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EXECUTIVE SUMMARY 
The present Deliverable evaluates the applicability of iMERMAID’s real-time in situ sensors within the 
regulatory frameworks of the WFD, MSFD, and UWWTD.  

The sensors developed under the iMERMAID project, represent a major shift from traditional site-specific 
sampling, allowing for the detection of sporadic pollution peaks and providing the high-frequency data 
necessary to power Digital Twins for proactive environmental management. While the sensors target a 
broad range of contaminants, including heavy metals, organic micropollutants, and oil compounds (BTEX), 
their effectiveness for compliance monitoring varies. The Deliverable examines and compares sensors’ 
sensitivity against regulatory limits and established Environmental Quality Standards (QQS) as well as 
against respective data from conventional monitoring studies in three types of water bodies 
(coastal/marine, freshwater/transitional, ground waters) in Europe with particular focus in the  
Mediterranean basin. The analysis showed that currently, iMERMAID sensors are most suitable for 
monitoring groundwaters and heavily contaminated "hot-spots" where pollutant concentrations align 
more closely with the sensors' limits of detection. Because the sensors were developed and tested for 
wastewater applications, effluents are not addressed in this Deliverable, as they are already suitable for 
that purpose.  
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ACRONYMS 
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1.0 Introduction/Scope of the Deliverable 
 

iMERMAID’ project primary goal is to safeguard the Mediterranean Sea basin, an area highly vulnerable to 
chemical build-up due to intense anthropogenic activities, from Contaminants for Emerging Concern 
(CoEC). It aims to achieve this by integrating innovative preventive, monitoring, and remediation solutions 
into a multidimensional framework that supports the EU's Zero Pollution goals. 

The scope of this Deliverable is to evaluate how iMERMAID’s specialized monitoring sensors can be utilized 
within the existing regulatory frameworks of several European Union Directives, specifically: The Water 
Framework Directive (WFD): Focusing on protecting inland, transitional, coastal, and groundwaters; the 
Marine Strategy Framework Directive (MSFD): Aiming at achieving Good Environmental Status (GES) in 
marine waters through eleven qualitative descriptors; the Urban Waste Water Treatment Directive 
(UWWTD), which mandates standards for the collection and treatment of urban and industrial wastewater. 

A central theme of the document is the transition from traditional site-specific sampling to the use of real-
time in situ sensors. These sensors provide high-frequency data (e.g., measurements every 10 minutes), 
which is essential for capturing sporadic pollution peaks and informing Digital Twins—virtual models of 
ecosystems that allow for proactive environmental management and "what if" scenario testing. 

Finally, the Deliverable provides a detailed technical assessment of the iMERMAID sensor boxes, which 
target heavy metals, organic micropollutants (such as pharmaceuticals, industrial chemicals and 
pesticides), and oil compounds. It compares the Limits of Detection (LOD) of these sensors against 
Environmental Quality Standards (EQS) to determine their practical applicability in monitoring coastal 
waters, freshwaters, and groundwaters. Because the sensors were developed and tested for wastewater 
applications, effluents are not addressed in this discussion, as they are already suitable for that purpose. 
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2.0 Monitoring Requirements of the EU Directives 
 

This section provides an overview of the monitoring requirements arising from key European Union (EU) 
water-related environmental Directives. These Directives establish harmonized frameworks for the 
systematic observation, assessment and reporting of water quality and pressures, with the overarching 
objective of protecting human health and the aquatic environment. The focus is on the Water Framework 
Directive (WFD) and the monitoring of Priority Substances in relation to Environmental Quality Standards 
(EQS), the Marine Strategy Framework Directive (MSFD) and the Urban Waste Water Treatment Directive 
(UWWTD). 
 

2.1 The Water Framework Directive (WFD) 

 

The Water Framework Directive (Directive 2000/60/EC) establishes a comprehensive framework for the 
protection of inland surface waters, transitional waters, coastal waters and groundwater. The Directive 
refers to water bodies within River Basins for which specific management plans are required by each of 
the Member States, in order to achieve and maintain the ‘Good ecological status’. A central pillar of the 
WFD is the establishment of monitoring programmes that enable the assessment of the ecological and 
chemical water status in all the European aquatic ecosystems and the effectiveness of the management 
plans implemented to achieve the Directive’s objectives. 

Under Article 8 of the WFD, Member States are required to implement coordinated monitoring 
programmes for surface waters and groundwater within each river basin. For surface waters, monitoring 
must cover three main components: ecological status (or ecological potential for heavily modified and 
artificial water bodies) chemical status, and hydromorphological supporting elements. Ecological 
monitoring includes biological quality elements, supported by physico-chemical parameters and 
hydromorphological characteristics. 

Chemical status monitoring focuses on substances listed as Priority Substances under EU legislation, 
defined by the Directive 2008/105/EC and its revision 2013/39/EU, ensuring compliance with 
Environmental Quality Standards (EQS). Good chemical status is considered when the levels of priority 
substances are found below the EQS and is expressed with two quality classes ‘Good’ / ‘not Good’. 
Groundwater monitoring includes both quantitative status (water levels and removal/pumping pressures) 
and chemical status, with particular attention to pollutants and trends in concentration increases. 

The WFD distinguishes between surveillance monitoring and operational monitoring. The surveillance 
monitoring provides an overall assessment of water status and long-term trends and results are provided 
once every six years. The operational monitoring targets water bodies at risk of failing environmental 
objectives and provides continuous data to assess the impact of pressures. Both networks are crucial for 
the WFD, ensuring a coherent overview of the ecological and chemical status of water bodies and 
informing management decisions. In addition, investigative monitoring is carried out where the causes of 
pollution or deterioration are unknown. Monitoring results are reviewed and updated on a six-year cycle. 

Alongside the Water Framework Directive the Groundwater Directive 2006/118/EC refers specifically to 
quality status of groundwaters. It provides a structured approach for maintaining and improving 
groundwater chemical quality across the European Union, integrating assessment, monitoring, and 
management measures to prevent pollution and reverse deteriorating trends. The two Directives, WFD 
and GFD are closely aligned with coupled monitoring programmes and assessments. 
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2.2 The Marine Strategy Framework Directive (MSFD) 

 

The Marine Strategy Framework Directive (Directive 2008/56/EC) is a comprehensive and integrated 
approach to the protection of all European coastal and open marine waters. The Directive aims to achieve 
or maintain Good Environmental Status (GES) of the EU’s marine waters in relation to eleven (11) 
qualitative Descriptors which include biodiversity (D1), non-indigenous species (D2), commercially 
exploited fish and shellfish (D3), food webs (D4), eutrophication (D5), sea-floor integrity (D6), 
hydrographical conditions (D7), contaminants (D8), contaminants in seafood (D9), marine litter (D10) and 
underwater noise (D11). Achieving GES means that the exploitation of the marine resources is conducted 
at a sustainable level, ensuring their continuity for future generations. Two pillars of the MSFD are the 
monitoring programmes, described under Article 11 and the Programmes of Measures under Article 13. 
Monitoring under the MSFD is designed to support an ecosystem-based approach to the management of 
human activities affecting the marine environment and to understand the effectiveness of measures taken.  

Article 11 of the MSFD requires Member States to establish and implement coordinated monitoring 
programmes for the ongoing assessment of environmental status in their marine waters. These 
programmes must be compatible and coherent within marine regions and sub-regions and aligned, where 
relevant, with monitoring activities under other EU legislation, including the WFD. 

Monitoring is structured around the 11 Descriptors and in relation to a number of criteria and 
methodological standards. For each descriptor, specific criteria and elements guide the selection of 
parameters, matrices, and monitoring frequencies. Two of the descriptors refer to contaminants. 
Descriptor 8 focuses on ensuring that contaminant levels in the marine environment remain low enough 
to prevent pollution-related effects on ecosystems. Descriptor 9 specifically addresses contaminants in fish 
and seafood intended for human consumption, with the specific scope of safeguarding the marine 
environment as a source of human food supply. 

MSFD monitoring programmes must assess both the state of the marine environment and the pressures 
and impacts arising from human activities. The results are used to evaluate progress towards GES, to 
inform the establishment and revision of environmental targets and to assess the effectiveness of 
measures. Reporting is carried out on a six-year cycle, aligned with the adaptive management approach of 
the directive. 

Considering the announcement of the revision of the directive by the European Commission in 2025 and 
also the public consultation launched in December 2025, the document will pay particular attention to 
develop recommendations. 

 

2.3 The Urban Waste Water Treatment Directive (UWWTD) 

 

The Urban Waste Water Treatment Directive (Directive 2024/319/EU) establishes a comprehensive 
framework to protect the environment and human health from the adverse effects of urban wastewater 
discharges by mandating collection, treatment and discharge standards for urban wastewater across the 
EU and waste water from certain industrial sectors.  
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The Directive strengthens monitoring requirements for wastewater treatment to reduce pollution from 
nutrients, organic matter and hazardous substances, highlighting the issue of micropollutants (heavy 
metals, microplastics, pharmaceuticals, micropollutants including per- and polyfluoroalkyl substances 
(PFAS) that are hazardous for public health and the environment even in low concentrations, ensuring 
compliance with treatment standards. It further addresses that adequate monitoring is necessary 
concerning micropollutants, non-domestic pollution, energy neutrality, storm water overflows and urban 
runoff, supported through the use of digital tools. The monitoring of pollutants shall be carried out at the 
following frequencies: (a) at least two samples per year, with a maximum of 6 months between the 
samples, for agglomerations of 150 000 p.e. and above; (b) at least one sample every two years for 
agglomerations of between 10 000 p.e. and 150 000 p.e. Member States are obliged as of 2027 to report 
monitoring data on selected micropollutants. Emission limits are set for BOD, COD, total suspended solids 
(TSS), total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP).  At the moment, lack of data 
and information on the presence of micropollutants makes impossible the setting of specific emission 
standards that need to be met before discharging or reusing treated effluents. 

The Directive promotes improved monitoring, energy efficiency and the application of the polluter-pays 
principle, ensuring that wastewater management contributes to the protection of surface waters, coastal 
areas and marine ecosystems and supports the EU’s broader objectives for environmental sustainability 
and public health.  

 

 

2.4. Priority Substances and Environmental Quality Standards (EQS) 

 

Priority Substances are chemicals identified at EU level as posing a significant risk to the aquatic 
environment. Their monitoring is closely linked to the WFD and MSFD and is governed by Directive 
2008/105/EC, as amended by 2013/39/EU (EQS Directive), which set legally binding Environmental Quality 
Standards (EQS) for 45 priority substances in surface waters. The list contains a wide range of contaminant 
classes covering both legacy and emerging pollutants: Heavy metals, Polyaromatic Hydrocarbons (PAHs), 
Pesticides & Biocides, Pharmaceuticals, Endocrine disruptors, Persistent chemicals (i.e., PFAS). For 
groundwaters Quality Standards (QS) are set by the Groundwater Directive 2006/118/EC which sets 
criteria for chemical status assessment and pollutant threshold values, at the moment focusing on 
conductivity, nitrates and total pesticides. 

Member States are required to monitor Priority Substances in relevant water bodies to assess compliance 
with EQS for both annual average concentrations and, where applicable, maximum allowable 
concentrations. Monitoring must take into account appropriate matrices, including water, sediment and 
biota, depending on the properties of the substance and the applicable standard. 

The monitoring of Priority Substances serves multiple purposes: assessing chemical/environmental status 
under the WFD/MSFD; identifying long-term trends in concentrations; and evaluating the effectiveness of 
measures aimed at reducing emissions, discharges and losses. Trend monitoring in sediment and biota is 
particularly important for substances that are persistent, bioaccumulative and toxic. 

Data generated through EQS monitoring contribute to both river basin assessments, support compliance 
reporting and inform the review and update of the Priority Substances list. Together with biological and 
physico-chemical monitoring, EQS-based assessments provide a robust basis for integrated water 
management and the protection of aquatic ecosystems across the EU. 
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In addition to the Priority Substances List, the EU ‘Watch List’ includes substances suspected of posing a 
risk, but where data is insufficient to set EQS values. It is established through Commission Implementing 
Decisions, such as the 2025 update, and is not a legally binding instrument. Member States must monitor 
these substances for a limited period to generate comparable EU‑wide data. Based on new evidence 
substances may be removed from the Watch List and added in the Priority substances List; removed totally 
if no risk is confirmed; or remain for further scientific evidence of risk related effects. In 2022 the fifth 
Watch List amendment (Commission Implementing Decision (EU) 2022/1307) took place and now includes 
12 groups of substances including antibiotics, pharmaceuticals, industrial chemicals, sunscreens. 
Moreover, in 2022, ‘Commission Decision, COM(2022) 540 final’ for an amendment of the WFD and GWD 
proposes an updated priority substances list and EQS values and adds new pollutants, aligning water policy 
with current scientific evidence. The proposal has not yet been fully adopted, but it has reached a 
provisional political agreement in September 2025 on the revision of the Water Framework Directive and 
its related directives.  
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3.0 In-situ sensors and the Digital Twin 
 
The use of real-time sensors for environmental observation marks a paradigm shift from traditional site-
specific sampling, which often fails to capture the true maximum or mean concentrations of pollutants in 
water bodies with high temporal variability. In situ sensors enable continuous monitoring of physical 
parameters like pH, temperature, and dissolved oxygen, as well as complex chemical pollutants such as 
heavy metals, pesticides, and hydrocarbons. Depending on their target measurement several types of 
sensors have been developed such as wet chemical analysers, UV optical sensors, and electrochemical 
devices that can be deployed on fixed platforms, buoys, or mobile units like Unmanned Surface Vehicles 
(USVs) and gliders. The primary advantage of these systems is their ability to provide high temporal 
resolution data, allowing scientists to detect sporadic contamination outbreaks and transient events like 
algal blooms or floods in real time (Diaz-Gonzalez, et al., 2016). 
 
A digital twin for environmental applications is basically a living digital copy of a real ecosystem—like a 
river, forest, coastline, or even an entire city’s air and water systems. It constantly updates itself using 
real‑world data from sensors, satellites, drones, and weather stations, so the virtual model always reflects 
what’s happening outside. Because it behaves like the real environment, scientists and decision‑makers 
can monitor conditions in real time, spot problems early—such as rising pollution or flood risks—and test 
“what if” scenarios safely in the digital space before taking action in the real world. This makes 
environmental management more accurate, proactive, and efficient, helping communities better protect 
natural resources and respond to climate challenges (Homaei et al., 2024). 
 
As stated, continuous real time monitoring is essential for capturing sporadic peaks of concentrations 
which traditional manual sampling often occurring at fortnightly or monthly intervals, is unlikely to capture 
thus underestimating the true environmental response to pressures (O’Flynn et al., 2010). High-frequency 
data (e.g., sampling every 10 minutes) reveals much greater detail regarding the spatio-temporal dynamics 
of a water body or of discharges flows. This allows scientists to identify for example diurnal signals, observe 
the immediate impact of heavy rain on river flow, and when multi-sensors are applied understand the 
subtle interplay between different data streams. Moreover, real-time delivery of high-resolution data 
allows water management authorities and plant operators to move from a reactive to a proactive 
management approach. High-frequency data is pivotal for Digital Twins, as it allows for the assimilation of 
near-real-time observations into predictive models, enhancing their ability to forecast future states (Keller 
et al., 2024).  
 
Connecting real-time observation streams to the concept of Digital Twins requires robust digital 
infrastructures capable of handling "big data". These infrastructures allow for the integration of 
heterogeneous datasets, including satellite imagery, UAV data, and in situ sensor streams, along a time 
dimension (Samarinas et al.,2023). This creates a multi-infrastructure monitoring environment where the 
digital model is constantly updated by the physical world. Artificial Intelligence (AI) and machine learning 
techniques, serve as the analytical engine for Digital Twins, by incorporating raw sensor signals into 
predictive models. For example, AI models can be used to estimate missing parameters or sharpen low-
resolution data by coupling field data with satellite ones. Ultimately, the synergy of real-time sensing and 
AI-enhanced Earth Observation creates an operational monitoring framework that supports complex 
decision-making and the efficient implementation of environmental policies like the EU Water Framework 
Directive. 
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The deployment of real-time sensors for long-term environmental monitoring is essential for detecting 
short-term events and long-term trends, especially in a digitally transforming space. Yet it presents 
significant scientific, technical, and operational challenges—especially in harsh aquatic and urban 
environments (Liu et al., 2023; O’Flynn et al., 2010; Daniel et al., 2020). A major issue is biofouling—the 
accumulation of microorganisms, plants, and animals on sensor surfaces—which can impair performance 
and introduce significant measurement errors within days. Its severity varies depending on local conditions 
such as temperature, biological productivity, and water flow, meaning no universal mitigation strategy 
exists. In addition, sensors must withstand corrosion, extreme weather events like floods, and physical 
damage from debris. Technical and logistical limitations further complicate long-term monitoring. Power 
consumption restricts autonomous operation, especially in remote locations. Wet chemical analyzers are 
constrained by the limited stability and supply of reagents, which may degrade over time, and they 
generate hazardous waste that must be managed. Integrating sensors into mobile platforms like gliders 
and buoys demands ongoing miniaturization to reduce size, weight, and buoyancy effects. Analytical 
challenges include baseline and sensitivity drift caused by electronic changes, hydraulic issues, or surface 
coating, requiring careful calibration before and after deployment. Natural variability in salinity, 
temperature, and organic matter can interfere with measurements and reduce accuracy. In some 
environments, detection limits are insufficient to quantify low-concentration analytes reliably. Finally, real-
time monitoring produces large, complex datasets that require robust digital infrastructure. The lack of 
standardized deployment protocols and quality control procedures limits comparability across systems 
and hampers integration into global databases.  
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4.0 The iMERMAID monitoring sensors 
 

In the framework of the iMERMAID project the development and deployment of specialized sensor boxes 
designed to monitor chemical pollution in the Mediterranean Sea was made possible. Three types of 
sensors were developed targeting heavy metals (Cd, Cu, Pb, Zn), Nitrites, organic micropollutants 
(pharmaceuticals: p-aminophenol (PAP), diclofenac, ibuprofen, ketoprofen; industrial chemicals: BPA, 
PFAS; pesticides: bentazone, propamocarb) and oil compounds (crude oil hydrocarbons: benzene, toluene, 
xylene, 1,2-dichloroethane, tetrachlororthylene, naphthalene and benz[a]anthracene; chlorinated 
hydrocarbons: 1,3,5-trichlorobenzene, dichloromethane and trichloromethane; sunscreen agents: 
oxybenzone and avobenzone). They are electrochemical sensors, with a pretreatment step (acidification 
for heavy metals; screen printed electrode (SPE) for organic micropollutants), except the oil sensor which 
is based on membrane separation and mass spectrometry. 

In Table 1 information on the specific techniques used and limits of detection for each targeted chemical 
substance are given. 

Apart from the development of the sensors, the project has developed an electronic hub that collects raw 
data from electrochemical sensors operated in the 5 iMERMAID Use Cases, calculate pollutant 
concentrations, and transmit findings wirelessly to remote servers and ultimately to the iWire dashboard. 
To ensure high data quality, the hub utilizes Python-based algorithms and advanced noise filtering 
techniques for precise signal processing. Ultimately, this modular device provides a scalable framework for 
real-time environmental sensing and digital transformation in aquatic monitoring, in line with the concept 
of digital twins. 

Table 1: The iMERMAID sensors targeted contaminants, measurement principles and corresponding limits of detection. 

Contaminant 
group 

Substance UNITS TECHNIQUE 
Measurement 

Frequency 
Duration 

Limit of 
 Detection 

-LOD 

Heavy metals 

Cd(II) 
μg L-1 
(ppb) 

Square 
Wave Anodic stripping voltametry 

(SWASV) 

Continuous real time 
monitoring 

Up to 100 
measurement 

cycles 

0.5 ± 0.1 

Cu(II) 1.2 ± 0.5 

Pb(II) 0.3 ± 0.1 

Oil  
compounds 

 

Benzene 

μg L-1 
(ppb) 

Membrane Inlet Mass Spectrometry 
(MIMS) 

 

Continuous real time 
monitoring 

24 h 

4.88 

Toluene 7.43 

Xylene 7.46 

1,2-dichloroethane 3.45 

Tetrachloroethylene 4.3 

Organic  
micropollutants 

PAP 

μg L-1 
(ppb) 

SPE-A-M 

Instantaneous 
Up to 10 

measurements 

26 

BPA (DPV) 1 

PFOA SPE-A-M 0.2 

PFOS (DPV) TBD 

DCL SPE-MIP 500 

KETO (DPV) 500 

IBU SPE-MIP (DPV) 500 
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Nitrites Unmodified SPE (LSV) 100 

Bentazone Unmodified 60 
PAP= para-aminophenol; BPA= Bisphenol A; PFOA= Perfluoro-octanoic acid; PFOS = perfluoro-sulfonic acid; DCL= diclofenac; KETO = ketoprofen; 

IBU = ibuprofen; TBD =To be determined; A= activated; M= modified; MIP = Molecularly Imprinted Polymer; DPV = differential pulse voltammetry; 

LSV= linear sweep voltammetry; CV = cyclic voltammetry; SPE= screen printed electrode; ECS = electrochemical sensor 
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5.0 Applicability of the iMERMAID sensors in European water 
bodies 

 

Contaminants monitoring for the purposes of the EU Directives is important not only for assessing the 
status of water bodies against EQSs but also for understanding long term trends. Moreover, operational 
continuous monitoring helps in assessing the impact of pressures on the water bodies already identified 
being at risk. To that end, the adoption of real-time in situ sensors offers a transformative advantage over 
traditional sampling, which often fails to accurately estimate the true maximum or mean concentrations 
of pollutants in water bodies with significant temporal variability. By providing continuous measurements, 
the sensors can detect sporadic peaks of concentration and episodic events, such as algal blooms, or 
chemical contamination, that manual sampling typically misses. This high temporal resolution enables 
proactive environmental management and real-time decision support, allowing authorities to receive 
instant alerts via mobile or email when Environmental Quality Standards (EQS) are not met, thereby 
facilitating intervention in serious pollution incidents. Furthermore, real-time sensor networks provide the 
necessary spatial and temporal resolution to understand complex catchment responses and long-term 
trends while significantly reducing monitoring costs and the financial burden associated with traditional 
laboratory-based techniques (O’Flynn et al., 2010)). The integration of these sensors into monitoring 
frameworks directly supports WFD/MSFD/UWWTD implementation by increasing the number of 
observations and minimizing the percentage of water systems with unknown ecological status.  

In this section, we assess the applicability of the iMERMAD sensors for monitoring under EU Directives, 
focusing primarily on the specific contaminants they target. We first examine their relevance in relation to 
priority substances and associated Environmental Quality Standards (EQS). We then examine each 
contaminant group separately (Sections 5.1–5.3), by reviewing available evidence on their occurrence and 
concentration levels in European and Mediterranean water bodies, in order to compare reported 
concentration ranges with the operational ranges of available sensors. For the purposes of this deliverable, 
selected review or country specific publications and data products from EMODNet Chemistry and reports 
from the European Environment Agency (EEA) were examined. 

Out of the 17 substances targeted by the iMERMAID sensors, 6 are listed as Priority substances under the 
EQS Directive (2013/39/EU) and another 3 are included in the proposal for its amendment COM(2022) 
540, as indicated in Table 2. 

Moreover, 8 individual substances targeted by the iMERMAID sensors have established EQS values either 
for inland and coastal surface waters under the EQSD or for ground waters under the GWD and the 
proposal for their amendment COM(2022)540. PFAS and pesticides are dealt by these regulations as 
groups of contaminants, with EQS values referring to the sum of PFAS (in PFOA equivalents) or sum of 
pesticides monitored (Table 3). 
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Table 2: The iMERMAID target contaminants as listed under the relevant EU regulations. 

Substance 
EQSD 

(2013/39/EU) 
COM(2022) 540 

Proposal 

Cd(II) 
  

Cu(II) - - 

Pb(II) 
  

Benzene - - 

Toluene - - 

Xylene - - 

1,2-dichloroethane 
  

Tetrachloroethylene 
  

p-aminophenol (PAP) - - 

BPA -  

PFAS -  

Diclofenac 
  

Ketoprofen - - 

Ibuprofen 
  

Nitrites - - 

Bentazone -  
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Table 3: The iMERMAID target contaminants across established EQS values for various water bodies. 

Group 
Subst
ance 

AA-EQS 
inland 

surface 
waters 

AA-EQS 
other 

surface 
waters 

MAC-EQS 
inland 

surface 
waters 

MAC-EQS 
other surface 

waters 

QS- 
ground 
waters 

Notes 

  μg L-1 μg L-1 μg L-1 μg L-1 μg L-1  

Metals 

Cd[1] 

≤ 0.08 (Class 1) 
0.08 (Class 2) 
0.09 (Class 3) 
0.15 (Class 4) 
0.25 (Class 5) 

0.2 

≤ 0.45 (Class 1) 
0.45 (Class 2) 
0.6 (Class 3) 
0.9 (Class 4) 
1.5 (Class 5) 

≤ 0.45 (Class 1) 
0.45 (Class 2) 
0.6 (Class 3) 
0.9 (Class 4) 
1.5 (Class 5) 

 

priority 
hazardous 
tends to 

accumulate 
in sediment and/or 

biota 

Pb 1.2 1.3 14 14  

priority 
hazardous 
tends to 

accumulate 
in sediment and/or 

biota 

Oil  

Benzene 10 8 50 50  priority 
hazardous 

Tetrachl
oroethyl

ene 
10 10   10[2]  

1,2 
Dichrlor
oehtane 

10 10    
priority 

hazardous 

Pharmace
uticals 

Dicloph
enac 

0.04 0.004 50 250  

tends to 
accumulate 

in sediment and/or 
biota 

Ibuprofe
n 0.22 0.022    

tends to 
accumulate 

in sediment and/or 
biota 

Total     0.25[3]  

Industrial 
chemicals 

BPA 3.4x10-5  130 51  priority 
hazardous 

PFOS 
(sum of 
PFOA 

equivale
nts) 

0.0044 0.0044   0.0044 

priority 
hazardous 
Ubiquitous 
Persistent 

Bioaccumul 
ative and 

Toxic 
tends to 

accumulate 
in sediment and/or 

biota 

Pesticides[3]  0.5 (total) 0.5 (total)   

0.1 
(individual) 
0.5 (total) 

 

priority 
hazardous 

[1] depending on the hardness of the water as specified in five class categories (Class 1: <40 mg CaCO3/l, Class 2: 40 to <50 mg 
CaCO3/l, Class 3: 50 to <100 mg CaCO3/l, Class 4: 100 to <200 mg CaCO3/l and Class 5: ≥200 mg CaCO3/l);  [2] sum of trichloro- 
and tetrachloroethylne;  [3[ sum of all individual pharmaceuticals or pesticides detected and quantified in the monitoring procedure, 
including their relevant metabolites, degradation and reaction products. 
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5.1 Heavy Metals  

 

Heavy metals such as Cd, Cu, and Pb are considered legacy pollutants and have been monitored in 
European water bodies for decades, resulting in extensive datasets across EU and Regional Seas databases, 
including EMODNet, WISE, OSPAR, and HELCOM, as well as a substantial body of scientific literature.  

Available evidence shows that metal concentrations generally decrease from coastal to open marine 
waters, typically ranging from tenths of micrograms per liter down to picograms per liter, depending on 
the specific metal. In rivers and groundwaters, concentrations are influenced by the mineral composition 
of the catchment area and may reach somewhat higher levels. Elevated concentrations, often in the range 
of several micrograms per liter (μgL-1), are mainly observed in ’hot-spot’ areas with intense anthropogenic 
pressures, such as mining or other metal-related industrial activities, and in enclosed or poorly flushed 
water bodies where contaminants can accumulate (Tzempelikou et al, 2021). Particularly, in groundwaters 
metals have a very wide range of concentrations and may reach several micrograms per liter, depending 
on the geological background, the solubility of metals and redox conditions as well as potential activities 
taking place nearby (Kubier & Pichler, 2019; Bird et al., 2009; Triassi et al., 2023).  

Copper is not listed as a Priority Substance or on the Watch List under EU Directives, as it is an essential 
micronutrient at low concentrations, unlike cadmium and lead. However, at elevated levels, copper can 
be toxic to aquatic organisms. Beyond acute effects such as mortality, chronic exposure may impair 
survival, growth, and reproduction, and can also affect enzyme activity, and metabolism (ECI, 2008; 
Canning & Clode, 2011; Leal et al., 2016). The widespread use of copper-based antifouling agents on 
marine structures, boat hulls, and aquaculture nets further raises the risk of exposure to elevated copper 
concentrations in aquatic environments, which is why copper (Cu) is routinely included in environmental 
monitoring programmes (Chadwick & Burry, 2023; Kalantzi et al., 2016; Comber et al., 2025). 

In Table 4 indicative concentration ranges for Cd, Cu and Pb are summarized for three types of water 
bodies along with the Limits of Detection (LOD) of the iMERMAID Heavy Metals sensor. Data comparisons 
reveal that the metals sensor can reliably detect Cd, Cu, Pb levels in groundwater, Cu and Pb in 
contaminated inland water bodies. 

 

Table 4: Indicate concentration ranges of heavy metals (Cd, Cu, Pb) (μgL-1) in European/Mediterranean water bodies. 

Water bodies 
Cd Cu Pb 

Source 
µg L⁻¹ µg L⁻¹ µg L⁻¹ 

 LOD: 0.5  LOD: 0.3  

Coastal 0.003 – 0.04 0.01–2.0 0.02–1.9 
EMODnet 

Caetano et al., 2022; 
Tzempelikou eta al. 2021, 

Freshwater/Transitional (lakes, 
rivers, estuaries, lagoons) 

0.003 – 0.3 0.1 – 3.0 0.02 – 2 
EMODnet, OSPAR 

Tzempelikou et al. 2021; 
Eklof, et al., 2024 

Groundwaters N.D. - >1.0 0.2 - >5.0 0.1 - >2.0 

Bird et al., 2009;  
Triassi et al., 2023; 
Kubier et al, 2019; 

EEA 
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5.2 Organic micropollutants 

 

Studies show that background micropollutant concentrations in natural waters are generally low, but they 
can vary widely depending on proximity to pollution sources and hydrological conditions. Typically, these 
compounds are present at nanogram per liter (ng L-1) levels, reflecting diffuse environmental inputs, but 
in areas influenced by point sources, such as wastewater treatment plant effluents, industrial discharges, 
or contaminated aquifers, concentrations can occasionally reach tens of micrograms per liter (µg L-1). 
Factors such as seasonal variations, rainfall, water temperature, and flow rates further influence the 
distribution and persistence of micropollutants in surface and groundwater systems, with higher loads 
often observed during periods of low dilution or increased anthropogenic input. From our synoptic review 
(Tables 5–7), it appeared that most studies in European and Mediterranean waters have focused on 
pharmaceuticals and industrial micropollutants. In contrast, few studies on pesticide contamination 
address bentazone, despite its widespread agricultural use, highlighting a notable gap in the monitoring 
and assessment of herbicide-related micropollutants in these regions. 

In Tables 5 to7 indicative concentration ranges for micropollutants are summarized for three types of 
water bodies along with the respective Limits of Detection (LOD) of the iMERMAID sensors. By comparing 
environmental data to sensors limits of detection it becomes clear that the iMERMAID sensors are most 
suitable for monitoring heavily contaminated waters. In particular, sensors designed for PFAS and BPA and 
bentazone appear to effectively capture their concentrations in groundwater or heavily polluted waters. 

 

Table 5: Indicative concentration ranges of pharmaceuticals (ngL-1) in European/Mediterranean water bodies. 

Water bodies Diclofenac Ibuprofen Ketoprofen 
p-

Aminophenol 
(PAP) 

Source 

 ng L-1 ng L-1 ng L-1 ng L-1  

 LOD: 5 *105 LOD: 5* 105 LOD: 5 *105 LOD: 26*103  

Coastal N.D. - 16.0 N.D. - 1.08 
Up to 5.00 

0.014 - 0.18 
Up to 5.00  

Alygizakis et al., 2016 
Lougkovois et al, 2026 
Brumovsky et al., 2017 

Patel et al, 2019 

Freshwater/Transitional 
 (lakes, rivers, estuaries, lagoons) 

N.D. – 324 N.D. -346 
Up to 13317 

N.D. - 75 42 
Patel et al, 2019 

Blasco et al., 2023 
Martinez-Megias et al., 2024 

Groundwaters 1 - 477 <1 - 150 1.5 - 200  Jurado et al., 212 

 

Table 6: Indicative concentration ranges of industrial micropollutants (ngL-1) in European/Mediterranean water bodies. 

Water bodies PFAS BPA Source 
 ng L-1 ng L-1  

 LOD: 0.2 *103 LOD: 1*103  

Coastal 
0.3 - 0.5 
Up to 2.0 

N.D. - 3.6 
Up to 298 

Lougkovois, et al., 2025, 2026 
Miserli et al, 2023 

Brumovsky et al., 2016 
Freshwater/Transitional 

 (lakes, rivers, estuaries, lagoons) 
1.5 - 1.8  Miserli et al, 2023 

Groundwaters 1 - 42 103 N.D. - 103 Rasmusson & Fagerlund, 2024 
Jurado et al., 2012 
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Table 7: Indicative concentration ranges of bentazone (ngL-1) and nitrites (μgL-1) in European/Mediterranean water bodies. 

Water bodies Bentazone Nitrites Source 
 ng L-1 μg L-1  

 LOD: 60103 LOD: 100  

Coastal    
Freshwater/Transitional (lakes, 

rivers, estuaries, lagoons) 
150 – 180103 0.46 - 23 Barbieri et al., 

2021 
Groundwaters  0.46 - 14  

 

 

5.3 Oil compounds 

 

Oil compounds (benzene, toluene, xylene, 1,2-dichloroethane, tetrachloroethene) relevant to the 
iMERMAID sensor also known as BTEX volatile organic compounds (VOCs) commonly found in petroleum 
products and associated with fuel contamination but also with industrial manufacturing (pesticides, 
plastics, etc). Because of their volatile nature they are not commonly monitored in surface waters, and 
literature for European or Mediterranean aquatic environment is scarce (Table 8).  

Individual BTEX concentration levels in various water matrices vary drastically depending on proximity to 
industrial activities, with levels ranging from nanograms in marine environments to hundreds of milligrams 
in contaminated industrial sites. Based on data from Asian countries, in heavily contaminated industrial 
groundwater, such as at pesticide manufacturing sites, benzene concentrations can reach extreme levels, 
averaging 173.3 μg L-1 and peaking at 340,000 μg L-1. In these same environments, toluene and m- & p-
xylenes have been detected at maximums of 4,070 μg L-1 and 6,000 μg L-1, respectively (Huang et al., 2024). 
In contrast, in urban or energy-impacted aquifers, concentrations are significantly lower, with benzene 
averaging 0.71 μg L-1 and both toluene and m,p-xylene averaging approximately 0.14 μg/L. In marine water, 
concentrations are typically measured at the nanogram per liter (ng L-1) scale. For instance, in surface 
seawater of the East China Sea ΣBTEX average at 235±168 ngL-1 (Qiao et al., 2025), while in Iran surface 
seawater concentrations of benzene are 0.1 – 2.1 μg L-1 toluene between <1 and 15 μg L-1 and xylene up 
to 1.2 μg L-1 (Yu et al., 2022). 

Table 8: Indicative concentration ranges of BTEX (μgL-1) in European/Mediterranean water bodies. 

Water bodies Benzene Toluene Xylene 
1,2-

dichloro 
ethane 

Tetrachloroe
thylene Source 

 μg L-1 μg L-1 μg L-1 μgL-1 μgL-1  

 LOD: 4.88 LOD: 7.43 LOD: 7.46 LOD: 3.45 LOD: 4.3  

Coastal N.D. -1.3 N.D. – 1.0 N.D. – 1.0   Moliner-Martinez 
et al., 2013 

Freshwater/Transitional (lakes, 
rivers, estuaries, lagoons) 

      

Groundwaters 0.15 - 19 2.5 - 22 2.5 - 32 1 - 6.2 0.25 – 45 103 Di Lorenzo et al., 
2015 
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In Table 8 indicative concentration ranges for BTEX compounds are summarized for three types of water 
bodies in European/Mediterranean sites along with the respective Limits of Detection (LOD) of the 
iMERMAID sensors. By comparing environmental data to sensors limits of detection it becomes clear that 
the iMERMAID sensors are most suitable for monitoring groundwaters.  
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6.0 Conclusion 
 

The iMERMAID sensors are designed to monitor a variety of contaminants, but their alignment with 
Environmental Quality Standards (EQS) varies significantly depending on the specific substance and the 
type of water body being monitored. While some sensors meet the sensitivity required by EU regulations, 
others are better suited for detecting pollution ‘hot-spots’ or monitoring heavily contaminated 
environments like groundwaters. 

Heavy Metals (Cd, Pb, Cu): The suitability of heavy metal sensors depends on the specific metal's EQS and 
the water matrix. 

− Cadmium (Cd): The sensor's LOD is 0.5 µg/L, which is generally higher than the AA-EQS (ranging 
from 0.08 to 0.25 µg/L depending on water hardness). However, it remains a reliable tool for 
monitoring groundwater, where concentrations often exceed these levels. 

− Copper (Cu): Although not currently listed as a Priority Substance under the WFD, it is monitored 
due to its extensive use in antifouling agents. The sensor is considered reliable for detecting copper 
levels specifically in contaminated surface waters  groundwater environments. 

− Lead (Pb): The iMERMAID sensor has a Limit of Detection (LOD) of 0.3 µg/L, which is well below 
the Annual Average EQS (AA-EQS) of 1.2–1.3 µg/L for surface waters. This makes it highly effective 
for compliance monitoring. 

Organic Micropollutants: For many emerging contaminants, a significant gap exists between the sensor 
sensitivity and the strict legal standards. 

− Pharmaceuticals (Diclofenac, Ibuprofen): The sensors have an LOD of 500 µg/L, which is drastically 
higher than the AA-EQS (0.004–0.04 µg/L for Diclofenac and 0.022–0.22 µg/L for Ibuprofen).  

− Industrial Chemicals (BPA, PFAS): The BPA sensor (LOD 1 µg/L) and PFAS sensor (LOD 0.2 µg/L) also 
exceed their respective AA-EQS values, which are set at much lower parts per trillion levels. 

Because of these higher detection limits, these sensors are most suitable for monitoring heavily 
contaminated waters, such as wastewater treatment effluents or industrial discharge points, rather than 
natural coastal or surface waters. 

Oil Compounds (BTEX): iMERMAID sensors for volatile organic compounds (BTEX) are generally well-
aligned with established EQS values. 

− Benzene: The sensor LOD is 4.88 µg/L, which is comfortably below the AA-EQS of 8–10 µg/L. 

− 1,2-dichloroethane & Tetrachloroethylene: These have sensor LODs of 3.45 µg/L and 4.3 µg/L 
respectively, both of which are below their AA-EQS of 10 µg/L. 

These sensors are particularly effective for groundwater monitoring, where these industrial contaminants 
often appear in higher concentrations. In Table 9 these findings are summarized for those compounds with 
established EQS values. 

 

Table 9: Suitability of iMERMAID sensors for monitoring European water bodies in relation to established EQS according to 
2013/39/EU. 

Contaminant Sensor sensitivity Relative to EQS Primary Recommended Use 
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Cadmium (Cd) Above AA-EQS Groundwater & Pollution hotspots 

Lead (Pb) Below AA-EQS 
Contaminated Surface water & 

Groundwater compliance 

BTEX (Oil) Below AA-EQS Surface water, Groundwater & Industrial 
monitoring 

Micropollutants Significantly Above EQS Heavily contaminated sites/wastewaters 

 

Ultimately, the transformative advantage of these sensors is not just their detection limit, but their ability 
to provide real-time, high-frequency data. This allows authorities to detect sporadic pollution peaks that 
traditional monthly sampling might miss, even if the sensors are primarily used in more contaminated "at-
risk" water bodies. 

In this context, the revision of the Marine Strategy Framework Directive as well as the announcement of 
the revision of the Water Framework Directive should both considered: 

- Supporting the development of digital twins and deployment of sensors that provide real-time and 
high-frequency data. This approach can contribute to more agile monitoring of pollution, as well as 
reinforce synergies and coherence between the different requirements embedded in two the 
directives of the European Water Acquis. 

- Carefully including the conclusions of iMERMAID within the descriptors, particularly the descriptors 8 
and 9. It also emphasise the benefits of including real-time sensor networks that provide long-term 
trends while significantly reducing monitoring costs and the financial burden associated with 
traditional laboratory-based techniques. 

- Transboundary and regional cooperation is needed as type of pollution can change from one to 
another hotspot. Moreover, interoperability and standardisation in data collection will be welcome to 
facilitate integration in global platforms.  
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The Mediterranean Sea and its surrounding regions support a diverse variety of essential 
socioeconomic activities. It is one of the highly exploited water ways and the influence of 
anthropogenic activities on its marine habitats and ecosystems has grown significantly since the 
industrial revolution. Because of this, the Mediterranean Sea basin is very vulnerable to chemical 
contamination and build-up. To safeguard the Mediterranean Sea basin from contaminants for 
emerging concerns (CoEC), iMERMAID will integrate, coordinate, and synergize innovative preventive, 
monitoring, and remediation solutions. iMERMAID will build an evidence-based multidimensional 
framework that will guide policymaking and transform societal perceptions to reduce CoEC usage, 
emissions, and pollution. Furthermore, next generation sensor and remediation solutions will be 
developed within iMERMAID to monitor and remove prioritized chemicals from its source while 
reducing upstream pollution. iMERMAID builds an ideal interdisciplinary team by bringing together 
prominent SMEs, researchers, regulators, and innovation professionals who have been essential in 
improving the knowledge and awareness of CoEC. Beyond state-of-the-art techniques, iMERMAID will 
strive to strengthen regulations against CoEC, expand economic possibilities and competitiveness, 
improve the standard of living for EU residents, while preventing the accumulation of chemical 
pollution in the Mediterranean Sea basin. iMERMAID will empower the efforts to create a zero 
pollution, contaminant free waters by enabling the Chemical Strategy's goals to become a practical 
reality. 


