as potentially risky in this study. The differ-
ence between these two studies is due to the very different PNEC values for 
Sulfamethoxazole, which are 0.6 μg/L (this study) and 0.027 μg/L in the study 
by Chiffre et al. [31]. Similarly, large differences in PNEC values can be found for 
two other substances, Diclofenac and Ciprofloxacin, which were investigated in 
both compared studies. For the other monitored substances, these two stud-
ies do not overlap. This highlights the great importance of using the most reli-
able PNEC values based on the most recent findings, as scientific knowledge in 
the field of PNEC is currently rapidly evolving in relation to the attention paid 
by society to emerging contaminants.

Another study that dealt with the RQ of emerging contaminants in wastewa-
ter is a relatively recent Egyptian study [32]. In this work, Ampicillin, Diclofenac, 
and Sulfamethoxazole are identified as substances with the highest risk quo-
tient. All these substances were found in wastewater during JDS4, but only 
Diclofenac was considered as potentially risky. The  Egyptian study does not 
provide the  source of the  PNEC values used, but comparing the  amounts of 
particular substances in discharged wastewater, it is apparent that effluent con-
centrations were 1–3 orders of magnitude higher than the maximum concen-
trations detected in WWTP effluents within JDS4. This implies that the amounts 
of these emerging contaminants discharged via treated wastewater may 
depend on various factors. One factor is the technological equipment of waste-
water treatment plants and their ability to remove these substances. Other fac-
tors include climatic and operational conditions [33]. Another significant fac-
tor is the  presence of emerging contaminants in WWTPs influents, which is 
influenced by a character of a sewerage-drained area, population characteris-
tics, social and healthcare habits, etc. [34]. For example, CEC concentrations in 
untreated wastewater tend to be higher in the Asian region than in Europe or 
North America [35].

Screening vs. long-term data

Data obtained during JDS4 represent short-term wastewater monitoring. 
However, the variability of CECs in wastewater is subject to seasonal [36, 37] and 
daily dynamics. Daily dynamics can be suppressed by taking 24-hour compos-
ite samples. Seasonal dynamics cannot be captured by the screening measure-
ments within JDS4. A very interesting insight into the CEC seasonal dynamics in 
wastewater is provided by a recently published study of two WWTPs in Ireland 
[38], where most of the  monitored CECs showed high variability throughout 
the year. Given that the published data do not show a clear dependence on 
the season and often fluctuate randomly in individual measurements, it can be 
assumed that these data also reflect short-term variability caused by a range of 
other factors.

Grey water footprint of sludge management

In this study, we did not address the issue of CEC entry into the aquatic environ-
ment via sludge dewatering and land application, although it is one of the sig-
nificant sources [39–41]. Currently, there is no sufficient data to quantify CEC 
entry from sludge management into the aquatic environment.

CONCLUSION

This study focused on the significance of particular CECs detected in wastewa-
ter within the fourth Joint Danube Survey (JDS4). With regard to the objectives 
of the study – determining the significance of individual substances – the grey 
water footprint of a  unit volume of wastewater was determined (i.e.  not 
the total grey water footprint). Telmisartan, used to treat high blood pressure, 
has been tagged as the most problematic substance; this is mainly due to rela-
tively high concentrations detected in wastewater and the very low PNEC value. 
Comparing the  results of this study with other studies highlights the  main 
issues that such studies currently have to face. The first issue is the selection 
of PNEC values. For particular CECs, very different PNEC values can be found in 
the literature, which can differ by several orders of magnitude. The second issue 
is the selectivity of most studies, which usually include only a selection of a few 
CECs. From this point of view, JDS4 provided a unique dataset, even though it 
only covered 11 selected WWTPs in the Danube river basin. However, the avail-
able data did not allow an assessment of absolute significance, for which it is 
necessary to know the total amount of particular CECs in the wastewater mon-
itored, not just the maximum and minimum concentrations.

Literature
[1] RATHI, B. S., KUMAR, P. S., SHOW, P.-L. A Review on Effective Removal of Emerging Contaminants 
from Aquatic Systems: Current Trends and Scope for Further Research. Journal of Hazardous Materials 
[on-line]. 2021, 409, 124413. ISSN 0304-3894. Available from: doi: 10.1016/j.jhazmat.2020.124413

[2] NĚMEJCOVÁ, D., HUDCOVÁ, H., BEDĚRKOVÁ, I. Společný průzkum Dunaje 4 – největší mezinárodní 
říční expedice roku 2019 se blíží. Vodohospodářské technicko-ekonomické informace [on-line]. 
2019, 61(2), pp. 50–51. ISSN 0322–8916, 1805-6555. Available from: https://www.vtei.cz/2019/04/
spolecny-pruzkum-dunaje-4-nejvetsi-mezinarodni-ricni-expedice-roku-2019-se-blizi/

[3] NG, K., ALYGIZAKIS, N., NIKA, M.-C., GALANI, A., OSWALD, P., OSWALDOVA, M., ČIRKA, Ľ., KUNKEL, U., 
MACHERIUS, A., SENGL, M., MARIANI, G., TAVAZZI, S., SKEJO, H., GAWLIK, B. M., THOMAIDIS, N. S., 
SLOBODNIK, J. Wide-Scope Target Screening Characterization of Legacy and Emerging Contaminants 
in the Danube River Basin by Liquid and Gas Chromatography Coupled with High-Resolution Mass 
Spectrometry [on-line]. Water Research. 2023, 230, 119539. ISSN 0043-1354. Available from: doi: 10.1016/j.
watres.2022.119539

[4] HOEKSTRA, A.Y., CHAPAGAIN, A. K., ALDAYA, M. M., MEKONNEN, M. M. The Water Footprint Assessment 
Manual: Setting the Global Standard. London; Washington, DC: Earthscan, 2011. ISBN 978-1-84971-279-8.

[5] HOEKSTRA, A.Y., HUNG, P. Q. Virtual Water Trade  – A  Quantification of Virtual Water Flows between 
Nations in Relation to International Crop Trade. 12. Delft, The Netherlands: UNESCO-IHE Institute for Water 
Education, 2002. Value of Water Research Report Series. Available from: https://waterfootprint.org/ 
media/downloads/Report11_1.pdf

[6] ANSORGE, L., STEJSKALOVÁ, L. Citation Accuracy: A  Case Study on Definition of the 
Grey Water Footprint  [on-line]. Publications. 2023, 11(1), p. 8. ISSN 2304-6775. Available from: 
doi: 10.3390/publications11010008

[7] ENE, S.-A., TEODOSIU, C. Grey Water Footprint Assessment of the Wastewater Treatment Plants 
in the Prut-Bârlad Catchment. Buletinul Institutului Politehnic din Iaşi. Chimie şi inginerie chimică. 2011, LVII 
(LXI)(2), pp. 127–143. ISSN 0254-7104.

[8] GÓMEZ-LLANOS, E., DURÁN-BARROSO, P., MATÍAS-SÁNCHEZ, A. Management Effectiveness 
Assessment in Wastewater Treatment Plants through a  New Water Footprint Indicator  [on-line]. 
Journal of Cleaner Production. 2018, 198, pp. 463–471. ISSN 0959-6526. Available from: doi: 10.1016/ 
j.jclepro.2018. 07. 062

[9] GU, Y., DONG, Y., WANG, H., KELLER, A., XU, J., CHIRAMBA, T., LI, F. Quantification of the Water, Energy 
and Carbon Footprints of Wastewater Treatment Plants in China Considering a Water–Energy Nexus 
Perspective  [on-line]. Ecological Indicators. 2016, 60, pp. 402–409. ISSN 1470-160X. Available from: 
doi: 10.1016/j.ecolind.2015. 07. 012

[10] ANSORGE, L., STEJSKALOVÁ, L., DLABAL, J., ČEJKA, E. Wpływ oczyszczalni ścieków na redukcję 
zanieczyszczeń odprowadzanych w czeskiej części dorzecza Odry  [on-line]. Scientific Review 
Engineering and Environmental Sciences. 2020, 29(2), pp. 123–135. ISSN 1732-9353. Available from: 
doi: 10.22630/PNIKS.2020. 29. 2.11

[11] STEJSKALOVÁ, L., ANSORGE, L., KUČERA, J., ČEJKA, E. Role of Wastewater Treatment Plants in 
Pollution Reduction: Evaluated by Grey Water Footprint Indicator [on-line]. Scientific Review Engineering 
and Environmental Studies. 2022, 31(1), pp. 26–36. ISSN 2543-7496. Available from: doi: 10.22630/srees.2313

[12] GÓMEZ-LLANOS, E., MATÍAS-SÁNCHEZ, A., DURÁN-BARROSO, P. Wastewater Treatment Plant 
Assessment by Quantifying the Carbon and Water Footprint  [on-line]. Water. 2020, 12(11), 3204. 
ISSN 2073-4441. Available from: doi: 10.3390/w12113204



44

VTEI/2024/1

[13] YAN, F., KANG, Q., WANG, S., WU, S., QIAN, B. Improved Grey Water Footprint Model of Noncarcinogenic 
Heavy Metals in Mine Wastewater  [on-line]. Journal of Cleaner Production. 2021, 284, 125340. 
ISSN 0959-6526. Available from: doi: 10.1016/j.jclepro.2020.125340

[14] SARAIVA, A., RODRIGUES, G., MAMEDE, H., SILVESTRE, J., DIAS, I., FELICIANO, M., OLIVEIRA E SILVA, P., 
OLIVEIRA, M. The Impact of the Winery’s  Wastewater Treatment System on the Winery Water 
Footprint [on-line]. Water Science and Technology. 2019, 80(10), pp. 1 823–1 831. ISSN 0273-1223. Available 
from: doi: 10.2166/wst.2019.432

[15] JOHNSON, M. B., MEHRVAR, M. An Assessment of the Grey Water Footprint of Winery Wastewater 
in the Niagara Region of Ontario, Canada [on-line]. Journal of Cleaner Production. 2019, 214, pp. 623–632. 
ISSN 0959-6526. Available from: doi: 10.1016/j.jclepro.2018. 12. 311

[16] HUANG, Y., ZHOU, B., HAN, R., LU, X., LI, S., LI, N. China’s Industrial Gray Water Footprint Assessment 
and Implications for Investment in Industrial Wastewater Treatment  [on-line]. Environmental 
Science and Pollution Research. 2020, 27(7), pp. 7 188–7 198. ISSN 1614-7499. Available from: doi: 10.1007/
s11356-019-07405-y

[17] WÖHLER, L., NIEBAUM, G., KROL, M., HOEKSTRA, A. Y. The Grey Water Footprint of Human 
and Veterinary Pharmaceuticals  [on-line]. Water Research X. 2020, 7, 100044. ISSN 2589-9147. Available 
from: doi: 10.1016/j.wroa.2020.100044

[18] WÖHLER, L., BROUWER, P., AUGUSTIJN, D. C. M., HOEKSTRA, A. Y., HOGEBOOM, R. J., IRVINE, B., 
LÄMMCHEN, V., NIEBAUM, G., KROL, M. S. An Integrated Modelling Approach to Derive the Grey Water 
Footprint of Veterinary Antibiotics [on-line]. Environmental Pollution. 2021, 288, 117746.  ISSN 0269-7491. 
Available from: doi: 10.1016/j.envpol.2021.117746

[19] MARTÍNEZ-ALCALÁ, I., PELLICER-MARTÍNEZ, F., FERNÁNDEZ-LÓPEZ, C. Pharmaceutical Grey 
Water Footprint: Accounting, Influence of Wastewater Treatment Plants and Implications of 
the Reuse [on-line]. Water Research. 2018, 135, pp. 278–287. ISSN 0043-1354. Available from: doi: 10.1016/j.
watres.2018. 02. 033

[20] ECB. Technical Guidance Document on Risk Assessment  – Part II [on-line]. B. m.: European 
Commission  – Joint Research Centre Institute for Health and Consumer Protection European 
Chemicals Bureau (ECB), 2003. Available from: https://echa.europa.eu/documents/10162/987906/
tgdpart2_2ed_en.pdf/

[21] LEI, B. L., HUANG, S. B., JIN, X. W., WANG, Z. Deriving the Aquatic Predicted No-Effect 
Concentrations (PNECs) of Three Chlorophenols for the Taihu Lake, China. Journal of Environmental 
Science and Health, Part A  [on-line]. 2010, 45(14), pp. 1 823–1 831. ISSN 1093-4529. Available from: doi: 
10.1080/10934529.2010.520495

[22] BELDEN, J. Chapter 28 – Introduction to Ecotoxicology. In: POPE, C. N., LIU, J. (eds.). An Introduction 
to Interdisciplinary Toxicology [on-line]. B. m.: Academic Press, 2020, pp. 381–393. ISBN 978-0-12-813602-7. 
Available from: doi: 10.1016/B978-0-12-813602-7.00028-4

[23] FOX, D. R., VAN DAM, R. A., FISHER, R., BATLEY, G. E., TILLMANNS, A. R., THORLEY, J., SCHWARZ, C. J., 
SPRY, D. J., MCTAVISH, K. Recent Developments in Species Sensitivity Distribution Modeling. 
Environmental Toxicology and Chemistry  [on-line]. 2021, 40(2), pp. 293–308. ISSN 1552-8618. Available 
from: doi: 10.1002/etc.4925

[24] JIN, X., ZHA, J., XU, Y., GIESY, J. P., RICHARDSON, K. L., WANG, Z. Derivation of Predicted 
No Effect Concentrations (PNEC) for 2,4,6-trichlorophenol Based on Chinese Resident 
Species  [on-line]. Chemosphere. 2012, 86(1), pp. 17–23. ISSN 0045-6535. Available from: doi: 10.1016/j.
chemosphere.2011. 08. 040

[25] FIGUIÈRE, R., WAARA, S., AHRENS, L., GOLOVKO, O. Risk-Based Screening for Prioritisation of Organic 
Micropollutants in Swedish Freshwater  [on-line]. Journal of Hazardous Materials. 2022, 429, 128302. 
ISSN 03043894. Available from: doi: 10.1016/j.jhazmat.2022.128302

[26] ZHOU, S., DI PAOLO, C., WU, X., SHAO, Y., SEILER, T.-B., HOLLERT, H. Optimization of Screening-
Level Risk Assessment and Priority Selection of Emerging Pollutants – The Case of Pharmaceuticals 
in European Surface Waters  [on-line]. Environment International. 2019, 128, pp. 1–10. ISSN 0160-4120. 
Available from: doi: 10.1016/j.envint.2019. 04. 034

[27] DULIO, V., KOSCHORRECK, J., VAN BAVEL, B.,  VAN DEN BRINK, P., HOLLENDER, J., MUNTHE, J., 
SCHLABACH, M., AALIZADEH, R., AGERSTRAND, M., AHRENS, L., ALLAN, I., ALYGIZAKIS, N., BARCELO’, D., 
BOHLIN-NIZZETTO, P., BOUTROUP, S., BRACK, W., BRESSY, A., CHRISTENSEN, J. H., CIRKA, L., COVACI, A., 
DERKSEN, A., DEVILLER, G., DINGEMANS, M. M. L., ENGWALL, M., FATTA-KASSINOS, D., GAGO-FERRERO, P., 
HERNÁNDEZ, F., HERZKE, D., HILSCHEROVÁ, K., HOLLERT, H., JUNGHANS, M., KASPRZYK-HORDERN, B., 
KEITER, S., KOOLS, S. A. E., KRUVE, A., LAMBROPOULOU, D., LAMOREE, M., LEONARDS, P., LOPEZ, B., 
LÓPEZ DE ALDA, M., LUNDY, L., MAKOVINSKÁ, J., MARIGÓMEZ, I., MARTIN, J. W., MCHUGH, B., MIÈGE, C., 
O’TOOLE, S., PERKOLA, N., POLESELLO, S., POSTHUMA, L., RODRIGUEZ-MOZAZ, S., ROESSINK, I., 
ROSTKOWSKI, P., RUEDEL, H., SAMANIPOUR, S., SCHULZE, T., SCHYMANSKI, E. L., SENGL, M., TARÁBEK, P., 
TEN HULSCHER, D., THOMAIDIS, N., TOGOLA, A., VALSECCHI, S., VAN LEEUWEN, S., VON DER OHE, P., 
VORKAMP, K., VRANA, B., SLOBODNIK, J. The NORMAN Association and the European Partnership for 
Chemicals Risk Assessment (PARC): Let’s Cooperate [on-line]! Environmental Sciences Europe. 2020, 32(1), 
100. ISSN 2190-4715. Available from: doi: 10.1186/s12302-020-00375-w

[28] BARATA, C., BAIRD, D. J., NOGUEIRA, A. J. A., SOARES, A. M. V. M., RIVA, M. C. Toxicity of Binary Mixtures 
of Metals and Pyrethroid Insecticides to Daphnia Magna Straus. Implications for Multi-Substance 
Risks Assessment  [on-line]. Aquatic Toxicology. 2006, 78(1), pp. 1–14. ISSN 0166-445X. Available from: 
doi: 10.1016/j.aquatox.2006. 01. 013

[29] GINEBREDA, A., KUZMANOVIC, M., GUASCH, H.,  DE ALDA, M. L., LÓPEZ-DOVAL, J. C., MUÑOZ, I., 
RICART, M., ROMANÍ, A. M., SABATER, S., BARCELÓ, D. Assessment of Multi-Chemical Pollution in Aquatic 
Ecosystems Using Toxic Units: Compound Prioritization, Mixture Characterization and  Relationships 
with Biological Descriptors  [on-line]. Science of the Total Environment. 2014, 468–469, pp. 715–723. 
ISSN 0048-9697. Available from: doi: 10.1016/j.scitotenv.2013. 08. 086

[30] BACKHAUS, T., FAUST, M. Predictive Environmental Risk Assessment of Chemical Mixtures: 
A  Conceptual Framework  [on-line]. Environmental Science & Technology. 2012, 46(5), pp. 2 564–2 573. 
ISSN 0013-936X. Available from: doi: 10.1021/es2034125

[31] CHIFFRE, A., DEGIORGI, F., BULETÉ, A., SPINNER, L., BADOT, P.-M. Occurrence of Pharmaceuticals 
in WWTP Effluents and their Impact in a  Karstic Rural Catchment of Eastern France  [on-line]. 
Environmental Science and Pollution Research. 2016, 23(24), pp. 25 427–25 441. ISSN 1614-7499. Available 
from: doi: 10.1007/s11356-016-7751-5

[32] BADAWY, M. I., EL-GOHARY, F. A., ABDEL-WAHED, M. S., GAD-ALLAH, T. A., ALI, M. E. M. Mass Flow and 
Consumption Calculations of Pharmaceuticals in Sewage Treatment Plant with Emphasis on the Fate 
and Risk Quotient Assessment  [on-line]. Scientific Reports. 2023, 13(1), 3500. ISSN 2045-2322. Available 
from: doi: 10.1038/s41598-023-30477-3

[33] RODRIGUEZ-NARVAEZ, O. M., PERALTA-HERNANDEZ, J. M., GOONETILLEKE, A., BANDALA, E. R. 
Treatment Technologies for Emerging Contaminants in Water: A Review [on-line]. Chemical Engineering 
Journal. 2017, 323, pp. 361–380. ISSN 1385-8947. Available from: doi: 10.1016/j.cej.2017. 04. 106

[34] HAWASH, H. B., MONEER, A. A., GALHOUM, A. A., ELGARAHY, A. M., MOHAMED, W. A. A., SAMY, M., 
EL-SEEDI, H. R., GABALLAH, M. S., MUBARAK, M. F., ATTIA, N. F. Occurrence and Spatial Distribution of 
Pharmaceuticals and Personal Care Products (PPCPs) in the Aquatic Environment, their Characteristics, 
and Adopted Legislations [on-line]. Journal of Water Process Engineering. 2023, 52, 103490. ISSN 2214-7144. 
Available from: doi: 10.1016/j.jwpe.2023.103490

[35] TRAN, N. H., REINHARD, M., GIN, K.Y.-H. Occurrence and Fate of Emerging Contaminants in Municipal 
Wastewater Treatment Plants from Different Geographical Regions. A Review [on-line]. Water Research. 
2018, 133, pp. 182–207. ISSN 0043-1354. Available from: doi: 10.1016/j.watres.2017. 12. 029

[36] CASTIGLIONI, S., BAGNATI, R., FANELLI, R., POMATI, F., CALAMARI, D., ZUCCATO, E. Removal of 
Pharmaceuticals in Sewage Treatment Plants in Italy  [on-line]. Environmental Science & Technology. 
2006, 40(1), pp. 357–363. ISSN 0013-936X. Available from: doi: 10.1021/es050991m

[37] ČESEN, M., HEATH, D., KRIVEC, M., KOŠMRLJ, J., KOSJEK, T., HEATH, E. Seasonal and Spatial Variations 
in the Occurrence, Mass Loadings and Removal of Compounds of Emerging Concern in the Slovene 
Aqueous Environment and Environmental Risk Assessment [on-line]. Environmental Pollution. 2018, 242, 
pp. 143–154. ISSN 0269-7491. Available from: doi: 10.1016/j.envpol.2018. 06. 052

[38] RAPP-WRIGHT, H., REGAN, F., WHITE, B., BARRON, L. P. A Year-Long Study of the Occurrence and Risk 
of over 140 Contaminants of Emerging Concern in Wastewater Influent, Effluent and Receiving Waters 
in the Republic of Ireland. Science of the Total Environment [on-line]. 2023, 860, 160379. ISSN 0048-9697. 
Available from: doi: 10.1016/j.scitotenv.2022.160379

[39] SAIDULU, D., GUPTA, B., GUPTA, A. K., GHOSAL, P. S. A Review on Occurrences, Eco-Toxic Effects, and 
Remediation of Emerging Contaminants from Wastewater: Special Emphasis on Biological Treatment 
Based Hybrid Systems  [on-line]. Journal of Environmental Chemical Engineering. 2021, 9(4), 105282. 
ISSN 2213-3437. Available from: doi: 10.1016/j.jece.2021.105282

[40] ASTUTI, M. P., NOTODARMOJO, S., PRIADI, C. R., PADHYE, L. P. Contaminants of Emerging Concerns 
(CECs) in a  Municipal Wastewater Treatment Plant in Indonesia  [on-line]. Environmental Science 
and Pollution Research. 2023, 30(8), pp. 21 512–21 532. ISSN 1614-7499. Available from: doi: 10.1007/
s11356-022-23567-8

[41] LAPWORTH, D. J., BARAN, N., STUART, M. E., WARD, R. S. Emerging Organic Contaminants in 
Groundwater: A Review of Sources, Fate and Occurrence. Environmental Pollution  [on-line]. 2012, 163, 
pp. 287–303. ISSN 0269-7491. Available from: doi: 10.1016/j.envpol.2011. 12. 034



45

VTEI/2024/1

Authors

Ing. Libor Ansorge, Ph.D.1

 libor.ansorge@vuv.cz 
ORCID: 0000-0003-3963-8290

Mgr. Lada Stejskalová1

 lada.stejskalova@vuv.cz 
ORCID: 0000-0003-2271-7574

RNDr. Přemysl Soldán, Ph.D.2

 premysl.soldan@vuv.cz 
ORCID: 0000-0002-8892-5117

1T. G. Masaryk Water Research Institute, Prague 
2T. G. Masaryk Water Research Institute, Ostrava

This article was translated on  basis of  Czech peer-reviewed original by 
Environmental Translation Ltd.

DOI: 10.46555/VTEI.2023.11.002


