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BTO Managementsamenvatting
Meer inzicht in geschikte innovatieve monitoringsmethoden voor Early Warning Systems
bij bronnen voor drinkwaterproductie
Auteurs dr. F.M. (Frederic) Béen, ir. S.T.W (Stijn) Beernink, dr. N. (Niels) Hartog
Om de drinkwaterkwaliteit te beschermen is het nodig de kwaliteit van de bronnen (grond- en oppervlaktewater) in
de gaten te houden, bijvoorbeeld met Early Warning Systemen (EWS). Er is een uitgebreid overzicht gemaakt van
bestaande en innovatieve monitoringstechnieken die mogelijk kunnen worden gebruikt voor vernieuwende vormen
van monitoring. Bio-assays, spectroscopische technieken (NIR/UV-VIS) en passive samplers komen naar voren als
monitoringstechnieken met de meeste potentie voor toepassing in early warning. Drinkwaterbedrijven kunnen met
de informatie in dit rapport bepalen in hoeverre zij hun monitoring en early warning van zowel grond- als
oppervlaktewater kunnen verbeteren. Het overzicht is gebaseerd op een literatuurstudie en op informatie verstrekt
door de drinkwaterbedrijven over de huidige stand van zaken rond monitoring. Het beschrijft het concept early
warning en benoemt de eisen waaraan EWS moeten voldoen aan de hand van de gevaren voor grond- en
oppervlaktewater. Lopend vervolgonderzoek richt zich op de effectiviteit van enkele van deze
monitoringstechnieken.

Reistijden van grondwater richting drinkwateronttrekking

Belang: toenemende druk op drinkwaterbronnen,
onder andere door klimaatverandering
Uit meerdere onderzoeken en gebeurtenissen blijkt
dat de kwaliteit van bronnen voor drinkwater in
toenemende mate onder druk staat, door
verschillende oorzaken. Klimaatverandering zorgt

bijvoorbeeld voor een toenemende variabiliteit van
ons klimaat, die direct invloed kan hebben op de
kwaliteit van de drinkwaterbronnen. Zo leidt een
verminderde afvoer van de grote rivieren tot
verhoogde concentraties ongewenste stoffen, zoals
pesticiden die uitspoelen uit landbouw en
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geneesmiddelen door toenemend medicijngebruik.
Ook de toename van onbekende opkomende stoffen
in het oppervlaktewater, zoals poly- and
perfluoroalkyl stoffen (PFAS), vergroot de noodzaak
om gevaren tijdig te meten. Een effectief Early
Warning System (EWS) zorgt dat gevaren tijdig
worden gedetecteerd en dat ze adequater kunnen
worden afgehandeld.
Aanpak: literatuurstudie en vragenlijst naar
deelnemende drinkwaterbedrijven
Er is een literatuurstudie gedaan naar het concept
early warning voor bronnen voor drinkwater. Om te
bepalen welke innovatieve monitoringstechnieken
van waarde kunnen zijn, is onderzocht welke
technieken drinkwaterbedrijven al gebruiken en
welke methodes zij daarbij toepassen. Ook zijn de
gevaren voor grond- en oppervlaktewater in kaart
gebracht om te bepalen waaraan een EWS voor
drinkwaterbronnen moet voldoen.
Resultaten: potentiële innovatieve
monitoringstechnieken voor EWS
Uit de literatuurstudie blijkt dat early warning niet
alleen bestaat uit een goed monitoringssysteem,
maar dat ook andere zaken moeten worden
meegenomen, zoals:
 locatiespecifieke risico’s inschatten
 de huidige monitoringpraktijken in kaart
brengen
 kijken of er nog andere data beschikbaar
zijn dan al worden gebruikt voor early
warning en analyseren of die bruikbaar zijn.
Met deze informatie kan worden bepaald welke
innovatieve monitoringstechnieken van nut kunnen
zijn. Het is belangrijk daarbij te letten op de volgende
kritieke aspecten voor monitoring:
 detectielimiet
 responsetijd
 ruimtelijke en tijdsafhankelijke aspecten van
specifieke drinkwaterbronnen

More information
Frederic Béen
T 030 606 9748
E frederic.been@kwrwater.nl

KWR
PO Box 1072
3430 BB Nieuwegein
The Netherlands
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Daarbij speelt het ook een grote rol of grondwater of
oppervlaktewater fungeert als bron.
Een innovatieve monitoringstechniek moet er vooral
voor zorgen dat gevaren sneller worden
gedetecteerd. Dit kan voornamelijk worden bereikt
door het verlagen van de detectielimiet (vooral
nuttig bij grondwater) en het verlagen van de
responsetijd (vooral nuttig bij oppervlaktewater).
In het rapport worden diverse innovatieve
technieken beschreven en voorzien van een
inschatting hoe zij te gebruiken zijn in een EWS voor
drinkwater. Veel innovatieve technieken zijn in
ontwikkeling, maar slechts een klein deel daarvan is
voldoende ontwikkeld voor gebruik in de praktijk.
Bio-assays, spectroscopische technieken (NIR/UVVIS) en passive samplers komen naar voren als
monitoringstechnieken met de meeste potentie voor
toepassing voor early warning.
Implementatie: handvatten voor het opzetten van
early-warningsystemen bij drinkwaterbedrijven
Aan de hand van dit rapport kunnen
drinkwaterbedrijven bepalen in hoeverre zij de
monitoring en early warning van zowel grond- als
oppervlaktewater kunnen verbeteren. De bestaande
en innovatieve methoden beschreven in dit rapport
bieden daarbij een goed startpunt om te bepalen
met welke technieken bepaalde
monitoringsvraagstukken kunnen worden ingevuld.
Een vervolg op dit onderzoek zal laten zien in
hoeverre de gekozen monitoringstechnieken van
waarde kunnen zijn voor EWS bij bronnen voor
drinkwater in Nederland.
Rapport
Dit onderzoek is beschreven in het rapport Early
Warning Systems for drinking water production Assessment of available and innovative monitoring
techniques (BTO-2019.@@@).
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Summary
The water sources used for drinking water production in the Netherlands have been under increasing pressure in
the last decades due to e.g. climate change, the emergence of new contaminants, intensifying subsurface use and
population growth. Therefore, Early Warning Systems (EWS) are increasingly seen as an essential addition to
conventional monitoring systems. EWS are being widely used to detect irregularities in natural/ human induced
processes and to inform users about pending threats (e.g. wildland fires, earthquakes, hydro-meteorological
hazards, epidemics and food security). For protecting sources of drinking water an EWS consists of a monitoring
approach enabling the early detection of potential threats to drinking water production, which could ultimately
affect drinking water safety.
The goal of this research is to determine how current monitoring approaches can be improved to fulfil the
requirements of an EWS mentioned above and to investigate if additional (innovative) monitoring techniques exist
which can be deployed in an early warning perspective. The main objectives of this research are therefore to:
• Identify current monitoring strategies and techniques, through a literature review and a questionnaire which
was submitted to representatives of the Dutch drinking water companies.
• Determine how these techniques can contribute to an EWS as defined in the context of this research.
• Determine how EWS can contribute to secure long-term drinking water quality in the Netherlands
• Find available innovative techniques for monitoring and assess relevance for the Dutch drinking water
companies
• Test two selected techniques for two suitable drinking water production sites, one groundwater and one
surface-water.
Approximately 60% of Dutch drinking water production derives from groundwater. The remaining 40% is abstracted
from surface water intakes, including river bank and dune water infiltration. Some drinking water companies rely
completely on one source type, while other drinking water companies have both ground water and surface water
abstraction sites. Surface waters abstractions are relatively vulnerable, due to the short travel times that
contaminants have from the contamination source to the abstraction site. In the specific case of the Rhine and
Meuse, this implies that water quality can change quickly (e.g., hours to days). The fluctuations in quality during the
year can also be quite high, due to substantial changes in contaminant and water discharges. Due to the
vulnerability of surface waters to sudden incidents, response times should be low to allow an early detection and a
timely interruption of production. Detection of a broad range of (anthropogenic) chemicals appears to be another
of the requirements of EWS for surface waters, in particular due to the risk linked with both accidental spills and
continuous discharge of both urban and industrial wastewater treatment plants, as well as agricultural activities
Groundwater is abstracted from available aquifers, mostly between 20 and 200 meters below surface. Depending
on the specific geohydrological properties of the location, well screens can be installed in e.g. deep confined
aquifers, shallow confined aquifers or in phreatic aquifers. Even for the most vulnerable groundwater sources,
travel times are expected to be relatively large (compared to surface water abstractions). However, relatively short
travel times (days, weeks) can result from leakage or short-circuiting from ground surface along faulty abstraction
wells, which can originate from incorrect sealing of the borehole. Also with EWS for groundwater sources, the need
for approaches which cover a broad spectrum of contaminants exists. Additionally important for groundwater
compared to surface waters is the ability to detect trace levels of contaminants e.g. at the front of an incoming
contaminant plume.
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Monitoring approaches should be adapted to the characteristics of the source being protected (e.g., spatial and
temporal variability, vulnerability and response time). Therefore, different monitoring techniques have been
studied. The use of conventional monitoring techniques is discussed an subsequently new/innovative bioassays,
biosensors, spectroscopic methods (e.g. Raman, IR), event detection algorithms, passive sampling and other
innovative techniques were discussed. From this the most suitable techniques were chosen. This evaluation
resulted in a high potential for the following techniques to be used in EWS for sources of drinking water:
• Spectroscopic methods UV-VIS and NIR, most suitable to quickly measure substances occurring in surface
waters.
• Passive samplers, suitable for both surface water and groundwater. With aim of increasing ‘early warning’
passive sampling can be a great addition to normal techniques to measure substances in ground water
(decrease detection limit).
• Bioassays, in particular online or portable devices. At this point mainly useful for surface water monitoring.
Drawback of this technique is that it is able to detect pollutions, but it is hard to identify what specific substance
is measured (requires further chemical analysis).
Two of these techniques will be tested in a successive study and by this the effectiveness of the techniques as well
as the integration of these new techniques into EWS together with standard monitoring practices will be described.
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1 Introduction
1.1

Background

The water sources used for drinking water production in the Netherlands have been under increasing pressure in
the last decades due to e.g. climate change, the emergence of new contaminants, intensive subsurface use and
population growth (Wuijts et al. 2011). Monitoring drinking water sources is of outmost importance to ensure
future drinking water safety (Kooij van der et al. 2010). Therefore, Early Warning Systems (EWS) are increasingly
seen as an essential addition to conventional monitoring systems (Bartrand and Grayman 2017). While many areas
of the drinking water system require monitoring (e.g. after treatment, in the distribution network, at customer tap)
this research focusses on monitoring drinking water sources from an early warning point of view. From this
perspective, (future) environmental and human influenced processes that occur in the water system need be taken
into account. Drinking water sources are characterised by substantial differences depending on their type (i.e.,
ground- versus surface-water) but also their surroundings (e.g., type of activities located in their proximity). This is
important because different sources will consequently require specific monitoring techniques, strategies and,
hence, an adapted early warning system (EWS) (Figure 1).

1.2

Concept of Early Warning Systems

EWS are being widely used to detect irregularities in natural/ human induced processes and to inform users about
pending threats such as wildland fires, earthquakes, hydro-meteorological hazards, epidemics and food security
(UNEP 2012). EWS should generate this information in time to prevent or minimize the impact of these threats to
human health, the economic system or other vulnerable aspects (Bartrand and Grayman 2017).
EWS can therefore be defined as: “[…] the provision of timely and effective information, through identified
institutions, that allows individuals exposed to hazard to take action to avoid or reduce their risk and prepare for
effective response” (UNEP 2012). Further characteristics of an ideal EWS are provided by the United Nations
(United Nations 2006), which indicated that to ensure a complete and optimal coverage, EWS should consists of
four elements, namely risk assessment, monitoring, information dissemination and response. Transposed to the
field of drinking water production, these elements could be interpreted as shown in Table 1.
Table 1 The four elements of an early warning system, as defined by the UN (United Nations 2006).

Element
1. Risk assessment and prevention
2. Monitoring

Example for drinking water sources
Knowledge of local activities, existing regulations and authorisations
Measurement of parameters (physical, chemical and biological) at
various points across the drinking water source area

3. Disseminating information

Data transmission, handling, analysis and triggering of alerts

4. Response

Improve/close treatment plant, change water source, stop drinking
water supply, identify and clear the source of contamination

Whilst overall relevant, these factors contemplate a broad definition of EWS. Yet, for the scope of this research,
which focusses on the implementation of monitoring techniques for early warning and protection of drinking water
production, a narrowed definition of EWS is defined: An EWS consists of a monitoring approach enabling the early
detection of potential threats to drinking water production, which could ultimately affect drinking water safety.
Various elements play a crucial role in this definition. Firstly, the response time, which implicates that threats need
to be detected at an early stage and that the information has to be passed on quickly to organize an adequate
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response. This is possible only if adequate and sensitive monitoring devices are in place which allow to detect these
threats and distinguish them from false positives (and at the same time avoid false negatives). Sensitive monitoring
devices implicate that these have low detection limits, thus allowing to detect low amounts of contaminants or to
detect them at an early stage. Closely related to the sensitivity is the selectivity, which in this context needs to be
broad as the ideal monitoring technique should detect a wide range of contaminants. Consequently, the ideal EWS
would consists of a sensitive monitoring device, which can rapidly detect a broad range of contaminants. Yet, this
definition also highlights a crucial difference between EWS and monitoring, which, in this context, is seen as the
generation of data, without analysis or interpretation. The latter step is pivotal to make the step from data
collection to actual early warning. Analysis and interpretation of the data to achieve an EWS includes also
considering the spatial and temporal characteristics of the source being monitored. The spatial distribution of
monitoring points (e.g., wells), the sampling frequency (e.g., minutes, days or months) and the hydrological
characteristics of the source (e.g., flows) will influence how timely a threat can be detected and which measures
need to be undertaken. The above mentioned elements all contribute to the definition of EWS which will be
considered in the context of this research.
Another aspect which can be taken into account is the risk assessment or the prevention. This consists in collating
information which can allow to identify potential threats before they realize (e.g., mapping industrial or agricultural
activities in the surroundings of a drinking water source). Whilst highly relevant for the protection of drinking water
sources, this specific aspect will not be considered in the EWS context of this work.

(C)

(A)

(B)

Figure 1 Example of different sources for drinking water production and common processes / actors that influence water
quality in the Netherlands. The responsible authorities are indicated per topic. (A) Deep groundwater abstraction, (B)
shallow groundwater abstraction and (C) Surface water abstraction (adapted from: RIVM, 2017).
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Timescales and response time

EWS are important because the sooner, and more accurately, short- and long-term risks can be identified, the more
likely it is that the impact of calamities or negative trends can be minimized (UNEP 2012) (Figure 2). The concept of
“early” differs from situation to situation. In some cases this can be hours, whilst in other situations weeks or even
years. The two main factors that determine the timescale at which an EWS needs to be effective are:
• Type of source (e.g. groundwater, shallow groundwater or surface water)
• Type of threat (e.g. sudden-onset (calamity), slow-onset (trend))
Type of source (abstraction)
Although all drinking water sources in the Netherlands are unique, based on their location, intrinsic characteristics
and surrounding environment, a distinction can be made between groundwater and surface water. On the one
hand, groundwater generally has a relatively long residence times (e.g., months to decades), whilst these are
generally relatively short for surface waters (e.g., hours to days). As mentioned above, within these two broad
groups, additional specificities can be identified with their own unique timescales and potential threats.
A crucial aspect of monitoring an individual abstraction site is the minimum response time needed. This is the
minimal amount of time that is needed to assure a proper response to detected a threat. For groundwater
abstractions, possible responses could be the closing and moving of an abstraction site or the improvement of the
treatment process, while the response for the surface waters could be a temporary intake stop or, with continuous
problems, improvement/modification of the treatment process. Therefore, when the time lag between detection of
the contamination and the moment its concentration, at a defined point (e.g., abstraction or monitoring well),
reaches the defined threshold (e.g., based on regulations or toxicological risks) is smaller than the needed response
time, a monitoring system can be defined as an EWS (Figure 2).

Figure 2 Response time increase (Δt) due to improved monitoring techniques. Left: Sudden-onset contamination; due to dispersion/diffusion of
the contamination peak concentration can be detected at an early stage. Right: Slow-onset contamination; early detection of a slow, but
steadily, increasing contamination. Time unit (x-axis) is variable for different situations (e.g. surface water or ground water)

Types of threats
As outlined by the (UNEP 2012), environmental and human induced threats can have a rapid or slow onset.
Rapid/sudden onset threats are for example chemical spills, wastewater treatment plant failures or a deliberately
planned pollution (e.g., terrorist attack). Slow-onset threats often occur without being noticed at first, but become
dangerous on the long-term (e.g. pipeline leakage, eutrophication of ground water, continuous build-up of river
pollution, climate change).
Combining these factors, we can roughly identify the timescales and response times that are relevant for the
different drinking water sources in the Netherlands (table 2).
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Table 2 Timescale of threats onset considered in the Dutch drinking water context

Groundwater
Surface water

1.4

Rapid/Sudden-onset
Months - Years
Hours - Days

Slow-onset
Years - Decades
Years - Decades

Prevention and monitoring in the Dutch context

As described above, an EWS consists of different components and improving any one of them can positively
influence the overall efficiency of the EWS in place. Monitoring and prevention are already part of the activities of
Dutch drinking water companies. For instance, from a prevention perspective, so called “regional files” (in Dutch:
‘gebiedsdossiers'), which describe the characteristics of surface- and groundwater bodies that are being used as
source for drinking water, represent a good starting point to get insights about the risks a source is exposed to. As
discussed by (Tiebosch, Brink, and Wuijts 2011a), setting up and EWS, intended here as a monitoring approach
which allows early detection of contaminations, could be an addition to the existing preventive measures which are
taken by drinking water companies. EWS and preventive measures currently in place in The Netherlands will be
further explored in Chapter 2.

1.5

Framework to improve EWS

The Netherlands has one of the most dense and broad monitoring networks found worldwide (for both ground
water and surface water). However, as mentioned previously, carrying out monitoring activities does not
necessarily implicate that an EWS is in place. For monitoring to be considered early warning, it needs to detect
contaminations at low levels and/or at an early stage, so that measures can be taken to counter or minimize
negative effects. As shown in Figure 3, various aspects can play a role in the implementation of efficient calamities
prevention and EWS. Threats can be identified using available information about nearby activities (e.g. regional
protection files for drinking water extractions1), by analysing available monitoring data or by assessing the
efficiency of current treatment processes. Improvements of current EWS can be achieved by improving the analysis
and handling of existing data or by carrying out new and more thorough risk assessments. For instance, improved
use of available data could already improve current EWS (Verhagen, Krikken, and Broers 2010). Finally, if these
measures do not fulfil the requirements, implementation of new monitoring techniques can be considered.
Chapters 5 and 6 provide an overview of existing and innovative monitoring techniques as well as, based on the
issues which are identified in chapters 3 and 4, provide suggestions about which techniques are most valuable with
respect to the definition of EWS.

1

‘Gebiedsdossiers drinkwaterwinningen’ in NL
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monitoring
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• Bioassays
• Biosensors
• Spectroscopy
• Evend detection
alogirhtms
• Passive sampling

Figure 3 Framework to improve the current monitoring strategy and early warning system, which can eventually result in using a new
(innovative) monitoring technique.

1.6

Objectives

The goal of this research is to determine how current monitoring approaches can be improved to fulfil the
requirements of an EWS mentioned above and to investigate if additional (innovative) monitoring techniques exist
which can provide added benefits in an early warning perspective. These techniques should contribute to a more
robust and sustainable drinking water production. To achieve this, it is essential to identify current and future
threats to drinking water production, as these will determine how and which technologies need to be employed to
have an effective EWS. Besides determining how current monitoring schemes are being used and their
effectiveness for early warning of drinking water sources, the added value of innovative techniques will be
examined.
The main objectives of this research are therefore to:
• Identify current monitoring strategies and techniques, through a literature review and a questionnaire which
was submitted to representatives of the Dutch drinking water companies.
• Determine how these techniques can contribute an EWS as defined in the context of this research.
• Determine how EWS can contribute to secure long-term drinking water quality in the Netherlands
• Find available innovative techniques for monitoring and assess relevance for the Dutch drinking water
companies
• Test two selected techniques for two suitable drinking water production sites, one groundwater and one
surface-water.
For the purpose of this research, a questionnaire was prepared and circulated among representatives of the Dutch
drinking water companies, that are part of the Bedrijfstakonderzoek (BTO), to gather information about their
opinion and how they think EWS are currently implemented by the drinking water company. The aim of the
questionnaire was to i) determine differences in perception of EWS between drinking water companies, ii)
determine to what extent (innovative) monitoring techniques are currently implemented and iii) to understand
where the need for innovative monitoring techniques is highest and, hence, where there is a need to improve
current EWS. Details about participants’ responses can be found in Appendix I. The answers to the questionnaire
were analysed and used in Chapters 2 and 3 to complement findings from the literature review.
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2 Current monitoring and early warning
Approximately 60% of Dutch drinking water production derives from groundwater, including natural dune
infiltration water. The remaining 40% is abstracted from surface water intakes of which a large part is used as
additional dune water infiltration in the western part of the Netherlands (appendix VI) (Vewin, 2017). Some
drinking water companies rely completely on one source type, while other drinking water companies have both
ground water and surface water abstraction sites (Figure 2). Based on European legislation (water framework
directive (WFD) guidelines), several protocols were produced during the last decade with the aim of securing
drinking water sources (DHV, 2006). These protocols set specific requirements with regards to how and where
monitoring should be carried out, with the aim of detecting certain substances/sources of pollution. This chapter
describes how these guidelines resulted in monitoring strategies and EWS setup by the Dutch drinking water
companies to protect drinking water production.

2.1

Strategies & perception

Based on European regulations and national policies certain monitoring strategies are imposed and responsibilities
are shared between the central government and public entities. The protocol “monitoring en toetsing
drinkwaterbronnen KRW” describes a basic guideline for monitoring of drinking water production sources in the
Netherlands (DHV, 2006).
Early warning strategies are not clearly defined for drinking water companies, neither on a national level nor per
company. Consequently, views and definitions of EWS vary substantially. Nevertheless, some common patterns can
be drawn from the answers given to the questionnaire. In particular, an ideal EWS is mostly seen as an innovative
technique or a practical method capable of measuring a broad range of hazardous substances before it can have any
influence on the drinking water production, so that enough time remains to act properly and safeguard the
production site. Further common characteristics mentioned by the respondents are:
• Cost-effectiveness
• Online-monitoring
• Gives perspective for effective response
• Multiple measuring points
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Figure 4 Types of sources used for drinking water abstraction in the Netherlands for each drinking water company, source: Vewin (2017).

2.2

Surface water

Securing the water quality of the big rivers and canals in the Netherlands is the task of the Ministry of Infrastructure
and Water Management (NL: “Rijkswaterstaat (RWS), formerly known as RIZA”). In the last years, multiple (online)
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monitoring systems were set-up that provide data on surface water quality parameters. In the specific case of the
Netherlands, the rivers Meuse and Rhine are the main surface waters that flow through the country to the North
Sea (Figure 4). Following European legislation, the water quality of both rivers is monitored in all the countries in
the river’s catchment (Appendix III). All sub-districts of the big rivers in the European Union are described in river
basin catchment management plans (NL: “stroomgebiedbeheerplannen, SGBP”), which aim to assure high quality
of river water. To guarantee this, water entering the Netherlands at Eijsden (Meuse) and Lobith (Rhine) are being
monitored. This water is continuously monitored for a broad range of chemicals, biological and organic parameters
and substances and disseminated through the Aqualarm system2. In particular, monitors such as based on algae
and Daphnia, gas chromatography coupled to mass spectrometry (GC-MS) and liquid chromatography (SAMOS).
Next to this, the combined organization for drinking water companies that use surface water (RIWA) has its own
alarm network that is also used for major water quality threats. Each surface water abstraction has safety checks
that prevent the intake of unsafe water into the network. Intake monitoring consists mainly of continuous
measurements of standard parameters (e.g., pH, O 2, conductivity) and of biomonitoring (using organisms such as
Daphnia or green algae). In some cases, the presence of aromatic hydrocarbons is also being monitored.
Monitoring of surface water abstractions for drinking water production can be characterized by 4 spatial scales
based on the EU WFD (DHV 2006). These scales are the de-facto protection zones and can be described using the
previously discussed information. On a catchment scale (Protection zone IV), surface water can be distinguished by
cross-border SGBP’s. On a country scale (Protection zone III), the national SGBP and the water quality monitoring
(Aqualarm) should be used. Protection zone II can be characterized by using the regional protection file that are
available for all abstraction sites. In addition, industries discharging their (treated) wastewater into the specific
surface water within the protection zone, are compelled to report any malfunctioning or failure of their water
treatment. The RIWA-network includes more measuring location in Dutch surface waters, however, real monitoring
of important parameters is often lacking on the regional scale. Intake monitoring is the final safety check before
water is abstracted (Protection zone I).

Figure 5 WFD protection structure for surface waters. Protection zone IV: Catchment, Protection zone III: Country size, II:
Regional size, I: at abstraction. Adapted from: DHV (2006).

2

Aqualarm.nl
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Groundwater

Groundwater is abstracted from available aquifers, mostly between 20 and 200 meters below surface. Depending
on the specific geohydrological properties of the location, well screens can be installed in e.g. deep confined
aquifers, shallow confined aquifers or in phreatic aquifers.
Based on these well(screen) properties, the surrounding layers, the depth and the size of the abstraction,
groundwater abstractions can be labelled as ‘not vulnerable’, ‘moderately vulnerable’ and ‘very vulnerable’ (Wuijts
et al. 2011) (Appendix II). Each abstraction therefore needs a specific monitoring strategy. Figure 4 shows all the
drinking water abstractions in the Netherlands, a distinction is made between groundwater, river bank infiltration
and dune infiltration (artificially recharged surface water). It can be discussed if riverbank filtration abstraction and
infiltration abstraction (dunes) should be classified as groundwater, as surface water or as a different type (Figure
4). From point of view of the EWS it is most important to look at the residence/travel time of the individual
abstractions and where possible threats can be introduced.
Groundwater abstractions areas are, similarly to surface waters, protected by protection zones (Figure 4). Based on
the minimal travel time of water flowing through the subsurface to the abstraction well, the source water area (60
days) and the groundwater protection area (25-100 years) are defined. The well field is mostly owned by the
drinking water company as well as the source area, yet the total surface is generally not fully owned by the drinking
water company. Generally, stricter regulations are foreseen around these areas yet activities which could
potentially introduce contaminations, such as agriculture, still take place. The groundwater protection area (e.g.
shape, size, specific aquifer(s)) is different for each groundwater abstraction, depending on the characteristics of
the specific abstraction site (van Beelen et al., 2009).
Monitoring the quality of groundwater for drinking water production generally involves collection of samples at
abstraction and observation wells. At abstraction wells, water that is directly going to the treatment plant is
collected and measured routinely. On the other hand, observation wells are located in the groundwater protection
area, at a certain distance (expressed in travel time of decennia). As determined by the WFD, monitoring at
observation wells are currently not mandatory for drinking water companies. The results of the questionnaire
showed that the used temporal measuring interval of the observation wells can range between once per year to
once per 6 years for each abstraction, and differs between each drinking water company. However, from an EWS
perspective, monitoring at observation wells should be carried out on a more frequent/regular basis. This could
become more common practice with the new WFD which focuses on a more risk-based monitoring approach.
In practice, methods used to monitor the groundwater inside the protection zone are different per abstraction site
and also vary between drinking water companies. Monitoring is generally done with sample-based water quality
analysis. According to results provided by the questioned drinking water companies, monitoring at observation
wells varies and depends on the vulnerability of the abstraction area. Water quality is assessed on a very broad
spectrum of contaminants, including microbiological and chemical parameters (e.g., common micro-pollutants).
Next to this, non-specific parameters are also measured, to determine if other unknown events can be detected in
the subsurface. Monitoring activities and target parameters (e.g., contaminants of concern to be monitored) are
mostly defined by the EU WFD (DHV 2006) (Appendix IV).
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3 Risks and future threats
This chapter describes the main risks and future threats to drinking water production in the Netherlands and gives
insight into which type of innovative techniques could provide most benefit.
As suggested by Capodaglio et al. (2016), risks can be defined depending on various characteristics of the water
source. Firstly, its spatial and temporal variability. Temporal variability is relatively low for groundwater while the
spatial variability can be high depending on possible sources of contamination and a generally strong vertical
variability. Surface waters have a much stronger temporal variability, ranging from high for lakes to very high for
rivers. Similarly, the vulnerability of the source and the travel time from any potential contamination to the intake
should also be considered. Secondly, response time, sampling frequency and process optimization should be
defined in accordance to the type of water treatment which is applied. Low vulnerability sources will be
characterized by a low risk for potential contaminations, physical barriers between point of contamination and
intake, as well as transit times of contaminants within the source will be substantially longer than the time needed
to conduct sampling and laboratory analyses (Capodaglio et al., 2016).
The variability between individual treatment plants and the variability in methods that drinking water companies
use to assess their treatment plant quality are not taken into account in this research.
When thinking of EWS for drinking water production, the most common threats taken into account are
sudden/rapid threats for contamination that occur due to incidents instead of slow-onset threats which occur for
prolonged time, are continuous and often go unnoticed (Table 3). Neglecting slow-onset threats can lead to severe
risks and eventually cause significantly higher costs. For all types of drinking water sources both these threats play
an equally important role and should always be taken into account (Bartrand and Grayman, 2017; UNEP, 2012).

Table 3 Examples of sudden-onset and slow-onset threats that could apply to drinking water sources.

Sudden-onset threats
 Industrial spill
 Transportation accident
 Urban runoff
 Intentional contamination (terrorists, vandals)
 Treatment facility failure
 Discharge water industry

Slow-onset threats
 Atmospheric deposition
 Infiltration/leaching (e.g., pesticides, antibiotics)
 Eutrophication
 Unreported continuous discharge of substances
 Climate change
 Soil pollution

Future development of the drinking water demand can have different outcomes. Based on several scenarios, the
drinking water demand can slightly decrease, remain unchanged, or slightly increase until 2040 (Wuijts et al. 2011).
The effects on water quality and hence on the sources of drinking water are mainly governed by changes in
demography, economy, social-cultural structures and climate. The main expected effects on sources for drinking
water production are shown in Table 4.

Table 4 Expected effects of different scenarios for the drinking water sector in 2040 (Wuijts et al. 2011). Different effects can increase (>) or
decrease (<), depending on the scenario.

Demography

Economy

Social-cultural

Climate
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contaminates from
overland flow
> micro-organisms in
surface waters

Surface water

Surface waters abstractions are relatively vulnerable, due to the short travel times that contaminants have from the
contamination source to the abstraction site. In the specific case of the Rhine and Meuse, this implies that water
quality can change quickly (e.g., hours to days). The fluctuations in quality during the year can also be quite high,
due to substantial changes in contaminant and water discharges (Moermond et al. 2016). These effects will be
amplified in coming decades and the Rhine and Meuse will become more vulnerable due to climate change, as
determined by (Wuijts et al. 2011). Even though surface waters are being protected on multiple levels, surface
water intakes are stopped frequently because of insufficient water quality (Table 5). Especially surface water
abstractions fed with water from the Meuse river are stopped relatively often.
Table 5 Intake stops at surface water abstractions (sum of all days that the surface water intake is stopped of all abstractions per river). Source:
(Vewin 2017).

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

Rhine

1

2

0

0

13

4

15

39

24

6

Meuse

225

178

122

153

65

114

126

209

478

308

Sewage treatment plants and industrial wastewater treatment plants are one of the main sources of contamination
for surface waters. While sewage treatment plants are often thoroughly monitored, discharge of contaminants
from industrial wastewater treatment plants are often unknown (Van Wezel et al. 2014). Despite a lack of data for
many pharmaceuticals, for some substances it is already known that safe concentrations are exceeded (Moermond
et al. 2016). Until now, these substances do not cause safety risks for the drinking water after it has been treated,
but because concentrations will increase in the coming decades, and, new pharmaceuticals will be developed,
attention has to be given to these substances (Moermond et al. 2016). A good example of a continuous spill from
an industrial wastewater treatment plant is the discharge of the unknown substances making up GenX (part of the
group of per- and polyfluoroalkyl substances (PFAS)). These contaminants were found by chance in the BenedenMerwede by a German research institute. Further research subsequently determined that the substances were
present in the drinking water of Oasen, Evides and Dunea. However, found concentrations did not exceed approved
maximum concentration (Versteegh and Voogt 2017).
Wastewater treatment plants are also one of the main sources of another type of contamination of concern for
surface waters, namely pathogens and, in particular, antibiotic resistant genes and resistant bacteria (Cacace et al.
2019). Currently, the occurrence of these particular contaminants is of less concern for drinking water companies.
However, with the growing pressure on water bodies, in particular related to water reuse, and the spreading of
resistant pathogens, the issue of resistant genes and pathogens will likely increase in the future. Due to climate
change, more extreme weather conditions will occur in the near future. This can lead to periods with prolonged
droughts or with more intense precipitations. Droughts can lead to low river discharges. Low discharge in rivers
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results in less dilution of contaminants and consequently higher concentrations at the intake of water production
facilities (Farré and Barceló 2003; Sjerps, ter Laak, and Zwolsman 2016; Tothill and Turner 1996). Peak
concentrations can increase with a factor 3 to 4 for the river Meuse and with factor 2 for the river Rhine. These big
differences are mostly due to the different hydrology between the two rivers (Sjerps, ter Laak, and Zwolsman
2017). A recent study of Van Loon et al. (2019) showed that crop protection chemicals/pesticides are measured at
all surface water intakes and for 75% exceedance of maximum allowed concentration occurs.
Another example of a potential risk are runoffs from urban or agricultural areas. These can cause a sudden increase
of contaminants (e.g., crop protection chemicals) during rainfall peaks which can be of concern for drinking water
production. Surface water abstractions close to the sea will increasingly suffer from intrusion of sea-water, which
will increase the salt concentration at intake, consequently leading to more intake stops (Wuijts et al. 2011).
Climate change will also influence the temperature of the intake water and will cause temperatures of water in
distribution systems to rise more often above 25°C (Kielen et al. 2011a). In this sense, most problems are expected
for surface water intakes at Bernisse, Scheelhoek (Evides), surface water abstractions from the river Lek (Oasen)
and the abstraction at Andijk (PWN) (Kielen et al. 2011b). Based on answers given to the questionnaire, drinking
water companies that use surface water abstractions see a great need for improving EWS because these sources
are dynamic and are under influence of many, sometimes unknown, substances and contaminants. Climate change
also plays a role, because increased influence from salinization and algae blooms are expected in the future.

3.2

Groundwater

Even for the most vulnerable groundwater sources, travel times are expected to be relatively large (compared to
surface water abstractions). However, relatively short travel times (days, weeks) can result from leakage or shortcircuiting from ground surface along faulty abstraction wells, which can originate from incorrect sealing of the
borehole. The most vulnerable types of groundwater abstractions are dune infiltration and river bank infiltrations
because of the relatively short travel times from the possible source of contamination to the abstraction point.
These systems should therefore be assessed both on the surface water quality (input) and the groundwater quality
flowing to the abstraction point. Monitoring of ‘deep’ groundwater is achieved through sampling of monitoring
wells and by analyzing the water that is abstracted from the production wells. Monitoring wells can give insight in
contaminants travelling through the subsurface, but this depends on the moment of sampling and spatial
distribution of contaminants. Point sources (NL: ‘puntbronnen’) can be very hard to detect with monitoring wells
because the travel path of these point sources, especially when the point source is close to the well, can be narrow
and with a relatively high travelling time. This means the groundwater quality can have a high spatial variability,
which cannot be adequately monitored only with monitoring wells.
The WFD-guidelines provide an overview of substances that are currently considered a problem and of groups of
proxy substances that could suggest contaminations from other substances (Appendix III). Not all substances in
these lists have to be monitored, but based on the specificities of the source, selected substances should be
included in the monitoring program. Currently, a relatively large share of groundwater abstractions (~50%) are
under threat of current or emerging problematic substances (Wuijts et al. 2014). Risks and threats to groundwater
abstractions are described and documented individually for all groundwater abstractions in the Netherlands in the
regional protection files for drinking water extractions. A study done by (Tiebosch, Brink, and Wuijts 2011b) shows
that these files provide a good basic overview of current risks. Nevertheless, because of the differences between
each document and the incompleteness of documents, improvements can be made. It should be noted that
although these protection files include many risks, they can never determine all possible threats.
Salinization of aquifers can become a bigger problem in the coming decades (Wuijts et al. 2011) since salinization of
the subsurface occurs due to sea level rise, which results in increased seepage of salt water to the surface. This can
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be a threat to the dune infiltration systems in the western part of the Netherlands (Zwolsman et al. 2014). Due to
legislation and other interventions, average deposition of nitrate and phosphorus is currently decreasing from
agricultural activities. Nevertheless, the effect of these fertilizers will continue to affect ground water quality in the
future. Nitrate in groundwater can also directly, or indirectly, result in an increase of other harmful substances (e.g.
sulphate, arsenic, zinc) (van der Aa, Boumans, and Claessens 2014). Crop protection products/pesticides also form
an increasing threat to groundwater quality. In more than 70% of the phreatic groundwater sources pesticides have
been measured of which 15% deals with incidental exceedance of maximal concentration. Next to this, pesticides
are being measured in monitoring wells in the groundwater source area, which means future influence of
pesticides is probable (Van Loon et al., 2019).
The subsurface of the Netherlands is increasingly used for other activities, such as geothermal energy production
and subsurface storage of heat and gasses, potentially increasing pressure on available groundwater quality and
quantity with shorter travel times to abstraction wells than for threats emanating from ground surface (because
activity can occur in the same aquifer as the groundwater abstraction or aquifers close by). Another observation, as
indicated by respondents to the questionnaire is that often substances are measured at the monitoring wells, while
no effect can be detected at the abstraction wells. This can probably occur when the contaminated groundwater
detected in a monitoring well is relatively local, and represents only a small fraction of the total groundwater
abstracted.
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4 Questionnaire outputs – Needs for future EWS
Through the questionnaire which was distributed to the drinking water companies, we aimed at obtaining an
overview of the perceived concept of EWS as well as of the current monitoring approaches and challenges that
drinking water production faces currently and in future. Below, a brief overview of the responses is given in
perspective of the definition of EWS which was given earlier.
From a detection point of view, the following points were mentioned:
• Setup of databases and specific frameworks for broad (targeted and non-targeted) screening approaches.
• Detection of contaminants at low concentration.
• Obtain more insights regarding approaches to monitor deep groundwater mostly influenced by subsurface
activities (e.g., ATES, geothermal energy).
• Detection of new contaminants of emerging concern.
• Chemical monitoring of micropollutants.
• Improve the detection microbial contaminations.
With regards to the response time, the following points were mentioned:
• Rapid (online) detection of microbiological changes.
With regards to monitoring technologies, the following points were mentioned:
• Improvements in the domain of biomonitoring, specifically for the detection of emerging contaminants both in
surface and groundwater.
• Use of glass fiber technologies to measure conductance with a high vertical resolution.
With respect to the understanding of risks, the following points were mentioned:
• Improved understanding of subsurface reactivity. How will pollutants and/or changes in circumstances influence
water quality?
• Find methods that provide more insight into health risks of unknown substances
• Uncertainty about quality at the wells. Are the layer restored (sealed) correctly? If not, there is the possibility of
mixing between different aquifers (oxygenated and anoxic).
• Monitoring the discharge of wastewater treatment plants in surface waters.
Other elements which could be identified:
• Determine approaches to track the influence of detected contaminants in groundwater sources.
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5 Identified requirements for EWS
5.1

Surface waters

Overall, with the examples provided above, combined with the information retrieved through the questionnaire,
various important requirements for EWS for surface water were identified. Firstly, due to the vulnerability of
surface waters to sudden incidents, response times should be low to allow an early detection and a timely
interruption of surface water intake. Detection of a broad range of (anthropogenic) chemicals appears to be
another of the requirements of EWS for surface waters, in particular due to the risk linked with both accidental
spills and continuous discharge of both urban and industrial wastewater treatment plants, as well as agricultural
activities. Climate change, in particular the increased frequency of longer periods of drought will exacerbate these
issues during the coming years. Due to the broad range of chemicals involved, ideal EWS should consist of a battery
of chemical and biological tests which allow the rapid detection of a contamination (or its increased concentration).
Although not mentioned in the responses to questionnaire submitted to drinking water companies, increased
pressure on surface waters due to pathogens (e.g., antibiotic resistant bacteria) should also be monitored. EWS
should thus also include dedicated monitoring tools which can take into account the increasing pressure from
potentially harmful pathogens.

5.2

Groundwater

With regards to the specificity of EWS for groundwater sources, the need for approaches which cover a broad
spectrum of contaminants remains valid. An additional aspect which is likely even more important for groundwater
compared to surface waters is the ability to detect trace levels of contaminants. Due to the overall low
concentrations found in groundwater and the relatively long travel times encountered in groundwater sources, the
ability of detecting contamination plumes at an early stage (i.e., when these are still distant from abstraction points
and thus concentrations are still low, as shown in Figure 2) is particularly important. In addition a better
understanding is needed on how to deal with high spatial variability in groundwater quality in monitoring
approaches and EWS.
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6 Overview of existing and innovative monitoring
techniques
As detailed in Chapter 3, monitoring approaches should be adapted to the characteristics of the source being
protected (e.g., spatial and temporal variability, vulnerability and response time). Online monitoring can be defined
as the automated (i.e., without the need for an operator) sampling, analysis and eventually processing of water
relevant data, which contrarily to conventional grab sampling, enables to collect data at high frequency
(Capodaglio, Callegari, and Molognoni 2016). Similarly to online, in-situ measurements can be carried out using
portable devices deployed on site, yet in this case point measurements (or sample collection) are carried out,
consequently providing discrete measurement data. Online measurements on the other hand provide (almost)
continuous data. On the other hand, sample-based approaches require the collection of a discrete sample which
will then be transported to the laboratory for analysis. Response time will consequently vary greatly depending on
the type of measurement approach that is being used. In their report for the U.S. Environmental Protection Agency,
(Bartrand and Grayman 2017) identified that since the early 2000s, advances made in (online) early warning
monitoring technologies mainly followed two directions, namely i) the development of new technologies for the
detection of relevant contaminants and ii) adaptation of existing technologies which, so far, could not easily be
deployed on-site. This chapter will provide an overview of both new developments and further adaptations of
existing monitoring techniques.

6.1

Conventional monitoring devices

Conventional parameters that are monitored to assess general water quality, also referred to as surrogate
parameters, consist for instance of monitors for COD, BOD, TOC, pH, chlorine, UV-254, NO3-, NO2-, ozone, H2S, TSS,
and turbidity (Bartrand and Grayman 2017; Capodaglio, Callegari, and Molognoni 2016; Storey, van der Gaag, and
Burns 2011). These kind of technologies are widely used to monitor water sources and distribution systems and
there is a large number of commercially available devices (Banna et al. 2014; Storey, van der Gaag, and Burns
2011). In a recent review, (Banna et al. 2014) evaluated emerging technologies to monitor standard parameters
and provided some guidance for selecting new approaches. In particular, the authors suggested hydrogel-based pH
sensors as they require less maintenance and are more accurate, although having longer response times. With
regards to turbidity, the authors suggest the use of visible light scattering, whilst for the measurement of free
chlorine, amperometric methods are suggested. Finally, the authors suggested the use of metal insulator
semiconductor field-effect transistor (MISFET) and four-terminal electrode for the monitoring of dissolved oxygen
and conductivity, respectively. Unfortunately, however, none of these techniques appear to have reached market
maturity and are thus not commercially available.

6.2

EWS perspective

Conventional monitoring devices have been used for early warning and online monitoring for a long time, in
particular for surface waters (but also influents and effluents of WWTP). From this perspective they do not
represent an innovative technique per se, however monitoring devices are continuously being improved (e.g., multi
parameter devices) and the signals recorded by these instruments can be used in an EWS perspective as proxy to
detect calamities. However, their lack of specificity always requires the use of additional monitoring techniques
and/or confirmatory analyses.
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Bioassays

Bioassays have been commonly used to monitor water quality and to perform risk assessments in complement of
conventional chemical methods, since the latter cannot provide information about the combined effect of
unknown substances present in a sample (Escher and Leusch 2011). The basic principle of bioassays consists in
assessing the toxicity of a (water) sample by measuring the behaviour of a living organism or of parts of it (e.g.,
enzymes). This approach is often referred to as effect-based monitoring. Whilst a large number of laboratory-based
devices are available, the following section will focus on online measurement instruments. However, it should be
noticed that in most cases, the underlying principle remains the same. Online bioassays by definition run
continuously, providing real-time data. They can be operated remotely and require maintenance only once per
week or less. Online bioassays generally use bacteria, aquatic invertebrates, algae or fish (Kokkali and van Delft
2014).
6.3.1
Bacteria
Numerous bioassays based on bacteria have been developed. These rely on measuring specific end-points in
bacteria (e.g., enzyme activity, inhibition of respiration and luminescence), most commonly V. Fischeri, to detect
the presence of contaminants in water (Kokkali and van Delft 2014). Bacteria have been used to monitor a broad
range of water samples (including surface and groundwater) and toxicants such as pesticides, herbicides,
fungicides, metals, industrial chemicals, chlorinated solvents and algal toxins (Kokkali and van Delft 2014; Modern
Water 2017). Various of these online monitoring instruments are commercially available, as will be discussed later.
6.3.2
Algae and higher plants
Algae have also been employed to monitor water quality. In particular, they have been employed for the detection
of toxic substances, such as herbicides and their by-products (Storey, van der Gaag, and Burns 2011). Similar to
bacteria, these systems measure various parameters such as luminescence, growth inhibition or photosynthetic
activity (Hasan et al. 2005) and can be employed to monitor surface water, treatment plants, sewers, soil
recultivation and water supply systems (Kokkali and van Delft 2014). Higher plants have also been employed and
have the advantage that they allow to measure a large variety of endpoints (Farré and Barceló 2003). Recently,
various online bioassays have been developed as will be discussed below.
6.3.3
Invertebrates
Invertebrates have been also been used in bioassays, in particular Daphnia magna which is among the most
commonly employed organisms (Durand et al. 2009). These organisms are particularly useful for testing toxicity
testing since they are characterised by parthenogenetic reproduction, they have short reproductive cycles and are
very sensitive to toxins (Farré and Barceló 2003; Tothill and Turner 1996). This is generally measured by monitoring
their locomotive behaviour, growth rate and mortality (Kokkali and van Delft 2014). Measurement cycles are
generally short (e.g., 30min), testing can be carried out on a broad range of temperatures (i.e., 0°C to 30°C) and
maintenance interval are longer than one week (Kokkali and van Delft 2014). This type of organisms have been
employed to monitor water quality from rivers, plants, distribution and production (Lechelt et al. 2000), as well as
early warning systems to detect warfare agents, neurotoxins and pesticides (Kokkali and van Delft 2014).
6.3.4
Fish
Fish-based biomonitors have been used for decades and they generally monitor fish mortality (Farré and Barceló
2003), their behaviour and locomotion using sophisticated software, larval growth or ATP measurements in
muscular tissue (Couture et al. 1989). Yet their implementation faces various issues such as ethical aspects,
standardisation and the need for regular and long maintenance, as well as dedicated equipment (Farré and Barceló
2003). Nevertheless, as reviewed by Kokkali and van Delft (Kokkali and van Delft 2014), numerous commercially
available online systems exist. One of the advantages is that fish behaviour can be monitored continuously,
providing a rapid response in case of an event. Other larger organisms have also been used in bioassays. In
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particular, mussels have been implemented in two commercially available devices (MosselMonitor and Biota Guard,
see next section for further details). These systems are based on the measurement of mussels behaviour (e.g.,
opening and closing of shells) and physiological parameters (Kokkali and van Delft 2014). Finally, a bioassay using
multiple species have also been recently developed which can be applied to monitor fresh- and seawater as well as
soils (Gerhardt et al. 2007). This system allows to monitor up to three organisms simultaneously and provides
individual alarms for each organisms if an accidental pollution is detected.

6.3.5
Commercialisation
Commercial bioassays, and in particular devices for online monitoring, are widely available. Online bioassays based
on (luminescent) bacteria are among the most developed commercially available instruments. For instance, the
iTOXcontrol system developed by microLAN B.V. (Waalwijk, The Netherlands) enables to continuously monitor
water quality as well as automated sample dilutions for offline measurements. In addition, this system can be
connected to online probes which measure surrogate parameters (e.g., turbidity, TOC, DOC) and UV absorbance in
the range 200-750nm (TOXscan, s::scan Messtechnik GmbH, Vienna, Austria). Automated solid phase extraction
(SPE) for sample concentration, thus increasing the system’s sensitivity, can also be integrated. Additional
commercially available systems based on luminescent bacteria are Microtox CTM (Modern Water, Guildford, UK)
and CheckLight Online (Whitewater, Tel Aviv, Israel). Both allow to monitor for both heavy metals and a wide range
of organic contaminants (e.g., pesticides, fungicides, herbicides, chlorinated solvents) and can be implemented to
monitor various type of water sources.
Online monitoring systems based on algae and higher plants have also been commercialised. For example the Algae
Toximeter II (bbe-moldeanke, Schwentinental, Germany), uses green algae to continuously monitor for the
presence of toxic substances in water. It has been reported to be particularly sensitive for the early detection of
herbicides and their by-products (Storey, van der Gaag, and Burns 2011). Similarly, Fluotox (Ifeture-eu,
Bréchaumont, France) has also been reported to be highly sensitive to trace amounts of herbicides (Kokkali and van
Delft 2014). RobotLuminoTox (RTLx) (LBi, Québec, Canada) is another commercially available bioassay based on
algae which also integrates an online self-cleaning system, pH and temperature sensors measuring toxicity at 30min
intervals. It has been described as an early warning system suitable for drinking water monitoring (Kokkali and van
Delft 2014).
Online monitoring bioassays based on invertebrates have also been commercialised. In particular, DaphTox II (bbemoldaenke) and Aqua-Tox-Control Daphnia (Kerren Kunststofftechnik GmbH, Viersen, Germany) both monitor the
behaviour and locomotor activity Daphnia to monitor water quality. These can be used as early warning systems for
pesticides, neurotoxins and even warfare agents.
Various types of online systems relying on fish have also been commercialised. Among these one can find the Fish
Toximeter II (bbe-moldaenke), ToxProtect 64 (bbe-moldaenke), Fish Activity Monitoring System (FAMS) (which is
now being commercialised under the name awaVision, awa Instruments, Singapore), Bio-Sensor (Biological
Monitoring Inc., Blacksburg, VA, USA), Gymnotox (AquaMS, Maxeville, France)), Truitel TruitoSEM (CIFEC,
Neuilly/Siene, France), Intelligent Aquatic Biomonitor System (iABS) (Honeywell, Phoenix, AZ, USA) and Aqua-ToxControl (Kerren Kunststofftechnik GmbH). Most of these devices continuously monitor fish behaviour (e.g.,
locomotor activity, breath, coughing, electric signal). Some of these devices include additional features, such as the
Bio-sensor which allows for automatic sample collection for further analysis, as well as automated feeding systems
reducing maintenance to once a month (Hasan et al. 2005). Other systems, such as the Truitel TruitoSEM have been
reported to be particularly suitable for groundwater and drinking water sources in general (CIFEC 2018; Kokkali and
van Delft 2014).
Mussels have also been used to develop commercial online bioassays. In particular, MosselMonitor (Aquadetect,
Brouwershaven, The Netherlands) and Biota Guard (Biota Guard AS, Stavanger, Norway) monitor mussel behaviour
to assess water quality and can be implemented to monitor a broad range of water types (e.g., surface water,
groundwater, drinking water, effluents and seawater). The MosselMonitor system also includes an automated
feeding device, allowing mussels to survive in environments where there are no nutrients (e.g., groundwater and
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drinking water) and minimize maintenance (e.g., continuous monitoring for up to 3 months without replacing the
mussels). Biota Guard can also be equipped with various types of sensors to measure surrogate parameters (e.g.,
conductivity, oxygen levels, temperature, turbidity).
6.3.6
EWS perspective
Bioassays have been extensively used to monitor the quality of drinking water sources and the development of
online devices, which can provide an almost real time response (i.e., time lags of a few minutes), makes them a very
useful tool. One of the main drawbacks remains the lack of information about the chemical (or mixture of
chemicals) which is disrupting the monitored endpoint, as well as the lack of a single bioassay covering multiple
endpoints (i.e., chemicals can cause a response through different modes of action and no bioassay covers them all).
However, these limitations can be overcome by implementing a battery of bioassays in combination with a
sampling device, which collects samples when an alarm is triggered, and chemical analyses (i.e., GC- and/or LC-MS)
to identify the cause.

6.4

Biosensors

Biological sensors, referred to as biosensors, have received increasing attention in recent years for the detection of
environmental contaminants. The detection of relevant contaminants relies on various biorecognition methods,
such as immunochemical (e.g., antibodies), DNA, molecularly imprinted polymers (MIPs), enzymatic, non-enzymatic
receptors (e.g., aptamers), nanomaterials (e.g., quantum dots) as well as whole-cell systems (Ejeian et al. 2018;
Long, Zhu, and Shi 2013; Storey, van der Gaag, and Burns 2011). A transducer (e.g., e.g., optical or electrochemical)
then transforms the interaction between target contaminant and biorecognition into a measurable electric signal
(Thevenot et al. 2001). Figure 8 illustrates the various components which characterise an optical biosensor. In some
cases, the development of such biosensors consists in miniaturizing more conventional bioassays, which are
commonly used in laboratories, and combining them with a transducer (Farré and Barceló 2003). As will be
discussed further in this section, biosensors have been developed for the detection of organic materials, heavy
metals as well as microorganisms.

Figure 8: Scheme of the various constituents of an optical biosensor. Taken from (Long, Zhu, and Shi 2013).

6.4.1
Detection of organic compounds
Whole cell-based systems have been used to detect organic compounds in aqueous matrices. For instance,
genetically modified whole cell systems hyphenated to a luminescent reporter gene have been widely developed
(Struss, Pasini, and Daunert 2010). The use of whole cell systems for the detection of herbicides using nongenetically modified algae, by measuring fluctuations in chlorophyll fluorescence, have been developed (Védrine et
al. 2003). The authors reported that herbicides at sub-ppb concentrations could be detected and that the response
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time fulfilled requirements for the use of the biosensor as an early warning system for environmental and
groundwater quality monitoring.
Molecularly imprinted polymers (MIPs) are another type of technology that has been implemented for the
detection of organic compound in water systems. MIPs are engineered around the target molecules, leaving
cavities in the polymer matrix designed for the target molecule (Tse Sum Bui and Haupt 2010). In particular, MIPs
have been recently used in combination to surface plasmon resonance (SPR) to detect triclosan in wastewater and
detection limits of 1.7 ng/L were reported (Atar et al. 2015).
Immunochemical biosensors using labelled antibodies have been commonly implemented for the detection of
antibiotics, hormones, endocrine disrupting chemicals and pesticides in groundwater using optical transducers
(Tschmelak, Proll, and Gauglitz 2005).
Among the various electrochemical biosensors available, amperometric ones are among the most widespread.
These have been implemented for the detection of numerous organic compounds such as polychlorinated
biphenyls (PCBs), polybrominated diphenyl esters (PBDEs), herbicides and insecticides (Ejeian et al. 2018). The
bioreceptor used generally consisted of enzymes or whole-cell systems and, in some instances, DNA.
Another type of technology which has been developed for the detection of organic compounds in aqueous
environments are aptamers. The latter consist of single strands of RNA or DNA which can be selected to have highly
sensitive and specific binding properties. These can then be combined with various types of detection systems,
such as fluorescent or colorimetric, as well as electrochemical sensing (Akki and Werth 2018). However, there is
currently no commercially available aptasensor for the monitoring of relevant organic pollutants in aqueous
environments. Furthermore, in many cases they are currently not sensitive enough to detect contaminants at
concentrations which are relevant for environmental monitoring purposes.
Surface acoustic wave (SAW) microsensors have also been developed, in particular for the detection of volatile
organic compounds (VOCs) (Groves, Grey, and O’Shaughnessy 2006). Obtained results were promising as good
classification and sensitivities were obtained, however the instrument is still not mature enough for large-scale
applications nor commercialisation (Storey, van der Gaag, and Burns 2011). A recent research has confirmed that
still today, in 2019, there is no commercially available device.
One of the great advantages of biosensors is that they can be miniaturized to portable devices which can be
deployed in-situ (Tsopela et al. 2016), however there are still some limitations in terms of detecting low
concentrations of heterogeneously distributed microorganisms (Storey et al. 2011). Furthermore, In the particular
case of whole-cell systems, the occurrence of metabolites and/or transformation products can cause higher
readings due to their effects on the biosensor (Ejeian et al. 2018). Yet, if transformation products or metabolites
are also of interest, this should not be a limitation.

6.4.2
Detection of heavy metals
Among the various types of biosensors developed for the detection of heavy metals, enzyme-based
electrochemical biosensors are most commonly used. Various types of enzymes have been used, such as urease,
peroxidase, tyrosinase and glucose oxidase (Ejeian et al. 2018). Optical biosensors, based on recombinant
Escherichia coli strains, engineered so as to enhance production of fluorescent proteins in presence of heavy
metals, have been developed for applications in wastewater (Raja and Selvam 2011). The use of piezoelectric and
microfluidic devices for the measurement of heavy metals in water has also been reported (Ejeian et al. 2018).
One of the main difficulties encountered when measuring heavy metals is that these mostly form stable complexes
with organic matter, whilst biosensors are designed to measure free metals. Thus, sample preparation in the
laboratory is often required, which increases both complexity and response time. However, when the
nephelometric turbidity of the sample is below one, samples can be measured directly (Ejeian et al. 2018).
Consequently, these devices could be used in surface and groundwater provided that turbidity is limited. Yet, the
main limitation to the application of these instruments is that only a limited number is commercially available.
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6.4.3
Detection of microorganisms
To overcome the limitation of conventional methods, which rely on artificial mediums and microscopic techniques
to detect microorganisms, new technologies have been developed. Among these, enzyme-linked immunosorbent
assays (ELISA), polymerase chain reaction (PCR) and fluorescent in-situ hybridization (FISH) have been developed to
detect trace amount of pathogens in aqueous environments (Ejeian et al. 2018).
Optical biosensors equipped with SPR (An enzyme-free and label-free surface plasmon resonance biosensor for
ultrasensitive detection of fusion gene based on DNA self-assembly hydrogel with streptavidin encapsulation) and
resonant mirror have been used to detect microorganisms (Theory and Applications of Surface Plasmon Resonance,
Resonant Mirror, Resonant Waveguide Grating, and Dual Polarization Interferometry Biosensors). Furthermore, a
chemiluminescence immunoassay based on glucose oxidase and laccase was developed to detect E. coli O157:H7 in
various artificial matrices, including spring water (Zhang et al. 2014). The same strain of E. coli was also detected in
wastewater using fluorescently labelled aptamers (N. Yildirim, F. Long, and A. Z. Gu 2014). The use of nanoparticles
and quantum dots as biorecognition methods have also been reported (Ejeian et al. 2018).
Electrochemical biosensors for the detection of microorganisms have also been developed. In particular, numerous
instruments which use electro-oxidation and electro-reduction have been reported (Kokkinos and Economou
2017). For instance, detection of trace amounts of Bacillus cereus and Mycobacterium smegmatis using an
amperometic biosensor was reported by Yemini et al. (Yemini et al. 2007). The developed procedure allowed the
detection of down to 10 cells/mL within 8h. Successful implementations of potentiometric biosensors have also
been reported for the detection of E. coli DH5a and Staphylococcus aureus in aqueous samples (Abbaspour et al.
2015; Ercole et al. 2002).
Whilst there are numerous applications of biosensors for the detection of microorganisms, challenges still remain
before commercially viable measurement instrument will be developed, one of which is the need for sample pretreatment. In the particular case of SPR methods, bulky equipment, complexity and costs are among the main
factors limiting their commercial development (Ejeian et al. 2018). For potentiometric biosensors, on the other
hand, linear range, reproducibility in potentials, stability and issues with the immobilization of biomolecules are
among the reported limitations (Liu et al. 2017).
6.4.4
Commercialisation
Although focused on monitoring wastewater, Ejeian et al. 2018 discuss the issues which currently limit the
commercialization of biosensors. Among the main issues the authors mention sensitivity, selectivity and
functionality. Implementing more effective bio-recognition elements, such as whole microorganisms or
biomolecules, is given by the authors a suggestion which might improve the sensitivity of biosensors in turbid
waters. Despite these limitations, a few commercially available instruments are mentioned in the literature. For
instance the Algae Toximeter (bbe Moldaenke GmbH, Kiel, Germany), which can be used to continuously monitor
toxic substances in aqueous environments. Another system, based on chemilumescent Vibrio fischeri bacteria, has
been developed and commercialized under the name Toxcontrol (microLan, Waalwijk, The Netherlands) and can be
used to monitor toxicity online (Zurita et al. 2007). However, as was presented in the previous section, these two
type of instruments fall under the category of online bioassays. Another instrument which has been recently
developed is the Automated water analyser computer-supported system (AWACSS), which combines a biosensor, a
transducer chip and an autosampler, which can be used rapidly measure various trace organic contaminants
without (manual) sample pre-treatment (Tschmelak, Proll, Riedt, Kaiser, Kraemmer, Bárzaga, Wilkinson, Hua, Hole,
Nudd, Jackson, Abuknesha, Barceló, Rodriguez-Mozaz, Alda, et al. 2005; Tschmelak, Proll, Riedt, Kaiser, Kraemmer,
Bárzaga, Wilkinson, Hua, Hole, Nudd, Jackson, Abuknesha, Barceló, Rodriguez-Mozaz, López de Alda, et al. 2005).
Although two prototypes have been manufactured and tested (Tschmelak, Proll, Riedt, Kaiser, Kraemmer, Bárzaga,
Wilkinson, Hua, Hole, Nudd, Jackson, Abuknesha, Barceló, Rodriguez-Mozaz, López de Alda, et al. 2005) with
successful results, suggesting that the instrument has reached sufficient maturity, there appears to be no
commercially available device. Similarly, (Shi et al. 2013) recently reported of the development of an automated
online optical biosensing system (AOBS) for the rapid detection of microcystin-LR, one of the most toxic and
common cyanotoxins found in surface waters. Detection limits of 0.09 µg/L were reported and the instrument was
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successfully implemented to continuously monitor water quality of lake Tai in China for almost one year. Whilst
results also indicate that this instrument has reached maturity, there appears to be no commercially available
device.
6.4.5
EWS perspective
Biosensors are extremely promising devices for the monitoring of drinking water sources as they combine the
sensitivity of bioassays with the electronics, making them ideal for online monitoring. However, they are still in the
development phase and there are few (if none) commercially available devices.

6.5

Spectroscopic methods

6.5.1
Spectrophotometry
In spectrophotometry, the emission spectra of specific molecules (e.g., aromatics, pesticides, humic acids,
pesticides, chlorophyll) are measured. Conventionally, single wavelengths were measured (i.e., UV254 analysers),
yet other instruments have been developed which use a broader spectrum of irradiating light (e.g., from 200 to
720nm) (Capodaglio, Callegari, and Molognoni 2016; Storey, van der Gaag, and Burns 2011). Obtained spectra can
provide information about the molecule being measured (Storey, van der Gaag, and Burns 2011). The principle of
these types of instruments is that spectra are continuously recorded, measuring the fingerprint of water quality
(Capodaglio, Callegari, and Molognoni 2016). If significant changes in the fingerprint spectrum are observed, an
alarm is triggered. However, because of the large amount of data generated, continuous monitoring by personnel is
not possible and, consequently, automated event detection systems (EDS) are put in place to continuously and in
real-time monitor the data (U.S. Envinronmental Protection Agency 2013). The use of fluorescence has been
investigated to detect cases of cross-connection, where recycled water had been inadvertently introduced into
drinking water systems (Henderson et al. 2009). UV/VIS instruments operating on a broader range of wavelengths
allow to measure organic carbon, nitrate and turbidity simultaneously. Furthermore, they are more selective,
precise and reproducible due to lower cross-sensitivity and interferences from the matrix (Capodaglio, Callegari,
and Molognoni 2016). According to Capodaglio et al. 2016, spectroscopic methods are among the most interesting
and mature technique currently available for online monitoring (Capodaglio, Callegari, and Molognoni 2016). These
type of technology has also been recommended by the US-EPA as they present various advantages compared to
conventional techniques for online monitoring (U.S. Envinronmental Protection Agency 2013).

6.5.2
Raman spectroscopy
Raman spectroscopy relies on inelastic scattering which can occur when a molecule is being irradiated with a
monochromatic light, mostly derived from a laser, which provides information about the structure of the molecule
being investigated (Li et al., 2011). Raman spectrometers are generally composed of five elements, namely an
excitation light, a light collector, a monochromator, a detector and a data processing system (Luo and Lin 2008).
Raman spectroscopy has been widely implemented to detect contaminants in the environment (Li et al. 2016). Few
studies have reported the used of Raman spectroscopy, and in particular surface enhanced Raman spectroscopy
(SERS), to detect polycyclic aromatic hydrocarbons (PAHs) (Li, Wang, and Li 2016; Schmidt et al. 2004). SERS was
developed as an approach to enhance the otherwise weak Raman scattering. Various applications of Raman
spectroscopy to detect benzene, antibiotics, organophosphorus pesticides, perchlorates, heavy metals, sulfates,
nitrates and nitrites have also been reported in the literature (Li et al., 2011). Raman spectroscopy has also been
successfully used to identify bacteria in drinking water (van de Vossenberg et al. 2013). In particular, focus was set
on trying to distinguish Legionella strains as well as E.coli and coliform bacteria. Yet, in this study a bench Raman
spectrometer was used (Ramen SpectraCell RA, River Diagnostics, Rotterdam, The Netherlands).
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6.5.3
Infrared spectroscopy
Infrared spectroscopy can be broken down into three distinct measurement approaches, namely near-infrared
(NIR), mid-infrared (MIR) and far-infrared (FIR) (Zulkifli, Rahim, and Lau 2018). Coupled to chemometric tools,
infrared spectroscopy has been successfully employed in numerous fields (e.g., pharmaceutical and agro-industry)
for the identification and classification of organic components. Its applications to detect contaminants in the water
cycle are however more scarce do to large interfering bands generated by water. The use of MIR for the detection
of aromatic hydrocarbons in water has been reported (Karlowatz, Kraft, and Mizaikoff 2004), yet measurements
were carried out using bench instruments and required sample enrichment. Recent studies have shown that nearinfrared (NIR) could be used to detect changes in water quality due to the presence of chemicals (Kovacs et al.
2016). Based on a concept referred to as “Aquaphotomics”, the approach monitors the spectrum of water itself
which contains information about covalent OH- and hydrogen bonds which can be influenced by the presence of
chemicals such as solutes (Tsenkova 2009). In their study, Kovacs et al. (2016) tested the approach on a series of
ultrapure water samples which had been spiked at various concentrations, ranging from 100 to 0.01mM, of three
chemicals, namely acetic acid, lactose monohydrate and sodium chloride. In their study, the authors were capable
of detecting changes in the water spectrum down to 0.8-1 mM. Although promising, the concentrations tested in
this context are not relevant for the water sector as they correspond to mass concentrations in the gram to
milligram per litre. Concentrations of chemicals encountered in surface water are generally in the in the microgram
per litre range, or even lower. Furthermore, the compounds tested in the study by Kovacs et al. (2016) are not of
particular concern from the perspective of drinking water production.
6.5.4
Commercialisation of online monitoring techniques
Of the commercially available online monitoring techniques, UV/Vis and Raman are most developed. Commercial
instruments based on UV-VIS absorption using a broader range of wavelengths (i.e., 200nm to 700nm) have
recently been introduced (Capodaglio, Callegari, and Molognoni 2016) and provide an improvement compared to
conventional instruments, which measure fixed sources at 254nm. In particular, the company “s::can” (Vienna,
Austria) introduced the spectro::lyser UV-Vis monitors which allows to measure the whole spectrum from 200nm to
750nm, as well as a whole range of surrogate parameters such as TSS, turbidity, NO3-N, COD, BOD, TOC, UV254,
colour, BTX, ozone, H2S, AOC, temperature and pressure (s::can 2018a). Another broad range UV-Vis online
instrument is the The LiquID Station (Zaps Technologies, Albany, OR, USA), which is capable of measuring a very
large range of parameters, including standard ones but also chlorophyll a/b, E. Coli, DYE (Fluorescent Dyes),
fluorescent dissolved organic matter (FDOM), phycobilin chromophore, refined hydrocarbons, specific UV
absorption, ultraviolet absorbance, ultraviolet transmission and fatty acids (ZAPS Technologies 2018). Both the
spectro::lyser and The LiquID Station can be equipped with automated cleaning to avoid fouling (s::can 2018a; ZAPS
Technologies 2018).
Among Raman spectrometers, various portable instruments for in-situ measurements are available on the market.
The TruScanTM RM from Thermo Fisher Scientific (Waltham, MA, US) and other manufacturers, such as the CBEx
from Snowy Range Instruments (Leramie, WY, US) and Rikagu Analytical Devices (Wilmington, MA, US) are among
the commercially available handheld Raman devices. However, most of these have been designed for rapid testing
of materials and do not seem to be appropriate for water testing nor remote monitoring. In fact, implementation of
Raman spectroscopy to monitor water contaminants still faces various difficulties, in particular detection limits
which are mostly still in the ppm range whilst relevant concentrations are rather in the ppb range (Li, Wang, and Li
2016). Furthermore, many of the reported studies were laboratory experiments which consequently did not take
into account the complexity of real environmental water matrices such as surface- and groundwater, which makes
it more difficult to detect the spectrum of certain pollutants (Li et al. 2011). Similarly, portable infrared
spectrometers are available, for instance the microPHAZIRTM RX analyser from Thermo Fisher Scientific, yet these
are again handheld devices which were designed for measurement of materials and are not adequate for
unmanned remote and online measurement of water sources. Nevertheless, adapters for testing of liquids are
available from the manufacturer.
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6.5.5
EWS perspective
From an EWS perspective, spectroscopic devices have the advantage that they can be easily implemented for onlne
monitoring. Yet questions regarding their sensitivity and selectivity still remain and should therefore be further
studied. Similarly to bioassays and conventional monitoring devices, their implementation in combination with
other techniques (e.g., bioassays, chemical analysis) could proof very useful from and EWS perspective.

6.6

Event detection algorithms

Event detection algorithms consist of statistical tools which have been developed to rapidly evaluate the data
generated by one or multiple monitors and to determine if a contamination has taken place or not (Bartrand and
Grayman 2017). An important aspect of these algorithm is that they should provide as low false alarms as possible
(both false positives and negatives) to protect public health and minimize costs. Yet these tools face great
challenges as dramatic changes in water quality can have benign causes and are not necessarily due to actual
contaminations (U.S. Envinronmental Protection Agency 2013).
Artificial neural networks (ANN) and receiver operating curves (ROC) are among the most commonly implemented
approaches implemented (Bartrand and Grayman 2017; Wu, Dandy, and Maier 2014). Various commercially
available tools were recently evaluated in a report by the U.S. Environmental Protection Agency (U.S.
Envinronmental Protection Agency 2013). The report focussed on 5 system, in particular CANARY, developed by
Sandia National Laboratories (Albuquerque, NM, USA) and the U.S. Environmental Protection Agency; ana::tool
developed by s::can; OptiEDS developed by OptiWater; BlueBoxTM developed by Whitewater security (Israel) and
Event Monitor developed by Hach (Loveland, CO, USA). The various tools were evaluated only in a drinking water
distribution setting using standards water quality data such as chlorine, conductivity, pH and turbidity.
Furthermore, no recommendation about a specific software was provided. Nevertheless, it should be noted that for
at least two of the tested system (i.e., ana::tool and Event Monitor), application is not limited to distribution
systems, but they can be used also to monitor the quality of source water (Hach 2018; s::can 2018b).
6.6.1
EWS perspective
These algorithms are highly relevant from an EWS perspective as they allow to collect, collate and interpret large
amounts of data in a rapid and automated manner. An alarm is then generated if values fall above (or below) a
given threshold. With the increased use of multi-parameter approaches, the use of such algorithms becomes
indispensable from an EWS perspective.

6.7

Chromatographic techniques

Gas and liquid chromatography (GC and LC) coupled to flame ionisation detector (i.e., GC-FID),
UV-VIS or mass spectrometry (GC-MS or LC-MS) are commonly used to monitor water quality. One of the most
important developments in recent years has been the use of high-resolution mass spectrometry (HRMS). Its main
advantage, compared to conventional targeted method, is that it allows to detect and identify unknown chemicals
without any a priori information about their occurrence in the sample being analysed. Through so called suspect
and non-target screening, HRMS coupled to GC or LC has been used to detect and identify a broad range of
previously unknown chemicals in environmental samples, including surface- and groundwater. The implementation
of HRMS also provides the possibility to carry out comparative studies and, through the use of statistical tools,
identify potential differences in the chemical composition between collected samples (e.g., from different locations
or treatment technologies). This type of analyses, in particular the interpretation of the acquired data, are time
consuming as identification of detected chemicals still heavily relies on the expertise of the analyst. Furthermore,
the obtained information is generally only qualitative or at best semi-quantitative. However, recent developments
in machine learning tools could overcome some of the limitations by allowing to predict the concentration of a
given chemical given the measured response, instrument type and parameters used (Kruve 2018). From an early
warning perspective, the use of these instruments has another limitation, namely that discrete samples need to be
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collected, processed and analysed in the laboratory by experienced personnel. However, recent developments in
lab-on-a-chip technologies have seen the implementation of fully automated and portable devices. One example is
a fully automated GC instrument developed by (Zhou et al. 2016) for the on-site detection and quantification of a
selection of VOCs in water samples using a photoionization detector (PID). Similar instruments have been
commercialised, such as the FROG-5000 and FROG-4000 by Defiant Technologies (Albuquerque, NM, US) which
allow to measure VOCs in air, water and soil (Defiant Technologies 2018). Yet, these are portable devices intended
for in-situ measurements by an operator and are thus not designed for continuous unmanned remote
measurement. Another approach which is currently being developed at the Swiss Federal Institute of Aquatic
Science and Technology (eawag) consists in the on-site deployment of a LC-HRMS system to continuously measure
water quality (Eawag 2019). The advantage of such an approach is that it basically allows to deploy all the analytical
capabilities from the laboratory to the field. Hence, highly resolved temporal data can be acquired as samples do
not need to be collected and transported to the laboratory. The only limitation of such an approach are the costs
associated to the acquisition of a fully equipped LC-HRMS system, which is a high-end instrument generally
reserved to laboratories.
6.7.1
EWS perspective
The development of portable devices which can be deployed on site and (almost) continuously sample and monitor
the quality of sources is certainly relevant and interesting from an EWS perspective. Costs and rapid data treatment
and interpretation are however still important drawbacks.

6.8

Passive sampling

Passive sampling is not a monitoring technique per se but rather a sampling approach. Contrarily to active grab or
composite sampling, passive samplers consist of specific sorbent materials which are directly deployed in water for
longer periods of time (Ahrens et al. 2015). The advantage of passive samplers is that analytes are concentrated
onto the sorbents over time and consequently allow to reach lower quantitation limits (Ian J. Allan et al. 2013). This
is particularly interesting for groundwater since analyte concentrations are generally very low and conventional
sampling techniques (i.e., grab sampling) might not allow the detection of all compounds present (Ian J. Allan et al.
2013; Mali et al. 2017). Furthermore, because samplers are deployed for longer periods of time, time-weightedaverage concentrations can be measured, making them less sensitive to temporal fluctuations in analyte
concentrations (Carlson et al. 2013). Various passive samplers have been developed and deployed for the
monitoring of contaminants in water, for instance silicone (for instance AlteSilTM, Altec, St Austell, UK), polar
organic integrative samplers (POCIS, EST-lab, St. Joseph, MO,USA), Chemcatcher (Supelco, St Paul, MN, USA),
Chemcatcher C18 (Supelco) and SDB-RPS (Supelco) (Ahrens et al. 2015; Ian J. Allan et al. 2013). Some of these are
used for moderately polar compounds (e.g., silicone rubber) whilst others have been developed for more polar
compounds (POCIS). These devices, however, need to be calibrated in the laboratory in order to determine the
uptake (i.e., sampling rate) of chemicals. Yet laboratory conditions rarely correspond to the field and consequently
performance reference compounds (PRC) are often used. These are added to the sorbent prior to deployment and
used to estimate uptake (I. J. Allan et al. 2009). An alternative type of passive sampler which has been developed
for more polar compounds are so called diffusive gradients in thin films (DGTs), which because of their design (i.e.,
use of a thick diffuse gel layer) are less sensitive to variance in hydrodynamic conditions (Uher, Tusseau-Vuillemin,
and Gourlay-France 2013). Because of their lower sensitivity to flow and temperature variation, calibration results
in the laboratory can more easily been translated to the field compared to conventional passive samplers (Challis,
Hanson, and Wong 2016). Initially developed for sampling of metals, DGTs have recently been successfully
employed for the sampling of antibiotics, pesticides, personal care products and other organic compounds (Challis,
Hanson, and Wong 2016; C.-E. Chen et al. 2013; W. Chen et al. 2017). Furthermore, a newly developed activepassive sampling device using DGT was recently tested in laboratory settings for the sampling of metals, polar and
non-polar compounds (Amato et al. 2018). Promising results suggest that this type of device could be used to
monitor a wide range of pollutants in water. In combination with suspect and non-target screening approaches, this
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type of sampling approach could be highly interesting for monitoring of groundwater and, although longer periods
of time are necessary to sample and process the data, it could still fulfil the requirements of an EWS. Results from
suspect and non-target screening of passive samplers in groundwater could be used for multiple purposes. Firstly,
the obtained results would be informative of the types of compounds which are present in the source (qualitative).
This information could be already be used to investigate which are the potential sources of the determined
compound in the surrounding of the source and if any of these could represent a risk for drinking water production.
Secondly, if the utilized samplers have been deployed taking into account quantitative aspects, either using PRC or
an active-passive approach, and the suspect or non-target analyses included some reference standards, additional
semi-quantitative information could be derived. Finally, a dedicated quantitative analysis for the most hazardous
chemicals could be carried out to exactly define the situation. Based on these findings and taking into account the
hydrology of the source, predictions could be made about the advancement of the pollution plume and
countermeasures could be take (e.g., interception well , remediation).
6.8.1
EWS perspective
Use of passive samplers for EWS might sound counter intuitive, however, from the perspective of monitoring
groundwater, where residence time are very long and pollutant concentration can be very low, it is an interesting
alternative to current monitoring approaches which rely on grab sampling. Passive samplers however still have
various drawbacks including the need for chemicals analyses in the laboratory as well as calibration (or at least
some ad hoc laboratory experiments) to obtain quantitative data.

6.9

Summary of commercially available technology

In the table below, a summary of the commercially available monitoring techniques reviewed in this report is
presented.
Table 6: Summary of commercially available monitoring techniques. NA: not available

Category

Name

iToxControl

Manufacturer

What

microLAN

Toxicity of water samples using
luminescent bacteria. Includes
automated sample dilution,
measurement of standards
parameters and online SPE.

Modern Water

CheckLight Online

Whitewater

Algae Toximeter II

bbe-moldeanke

Bioassay

Microtox CTM

Toxicity of water samples using
luminescent bacteria. Wide
range of contaminants: heavy
metals, pesticides, fungicides,
herbicides, chlorinated
solvents
Toxicity of water samples using
luminescent bacteria. Wide
range of contaminants: heavy
metals, pesticides, fungicides,
herbicides, chlorinated
solvents
Continous toxicity mointoring
using green algae. Particularly
sensitive to herbicides and byproducts.

Measurement
frequency

15min

15-30min

NA

NA

Spectrometers
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Algae based monitor.
Particularly sensitive to
herbicides.
Algae based monitor. Selfcleaning system, pH and
temperature sensors.
Monitor behaviour and
locomotor activity of Daphnia.
Monitoring of pesticides,
neurotoxins and warfare
agents.
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Fluotox

Ifeture-eu

RobotLuminoTox
(RTLx)

LBi

DaphTox II

bbe-moldeanke

Aqua-Tox-Control
Daphnia

Kerren
Kunststofftechnik

Fish Toximeter II

bbe-moldeanke

Monitor behaviour and
locomotor activity of fish.

Continuous

ToxProtect 64

bbe-moldeanke

Monitor behaviour and
locomotor activity of fish.

Continuous

awaVision

awa Instruments

Monitor behaviour and
locomotor activity of fish.

Continuous

Bio-sensor

Biological
Monitoring Inc.

Monitor behaviour and
locomotor activity of fish.
Includes autosampler and
automated feeding system.
Maintenance one per month.

Continuous

Gymnotox

AquaMS

Monitor behaviour and
locomotor activity of fish.

Truitel TruitoSEM

CIFEC

Monitor behaviour and
locomotor activity of fish.
Particularly suitable for
groundwater and driking water
sources in general.

Continuous

Intelligent Aquatic
Biomonitor System
(iABS)

Honeywell

Monitor behaviour and
locomotor activity of fish.

Continuous

Aqua-Tox-Control

Kerren
Kunststofftechnik

Monitor behaviour and
locomotor activity of fish.

Continuous

MosselMonitor

Aquadetect

Biota Guard

Biota Guard

spectro::lyser

s::can

The LiquID Station

ZAPS
Technologies

Monitor behaviour of mussel.
Can be used for a broad range
of water sources. Includes an
automatic feeding device (ideal
for groundwater)
Monitor behaviour of mussel.
Can be used for a broad range
of water sources. Can be
equipped with standard
sensors.
UV-Vis monitor from 200 to
750nm. Can also measure
standard parameters.
UV-Vis monitor. Can measure a
very broad range of
parameters, both standard
parameters but also
chlorophyll a/b, E.coli,
hydrocarbons,…

NA

NA
Continuous
Continuous

10sec

Continuous

NA

Continuous

2min

Passive samplers

Event detection algorithms
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TruScanTM RM

Thermo Fisher
Scientific

Portable Raman spectrometer
for material analysis

Handheld

CBEx

Snowy Range
Instruments

Portable Raman spectrometer
for material analysis

Handheld

microPHAZIRTM RX

Thermo Fisher
Scientific

Portable NIR spectrometer for
material analysis. Adapters for
liquid testing are available.

Handheld

CANARY

U.S. EPA and
Sandia National
Laboratories

Developed mainly for drinking
water distribution

ana::tool

s::can

Developed for distribution
systems. Can be used to
monitor parameters from
source water quality
monitoring

OptiEDS

OptiWater

Developed mainly for drinking
water distribution

BlueBoxTM

Whitewater

Developed mainly for drinking
water distribution

Event Monitor

Hach

Developed for distribution
systems. Can be used to
monitor parameters from
source water quality
monitoring

Silicone rubber

Multiple
manufacturers
available

Used for moderately and nonpolar compounds

Low density
polyethylene

Multiple
manufacturers
available
(e.g., EST-lab)

Used for moderately and nonpolar compounds

POCIS

EST-lab

Used for polar contaminants

Chemcatcher

Supelco

Exist in various formats, for
both polar and non-polar
compounds

Styrenedivinylbenzenereverse phase
sulfonate (SDB-RPS)

Supelco

Sampling of both polar and
non-polar compounds

DGT

Can be prepared
in the laboratory

Exist in various formats, for
both polar and non-polar
compounds

FROG-5000 and FROG4000

Defiant
Technologies

Portable GC-PID for in-situ
measurement of VOCs in air,
water and soil.

10min
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7 Evaluation of the potential of monitoring
technologies
7.1

General considerations

In Chapter 1, a definition of EWS was given and various characteristics that a monitoring approach should fulfil have
been identified, namely response time, sensitivity and broad screening capabilities. Response times needed are of
course a function of the source characteristics (i.e., flow and vulnerability), yet in a conservative approach,
response times should be as short as possible. These should also include the time needed for analysis or
interpretation of the gathered data and the transmission of the alarm signal to a control centre. Sensitivity should
of course be high, in the sense that even low levels of contaminants should be detected. Sensitivity will also
influence response time since early detection of an approaching contamination (or its front) would guarantee that
there is more time available to plan countermeasures (Figure 2). Regarding the spectrum of threats, monitoring
tools implemented in EWS should detect a broad range of contaminants (Bartrand and Grayman, 2017; Gullick et
al., 2003) with both low false positive and false negatives, ensuring that real threats are detected and at the same
time no time and resources are lost responding to a false alarms.
In Chapter 4, an overview of the answers given in the questionnaire was provided, with regards to both surfaceand groundwater monitoring. In the latter case, the use of fast (online) monitoring approaches, the improvement
of biomonitoring tools to detect a broader range of emerging contaminants, improvement of the combination
between targeted measurements and non-targeted screening, as well as the improvement of monitoring
techniques for deep groundwater sources, are among the main improvements mentioned. In the specific case of
surface water, the improvement of current bioassays, the chemical monitoring of organic micro-pollutants and the
detection of microbial contaminations are among the main issues raised.

7.2

Suggested device(s) for field testing

In chapter 6, various more or less recent technologies have been presented. As can be seen, numerous new
approaches have been reported in the literature, in particular in the field of biosensors. However, most of these
devices are still at an experimental stage and have not reached sufficient maturity to be widely used and, most
importantly, be commercially viable.
From an EWS perspective, bioassays, and in particular online or portable devices developed in recent years, do fulfil
some of the identified requirements. For instance, they are adapted to monitor a broad range of potential
contaminations. However, this comes at the price of not being able to identify what is causing the alarm.
Furthermore, sensitivity of bioassays is compound specific, meaning that at equivalent concentration, two different
chemicals might trigger a different response. In some cases however, bioassays can be more sensitive than
conventional chemical analyses. With regards to response time, online bioassays generally provide a rapid response
time (due to continuous or frequent measurement), yet this again is strongly related to their sensitivity. Another
aspect which has to be considered is their applicability to monitor groundwater sources, due to the lack of
nutrients or anoxic conditions. Some of the available bioassays have however been reported for groundwater
monitoring. Overall however, further developments in online devices, including various systems to minimize
maintenance and increase the lifespan of the used organisms make them good candidates for an EWS.
Implementing a battery of bioassays is considered an ideal approach to overcome limitations of individual monitors
and thus broaden the range of contaminations which can be detected.
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Spectroscopic devices are also among the monitoring devices which fulfil some of the EWS criteria identified
previously. For instance, UV-Vis or NIR spectroscopic devices are able to rapidly measure the fingerprint of the
water being monitored. Through the use of statistical processing, changes in water quality can potentially be
detected. In the particular case of UV-Vis, other relevant parameters can also be measured. They do thus fulfil the
requirement for quick response and broad spectrum (although not all contaminants will give a measurable
response). Similarly to bioassays, they do not allow to identify the actual cause of the contamination. Furthermore,
fouling has been shown to occur when these devices are used in the field (Bartrand and Grayman, 2017; Etheridge
et al., 2013). However, as discussed in the previous section, systems have been developed which are equipped with
an automatic cleaning system. With respect to another criteria of EWS which was identified, namely sensitivity,
spectroscopic devices do have some drawbacks as they might not be capable of detecting trace amounts of
contaminants. Specifically if the signal is covered by the contribution of other more dominant constituents.
Finally, the implementation of passive samplers, both existing ones such as silicone rubber, POCIS and
Chemcatcher, or more recent ones such as DTG, could be a useful tool for the monitoring of groundwater sources.
Whilst they do not fulfil the need for rapid response, they do allow to monitor a very broad range of contaminants
present at concentrations currently below limit of detection. However, their calibration remains a time consuming
tasks. Yet, for merely qualitative monitoring, some aspects could be avoided, in particular if one considers that
expected flow rates in groundwater sources are likely to be low and constant between measurement wells. On the
other hand, alternative devices such as DGT or recently developed active-passive DGT samplers could be a viable
alternative, allowing to obtain also quantitative data. Furthermore, passive samplers could be combined with both
targeted and non-target screening methods, opening the way for alternative approaches in groundwater
monitoring.
Finally, in selecting a suitable monitoring technology it should be tested in the field, locations need to be identified
and most importantly, their specific characteristics (e.g., hydrology, specific threats, current monitoring
approaches) need to be assessed. The latter will allow to determine which technology is the most appropriate and
will provide the greatest improvement in terms of early warning.
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Appendix

I.I

Questionnaire results

Perceptie van Early warning system
Wat moet een “early warning system” voor waterkwaliteit ten

Hoe zou je zo’n “early warning system” definiëren?

behoeve van drinkwaterproductie kunnen?
WML

Meer doelen mogelijk:

Een systeem dat inname of onttrekking van verontreinigd

- Emissie-detectie bij puntbronnen, zodanig dat uitspoeling naar

water helpt voorkomen of minimaliseren. Indien inname of

grondwater voorkomen of geminimaliseerd kan worden

onttrekking onvermijdelijk is, helpt het systeem om tijdig

- Een beeld geven welke stoffen er in de winning te verwachten

andere maatregelen te kunnen nemen (bedrijfsvoering,

zijn binnen 1-5 jaar en/of stijgende trends signaleren

zuivering, alternatieve bronnen).

- Een handvat geven om de bedrijfsvoering te sturen zodanig dat
ongewenste stoffen niet in de winning terecht komen (dit
betekent detectie van stoffen die kort verwijderd zijn van de
winning)
Waternet

Snel en nauwkeurig kwaliteitsafwijkingen detecteren

Een online monitor die autonoom signalen verzend bij

Belangrijk is dat hiermee tijdig Handelingsperspectief ontstaat om

overschrijding van een ingestelde norm

in te grijpen in de zuivering
WMD

Een EWS moet vroegtijdig kunnen signaleren dat (voor ons)

Zo’n EWS is een combinatie van waarnemingsfilters,

nieuwe stoffen tot in het grondwater zijn doorgedrongen.

analysemethodes en “gebiedskennis”. Met “gebiedskennis”

Daarnaast moet een EWS vroegtijdig trends kunnen signaleren.

wordt bedoeld dat we weten welke middelen in welke

Vroegtijdig is hierbij 10-15 jaar voordat het grondwater in de

hoeveelheden binnen het gebied op de verschillende

winputten zal aankomen.

landbouwpercelen worden gebruikt. Hierbij is het van
belang in te kunnen schatten hoe een stof zich in de
ondergrond zou gedraagt (mobiel, persistent, hoe breekt
het af (welke metabolieten)), zodat een voorspelling kan
worden gedaan of een stof (of zijn metabolieten) een risico
kan gaan vormen voor het (drink)water. Met
analysemethode worden breed-screenende technieken
bedoeld, waarbij in de piekjes van het chromatogram wordt
gezocht naar (voor ons) nieuwe/onbekende stoffen.
Daarnaast wordt de trend in de gaten gehouden van de
stoffen die zijn aangetoond boven de rapportagegrens. Dit
wordt gedaan in waarnemingsfilters op circa 10-15jaar
reistijd tot de winputten.
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JvS: zowel doelstoffen als onbekende stoffen inzichtelijk maken

Een ‘waterdichte’ doch kosten effectieve methode om in

(zeer) lage detectiegrenzen/concentraties meten,

een zo vroeg mogelijk stadium negatieve

frequent (of zelfs continu), niet gevoelig voor toevalstreffers, Het

kwaliteitsveranderingen te signaleren in de grondstof voor

moet een (zelf)lerend vermogen hebben (leren van andere

drinkwater (oppervlaktewater of grondwater)

laboratoria/drinkwaterbedrijven of andere databronnen)
NB misschien wel even belangrijk: wat ziet het EWS niet, waar
zitten blinde vlekken?
HvdB: Early is volgens mij idealiter ruim voordat het definitief in
de grondstof zit, onderdeel is misschien dus ook wel een database
als REACH.
JO: negatief geformuleerd: het moet geen valse verwachtingen
wekken, ‘als we het in EWS niet zien, is het er niet’… een EWS
voor oppervlaktewater is makkelijker dan voor grondwater?
MvH: In essentie moet het systeem een signaal geven dat de
waterkwaliteit chemisch (of bacteriologisch) verminderd. Dus
aanwezigheid van iets wat er normaal niet in zit, afwijkingen,
moeten gesignaleerd worden. Aan de hand van de early warning
kan vervolgonderzoek gedaan worden. De early warning kan een
indicatorparameter of organisme zijn of een indirecte indicator
van aanwezigheid zijn. Het systeem dient juist zeer gevoelig te zijn
waarna vervolgonderzoek het vals positieven kan wegstrepen. Het
systeem moet in ieder geval breed een oordeel kunnen vormen.
Het zou mooi zijn als het early warning systeem gespecificeerd kan
worden naar de betreffende locatie. Zo kan het systeem naar het
specifieke risico van de locatie ingericht worden.

PWN

Bronbewaking innamepunt:

Een systeem waarmee waterbedrijven vroegtijdig inzicht

Oppervlaktewater: bovenstrooms van inname signaleren dat er

krijgen in potentiele bedreigingen op gebied van bronnen,

een potentieel risico is voor:

volksgezondheid en zuivering en zo voldoende tijd hebben

• Volksgezondheid, chemische veiligheid: (mogelijk) toxicologisch

om actie te ondernemen.

effect (bij voorkeur identificatie stof, stofgroep en indicatie
concentratie/tijdsduur)
• Zuivering, effect op relevante (stuur)parameters (chemisch en
microbiologisch)
Grondwater:
• Volksgezondheid, bewaking microbiologische veiligheid winning:
indicator voor pathogenen
• Signaleren van mogelijke toekomstige bedreigingen van
winputten. O.a. antropogene stoffen maar ook verzilting, N en P.
Oasen

Tijdig verontreinigingen signaleren

Een systeem van voldoende meetpunten, analysepakketten,
interpretatie en reactietijd om nog tijdig maatregelen te
kunnen nemen.

Evides

Een EWS dient ons vroegtijdig te waarschuwen als de

Een samenstel aan acties, maatregelen, afspraken en

waterkwaliteit van een winning bedreigd wordt.

monitoring om de grondwaterkwaliteit van een winning te
borgen. Early warning monitoringsysteem bestaat in
principe uit drie elementen:
monitoring van activiteiten, grondwaterkwaliteit en beleid,
wetgeving en handhaving;
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Voor Dunea is het van belang continu de bron (ruwe water) te

Een EWS is een systeem of combinatie van systemen die

bewaken om (illegale) lozingen van stoffen, zoals insecticiden,

een waterstroom continu bewaken om (illegale) lozingen

herbiciden, en metalen, tijdig te kunnen detecteren. Maar ook

van stoffen, zoals insecticiden, herbiciden, en metalen, tijdig

voor calamiteiten zoals scheepvaartongelukken. Dit is van belang

te kunnen detecteren. Maar ook voor calamiteiten zoals

om contaminatie in de infiltratieplassen, het duinwater en het

scheepvaartongelukken.

drinkwater tot een minimum te beperken. Een EWS moet daarom
een zo breed mogelijk pallet aan stoffen kunnen detecteren op
een zo laag mogelijk concentratieniveau.
WBG

Inzichtelijk maken welke stoffen aan maaiveld worden gebruikt,

Met een EW systeem wil je handlingsperspectief krijgen.

zodat de beleidsmakers actie kunnen ondernemen (voorkomen).

Dus bijvoorbeeld bij een oppervlaktewinning de inname

Tevens belangrijk om met metingen de bewustwordingscampagne

staken of bij grondwater de zuivering tijdig aanpassen aan

met gebruikers te communiceren.

de veranderende waterkwaliteit.

M.i. geeft een early warning systeem geen garantie dat alles

Bv. bij bepaalde teelten inzichtelijk maken of er uitspoeling

“gemonitord” kan worden. Er zullen veel gaten vallen (blinde

is van chemische middelen in het ondiepe grondwater.

vlekken).

Zodat dit gecommuniceerd kan worden + gerichte aanpak
om te voorkomen.

Voor grondwater: In een vroegtijdig stadium aangeven welke
stoffen onderweg zijn naar de zuivering (of al in lage concentraties
aanwezig zijn).

Huidige Early Warning Systeem
Welke “Early Warning Systems” gebruiken

Met welke frequentie en waar in de

Welke technieken gebruiken jullie?

jullie al in relatie tot waterkwaliteit?

waterketen naar drinkwaterproductie

Indien mogelijk; geef een voorbeeld

wordt gemeten?

voor elke type (i.e., online, in-situ
en “sample-based”)

WML

- Biomonitoring plus meting troebelheid, pH,

- Biomonitoring: continue, bij inname.

- Biomonitoring: Daphnia (watervlo)

zuurstof, temperatuur, EGV bij innamewerk

Inname stopt automatisch bij

en mosselen in een deelstroom

Lateraal Kanaal – Heel

signalering.

- Bodemvocht: bemonstering dmv

- Driemaal per week bemonstering

- Bodemvochtmetingen: één keer per

steekmonsters

breedscreenend (vluchtige organische

jaar onder de wortelzone op diverse

- Breedscreenende analyses sample

stoffen en HPLC-UV) in Lateraal Kanaal

locaties binnen intrekgebied. Geeft

based

(innamewerk Heel) en in Maas bij Roosteren

trends weer en effectiviteit van

- Zie boven

(oevergrondwaterwinning)

uitspoelingsbeperkende maatregelen.

- Bodemvochtmetingen om

- pH bewaking: inline en continue, bij

nitraatuitspoeling te monitoren

pelletontharding

- pH bewaking bij loogdosering

- zie boven

- Troebelheid inline meting op 300 punten in
het Limburgse drinkwaternet, om tijdig
noodzaak van spuien te bepalen
- Temperatuurregistratie bij reguliere
monstername op P- en T-punt
- We overwegen aan klanten de mogelijkheid
aan te bieden om inline met een
multiparameter sensor het water van hun
aansluiting te meten (bv bij gebruik als
proceswater)

BTO 2020.026 | April 2020

Waternet

Early Warning Systems for drinking water sources - Assessment of available and
innovative monitoring techniques

Biologische Innamebewaking

10-60 keer per uur

EGV

Op diverse relevante plekken

47

Zie boven <--

S::scan
pH
Troebeling
Zuurstof
WMD

Op een reistijd van 10-15jaar vanaf de

In de monitoringputten (zie hierboven).

In de zuivering worden enkele

winning in het grofzandige deel van het

In de winputten: afhankelijk van het

parameters in-situ gemeten met

watervoerende pakket zijn monitoringputten

gehalte tov de rapportagegrens en de

sensoren (pH, troebelheid, EGV).

ingericht. Hierin bevinden zich 2-3

norm 1x/maand tot 1x/2jaar.

Winputten en waarnemingsfilters

waarnemingsfilters verdeeld over de dikte

In de zuivering (/reine water):

worden “sample-based”

van het grofzandige deel van het pakket. In

afhankelijk van het gehalte tov de

onderzocht.

het afdekkende fijnzandige pakket (circa 30-

rapportagegrens en de wettelijke of

35m dik) bevinden zich 3 waarnemingsfilters

bedrijfsnorm norm 1x/week tot 4x/jaar.

op 10, 15 en 25m-mv. Eénmaal per 6 jaar
wordt met een uitgebreid analysepakket
gekeken naar wat er wordt aangetroffen
(exploratiepakket). In de tussenliggende
jaren wordt éénmaal per 2jaar de
ontwikkeling gevolgd van de in het
exploratieonderzoek aangetoonde stoffen
(zgn. toetsingsonderzoeken). Bij winningen
die beter bekend zijn (na 2 exploratierondes)
wordt tijdens het exploratieonderzoek alleen
nog het bovenste waarnemingsfilter
onderzocht en een mengmonster van de
filters in het grofzandige deel van het
watervoerende pakket. Deze mengmonsters
worden onderzocht met behulp van brede
screening, zodat (voor ons) nieuwe
verontreinigingen kunnen worden
waargenomen (geen kwantificering
mogelijk). In de toetsingsonderzoeken
worden alleen de aangetoonde stoffen als
doelstof (dus met kwantificering) gevolgd in
de betreffende waarnemingsfilters.
BrabantWater

1. Bestaande kwaliteitsmetingen in

1. Dat wisselt sterk. Van enkele keren

1. Sample-based, we gebruiken

ruwwater, pompputten en (ondiepe)

per maand/jaar in ruwwater tot eens

geen autosamplers of in-situ

waarnemingsputten van Brabant Water

per 1, 3 of 5 jaar in pompputten en

samplers

2. Brede Screening Maasstroomgebied

waarnemingsputten.

2. Sample-based

(grootschalige doelstofgerichte

2. 1x per 4 jaar sinds 1998, in ondiep

3. Ad-hoc monstername of analyse

meetcampagne 1x per 4 jaar: macro-

grondwater in het stroomgebied van de

(soms) of metadatanalyse

parameters, 255 bestrijdingsmiddelen en

Maas in Nederland (vnl. Limburg en

(verzameling data uit waterlabs)

250 opkomende stoffen in (ondiep)grond-

Noord-Brabant)

en oppervlaktewater en riooleffluent in het

3. Van 1x per jaar naar 1x per 6 jaar

stroomgebied van de Maas)
3. BTO en BO-onderzoek kan ook als early
warning gezien worden.
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JO: ruwwater en PP is geen ‘early warning’ in
feite, het is dan al in de bron

PWN

Oppervlaktewater: Riwa-meetnet/IAWR,

Riwa: maandelijks op vaste punten langs

Oppervlaktewater – online + sample

RWS-voorspellingen

Rijn, IJssel en IJsselmeer

based

Grondwater: waarnemingsputten,

Grondwater:

Grondwater – sample based

zoutwachters en grondwatermodellen

- Zoutwachters: kwartaal
- Grondwateranalyse: jaarlijks tot 1x per
4 jaar

Oasen

Een systeem van analyses op peilbuizen,

Afhankelijk van de parameter en het

On-line voor de eenvoudige

productieputten en ruwwater stromen die

meetpunt, maar minimaal 1 keer per

parameters (EGV, pH, NH4)

gericht bekende verontreinigingsbronnen

jaar in peilbuizen, individuele putten en

monitort op bekende en onbekende stoffen,

ruwwaterstromen. Daarnaast kijken we

Sample-based target en Non-target

die jaarlijks wordt herzien.

via RIWA en RWS naar onze grootste

analyses voor het brede spectrum

bedreiging: de Rijn.

aan organische
microverontreinigingen, en
vanzelfsprekend standaard
microbiologische analyses + snelle
QPCR analyses.
Ook doen we aan preventie via het
eisen van Kiwa - Watermark voor
chemicaliën.

Evides

• Reguliere monitoring ruwwaterkwaliteit,

Divers

Online: Geleidbaarheid

en kwaliteit winputten (Late Warning

In-situ: temperatuur; troebeling

System)

Sample-based: bacteriologie

• Grondwaterkwaliteitsmeetnetten

(kweekmetode); anorganische

grondwaterwinningen

componenten (nat-chemische

• Volgen gebiedsactiviteiten en

analyses); chloride, fluoride, nitraat

ontwikkelingen die van invloed kunnen zijn

(ionchromatografisch); zware

op de grondwaterkwaliteit.

metalen (ICP-MS); (chloor)fenolen
(GC-MS); nitrofenolen (UPLCMSMS); bestrijdingsmiddelen
(Multicomponent GC-MS)
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Het huidige systeem in Brakel zijn de BBE

De SensaTec SensaGuard meet continu

Biologisch bewakingssysteem:

daphniamonitor (met watervlooien) en de

het gedrag van vlokreeftenin het ruwe

SensaTec SensaGuard, dit is online

BBE algentoximeter. De apparaten worden in

water (innamepunt bij Brakel). Een maal

december 2018 vervangen door de SAMOS

per 24 uur wordt een extract van het

HPLC-systeem: de SAMOS

II, in combinatie met het biologisch

ruwe water in de monitor geïnjecteerd.

II/Anatune TE100 Trace Enrichment,

bewakingssysteem BBE daphniatoximeter II
(met daaraan gekoppeld een SPE unit).

dit is sample-based
De SAMOS II heeft een opwerking- en
analysetijd van 1 monster per 3 uur.

Voor het detecteren van

Fluorescentie: de oliemonitor
(TD4100), dit is on-line

olieverontreinigingen bij het innamepunt

De oliemonitor (TD4100) meet continue

maakt Dunea gebruik van de TD 4100 On-

de concentratie aan aromatische

Line Hydrocarbon Monitor van de firma

koolwaterstoffen (olie, petroleum,

Turner Designs.

diesel, BTEX en smeerolie) bij het
innamepunt. De meetrange is 0-5 ppm
(mg/l) met een voor-alarmgrens van 2
ppm (mg/l) en een hoog-alarmgrens van
4 ppm (mg/l).

WBG

Voor organische micro’s brede screening

Deze vraag kun je divers interpreteren.

(LC-MS) in winputten. Macro

Drentsche Aa: wekelijks tussen april
en Kerst.

parameters/zuiveringstechnische

Drentsche Aa: online biomonitoring

parameters (zoals Fe, Mn, CH4, NH4, Ca, Mg,

(Daphnia op dit moment, wellicht in de

Grondwater, afhankelijk van

) in wnp. Op verzameld ruw wordt ook

toekomst iets anders).

kwetsbaarheid winning. Bij een niet-

getoetst.

kwetsbare grondwaterwinning
Grondwater: monstername.

meten wij niets in het

Drentsche Aa tijdsproportionele

Kwetsbare winning: winputten brede

waarnemingsnet qua antropogene

bemonstering (met een wekelijkse

screening 1x2 jaar

verontreinigingen.

frequentie) met brede screening. Daarnaast

Niet kwetsbare winning: brede

online metingen (pH, EGV, NH4) en

screening 1x 4 jaar

Overige winningen: brede screening

biomonitoren (Daphnia en binnenkort

Bij concentratie >= 10% van de norm

en op basis van die uitkomsten

mossel)

jaarlijks of zelfs hogere frequentie.

wordt een monitoringsfrequentie
bepaald. Brede screening is 1x per 6

Intern in het Noorden wel veel discussie hoe

jaar, bij een “hit” gaan we een stof

wij als waterbedrijf in de toekomst moeten

intensiever volgen.

gaan meten. Voorbeeld: stof x kan wel in
winputten worden aangetroffen en stof x
niet in je waarnemingsnet. Bij stof Y kan dit
precies andersom. Belangrijke vragen die
hier leven zijn: wat is dan de meerwaarde
van een waarnemingsnet? Moeten de
winputten niet als early warning gaan
fungeren?

Nieuwe meettechnieken
Welk onderdeel van huidige monitoring

Bij welk soort drinkwaterwinningen

Welke stoffen en/of

systemen (of EWS) heeft volgens jullie de

verwachten jullie (in de toekomst) de grootste

microbiologische gevaren zijn voor

grootste behoefte aan vernieuwende

behoefte aan EWS en waarom?

jullie daarbij het meest belangrijk?

innovatieve meettechnieken? Waarom?
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Microbiologische detectie: snellere en

Waterwinningen die onder invloed staan of

Antropogene stoffen (afkomstig uit

online betrouwbare detectie; ook

gebruik maken van oppervlaktewater;

industrie) en besmetting door riool-

verderop in de drinkwaterketen

oppervlaktewater is het meest belast met

of RWZI effluent.

(distributie al dan niet na

verontreinigende stoffen en oppervlaktewater

werkzaamheden of regulier). Reden is

is dynamischer.

uiteraard de veiligheid en de huidige tijd

Ook in decentrale toepassingen zal veel

tussen monstername en resultaat.

behoefte zijn aan EWS, zoals

Bepalen van de reactiviteit van de

wijkvoorzieningen met (gedeeltelijk) gesloten

bodem: snellere maar vooral slimmere

kringloop; onze pilot SuperLocal is hier een

manieren om betrouwbaar te bepalen of

voorbeeld van (regenwaterzuivering,

de reactiviteit van de bodem voldoende is

misschien grijswaterzuivering (tot

om de winning te beschermen (en tegen

drinkwater)).

welke stoffen en concentraties).
Signalering toxische stoffen:
doorontwikkeling van biomonitoring, ook
gericht op detectie van nieuwe
opkomende stoffen.
Waternet

Bioassays

Open water

Chemische monitoring tbv organische

Organisch micro’s

micro’s

Pathogenen

Microbiologische detectie
WMD

Het exploratieonderdeel van de

Dit betreft met name onze kwetsbare

Het gaat bij de kwetsbare winningen

winputten en waarnemingsfilters.

winningen Noordbargeres, Valtherbos,

met name om (metabolieten van)

Doordat via een breed analysepakket met

Gasselte, Leggeloo, Beilen en Dalen. Daarnaast

bestrijdingsmiddelen, nitraat en aan

doelstoffen (dus met kwantificering)

ook bij onze winning Hoogeveen

pyrietoxidatie gerelateerde zware

wordt gezocht naar mogelijke nieuwe

(Bentickspark), waar is aangetoond dat een

metalen (nikkel, kobalt, cadmium,

verontreinigingen, worden ook veel “<-

VOCl-verontreiniging door een beschermend

zink, koper) en sulfaat.

tekens” verzameld; lange lijsten

pakket Peize-klei/Peize-complex is gedrongen

Bij de winningen Noordbargeres en

parameters die niet zijn aangetoond.

tot in het diepere pakket waaruit wij

Hoogeveen (Bentinckspark) gaat het

Daarnaast is gebleken dat, zodra er

onttrekken.

om VOCl (tri, per en vinylchloride).

nieuwe doelstoffen worden toegevoegd

Bij Assen hebben we enkele oude pompputten

In Assen gaat het vooral om

aan onze analysetechnieken, deze soms

(van voor 1970), waarvan niet zeker is dat

virologische betrouwbaarheid.

al in de winning voorkomen waardoor we

doorboorde lagen potklei in het boorgat zijn

pas in een laat stadium kunnen reageren

aangevuld met klei. Hier kan dus via de

en acteren.

omstorting een kortsluitstroming bestaan
tussen het ondiepe grondwater en het

Daarom zijn we begonnen met breedscreenend onderzoek via GC-MS en LCMS te kijken of er nieuwe/onbekende
pieken in het chromatogram worden
gevonden, waarna gericht naar de bij die
betreffende pieken behorende stoffen
kan worden gezocht en de
(concentratie)ontwikkelingen kunnen
worden gevolgd. Hierbij blijft het mogelijk
dat niets wordt aangetroffen, terwijl er
wel regelmatig monsters moeten worden

watervoerende pakket waaruit wij onttrekken.
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genomen.
Voor het breed-screenend onderzoek is
het van belang om een database te gaan
vullen. Als we screenen vanuit de
database, kunnen we gerichter (en dus in
lagere concentraties) zoeken naar
specifieke verontreinigingen. Om de
database te vullen is het van belang om in
te zetten op gebiedskennis.
Een sensor die een signaal afgeeft dat er
iets in de samenstelling van het
grondwater is veranderd en dat er een
monster genomen moet worden (om te
kijken welke parameter dit signaal gaf)
kan de monitoring verder optimaliseren;
vooral bij waarnemingsfilters die zijn
geplaatst om te bewaken dat een
bekende verontreiniging niet voorbij een
bepaalde grens doordringt.
Door de ontwikkeling van
analyseapparatuur, zullen er nieuwe
stoffen worden ontdekt waarvan
onbekend is welk risico ze vormen voor
de volksgezondheid. Met name op het
gebied van metabolieten is hierover
onzekerheid. Er bestaat een behoefte aan
een methode om gezondheidsrisico’s in
te kunnen schatten (of meten).

51

BTO 2020.026 | April 2020

BrabantWater

Early Warning Systems for drinking water sources - Assessment of available and
innovative monitoring techniques

52

S:

Kwetsbare winningen met korte grondstof

JvS: Opkomende stoffen. Hoe kom je

1. De omslag maken van enkel op

verblijftijden vanaf maaiveld of inlaatpunt

van REACH lijst naar een effectief

doelstofanalyse gebaseerde monitoring

vroegtijdige waarschuwing in je

naar een effectieve combinatie van

waterkwaliteit.

screenende technieken+nieuwe sampling
methoden of locaties+doelstofbepalingen

MvH: Stoffen of microbiologische

2. Wat is een goede Early Warning

parameters die een gevaar voor de

strategie voor diepe, niet kwetsbare

volksgezondheid (kunnen) zijn op

grondwaterwinningen waar het grootste

korte of lange termijn en eenzelfde

risico wordt gevormd door ongewenste

parameters waardoor het

doorboringen en mijnbouwactiviteiten

klantvertrouwen daalt.

3. Verschil tussen EWS voor meer diffuse

(de omzetting van de REACH-lijst

bronnen (landbouw, …) en puntbronnen

naar een waarschuwing voor je

(verontreinigingen aan mv, op diepte

waterkwaliteit is een goede actie,

(doorboringen)). Kun je EWS doen voor

maar ik vermoedt dat dit meer een

puntbronnen?

aanpassing van bestuurlijke
maatregelen is dan dat het

MvH: Van doelstoffenanalyse waarbij

onderzoek vraagt)

focus ligt op niet vinden van parameters,
naar screenende analysetechnieken met
de focus op wat je wel vindt. Aangezien
wat je wel vindt complexer en vager is, is
een verbetering van de interpretatie van
data noodzakelijk. Bij de interpretatie van
data gaat de inzet van bio-assays mogelijk
helpen.
AD: Tav bacteriologie is er nog steeds
geen goede en simpele techniek om
eventuele (fecale) verontreinig op tijd op
te sporen zowel in het ruwe water als in
het direct gewonnen grondwater.
Ook de concentratietechnieken zoals
hemoflow voor micro-organismen die in
lage concentraties aanwezig zijn ( bijv.
voor somatische colifagen) zijn
omslachtig en aan innovatie toe.
Voor chemische parameters zou het een
echte uitvinding zijn als er on-line
sensoren zijn voor parameters met
gezondheidseffecten zoals
hormoonverstorende stoffen of
genotoxische stoffen.
PWN

Glasvezeltechniek -->

IJsselmeer i.v.m. opkomende stoffen en

(Zeer) zorgwekkende, persistente en

geleidbaarheidsprofiel met hoge verticale

effecten van klimaatverandering, zoals

mobiele stoffen.

resolutie.

verzilting, algenbloei
Grondwaterwinning ’t Gooi i.v.m.
bedreigingen vanuit bebouwde
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omgeving/industrie, wegwater en winning
collega drinkwaterbedrijf.

Oasen

Chemische analysetechnieken die

Oppervlaktewater afhankelijke winningen. Die

Persistente, Mobiele en

gelijktijdig een breed spectrum aan

zijn het meest kwetsbaar en kennen de kortste

Toxicologische relevante stoffen die

stoffen kunnen meten om tijdig

reactietermijn (dagen).

niet (goed) worden verwijderd

verontreinigingen te signaleren. Behoefte

tijdens bodempassage en/of

is er naar methoden om de krenten uit de

Bij Oasen is EWS het meest relevant voor de

zuivering. Microbiologie is voor ons

pap te vissen, de (potentieel)

winningen die het dichtste bij de rivier gelegen

niet zo relevant (vanuit early

bedreigende stoffen. Op dit moment

zijn en de korte reactietermijn kennen (7/8

warning).

zetten we zowel target als non-target

maanden).

analyses in, maar het spectrum aan

Wel geldt voor alle microbiologische

stoffen is zo groot dat de kans altijd

parameters dat je die altijd sneller

bestaat iets over het hoofd zien.

wil weten. 2 dagen op kweek is 19e

Daarnaast is er behoefte aan snelle Bio-

eeuws.

assays om van de onbekende
componenten in zeer lage concentraties
tijdig (=zeer snel = binnen 24 uur) een
inschatting te kunnen geven of het
drinkwater gezondheidskundig
betrouwbaar is (met 99,9% zekerheid).
Aan iets onbetrouwbaars of iets wat
steeds vals positieven afgeeft hebben we
overigens niks.
Evides

On-line: Real-time monitoring (24/7). In-

Bij de meest kwetsbare winningen. Dit zijn

Meer en meer zien we allerlei

situ en sample-based blijven

winningen waar het watervoerende pakket

chemische stoffen diffuus in het

momentopnames.

waarin de winning plaatsvind wordt beïnvloed

milieu verschijnen zonder dat de

door activiteiten in de omgeving en waar ook

bron direct herleidbaar is. Te

activiteiten plaatsvinden die de kwaliteit van

denken valt aan MTBE, EDTA,

het grondwater beïnvloeden.

perfluorverbindingen (PFOA, PFOS,
PFBS, PFBA, PFHpA etc.), bisfenol-A
en medicijnresten,
bestrijdingsmiddelen,
afbraakproducten hiervan etc.
Daarbij ontdekken we steeds weer
‘nieuwe’ stoffen in het milieu.

Dunea

Een enkel gebruiksvriendelijk systeem dat

De drinkwaterbedrijven die oppervlaktewater

Met name bestrijdingsmiddelen en

alle (illegale) lozingen van stoffen

als bron gebruiken. Het oppervlaktewater is

toxisch relevante stoffen.

detecteert op een laag

erg gevoelig voor (illegale) lozingen en

Microbiologische gevaren in de bron

concentratieniveau. Dat heeft uiteraard

calamiteiten zoals scheepvaartongelukken.

zijn niet erg relevant. Dunea heeft

grote voordelen voor het onderhoud en

door de duinpassage en langzame

het gebruiksgemak.

zandfiltratie een robuust
zuiveringssysteem.

Een on-line systeem dat is gebaseerd op
bioassays en dat informatie verschaft
over de humane toxische eigenschappen
van de stoffen in de bron.
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Biomonitoring oppervlaktewater. De

Drentsche Aa en kwetsbare (delen van een)

(overige) Organische

Daphnia geeft nog geen 100% beeld van

grondwaterwinning, bv. in De Punt.

microverontreinigingen en wellicht

verontreinigingen die voorbij komen.

beïnvloeding van bestaande
rioolstelsels (overstorten, IBA’s).

Brede screening: nog veel onbekende
piekjes. Met gebiedskennis (o.a. middelen
gebruik) steeds meer stoffen in de target
of suspectlijst.

I.II

Types of groundwater abstractions (vulnerability)
A) Not vulnerable

B) Moderately vulnerable

C) Very vulnerable
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I.III

Substances surface water (WFD)

I.IV

Substances groundwater

Current problem substances
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Substances measured automatically at Eijsden and Lobith (Aqualarm)

From: (Kooij van der et al., 2010)

I.VI

Sources of drinking water per water company in The Netherlands
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