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Abstract
For safe supply of drinking water, water quality needs to be monitored online at
real time. The consequence of inadequate monitoring can result in substantial
health risks, and economic and reputational damages. We are developing a new
monitoring concept (EventLab), based on the continuous real time monitoring of
changes in the Refractive Index, and are currently performing pilot projects and
test programs in Singapore and The Netherlands, in which multiple sensor-units
are deployed at multiple locations. Key characteristics of the newly developed
optical sensor technology (generic sensors of high sensitivity and low cost) make it
very suitable to be deployed economically in an early warning system. This paper
describes how the system operates, the technological challenges that were
overcome, and presents test data and results that illustrate the performance of
EventLab as an early contamination detection system.
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1.

INTRODUCTION

1.1 Problem definition
Water quality is well monitored in treatment plants and pumping stations. Many parameters,
such as pH, turbidity, total organic carbon, chlorine, conductivity and others are measured
continuously to monitor the effectiveness of the treatment process. However, once the treated
water enters the distribution network, detailed water quality monitoring and analyses are
primarily conducted using grab sampling methods while online monitoring is based only on a
few surrogate parameters. Given the spatial extent of water distribution networks this means
that the whole spectrum of water quality can only be monitored intermittently.
Statistics show that 30-60% of water quality incidents are related to events in the water
distribution network1,2,3. Incidents range from water discoloration to backflow of untreated
water, which can pose a direct health threat to the public/ consumers. Additionally, water
officials and professionals agree that distribution systems are vulnerable to intended
contaminations4. Often, incidents are reported by consumers when they turn on their taps, i.e.
at the time when they are about to or after they have already consumed the water. Incident
analysis shows that average response times can be a few days before an action is taken by the
water provider5. When an incident is detected, the source (position) and the spread of the
contamination may not be readily identified or isolated, making adequate action difficult and
unnecessarily expensive, and leaving the public exposed for an extended period.
The consequences of inadequate water quality monitoring can be translated into substantial
public health risks, economic damages (recovery costs) and reputational damages and
liabilities. A well-known incident is the Walkerton case6 (Canada) in 2000, where manure
entered the water distribution network and contaminated the drinking water (2700 people
reported sick, two deaths and estimated cost to community of US$155 million).
There are various types of online real-time water monitoring systems on the market. Only a
few of them, however, come with event detection or early warning mechanism and their cost
are typically too high to be deployed in the network covering the whole water distribution
grid. To solve the problem water utilities require an economically viable Early Warning
System that scrutinizes their distribution network online and at real-time, allows rapid
response (real-time), locates the source (position) and spread of the contamination, and
requires no sophisticated skills to operate (integration with existing SCADA and control
systems)7.
1.2 Current solutions and EventLab early warning system
In addition to the periodical analysis of grab samples in the lab, water utilities look for
multiple ways of introducing continuous and online monitoring of their distribution networks.
We identify three main groups of current solutions:
•

•
•

Multi parameter sensor systems: typically a low density approach where multiple
sensors each cover part of the contamination spectrum8,9. Such systems are too
expensive to be deployed in a sensor network, and are only deployed at a limited
number of strategic locations.
Use of simple online sensors: pH, conductivity and other surrogate parameters. These
systems are relatively inexpensive but each only cover part of the contamination
spectrum and can therefore miss out on important incidents.
Biosensors: these include fish, daphnia, mussels, algae, bacteria and etc. They can be
highly sensitive to contaminations (and health implications) but are too expensive (in
terms of installation, equipment, consumables and labor) to be installed and operated
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as a network in a water distribution grid. Typically they are deployed only at strategic
locations.
Although currently available solutions can be used to detect water contaminations online and
at real time to some extend, they fall short for the purpose of effective and continuous online
monitoring of a water distribution network. Either the systems are too expensive to be
deployed as a sensor network and can only be deployed at a small number of strategic
locations, or they only cover a limited part of the contamination spectrum missing out on
potential incidents.
Optiqua has developed a generic optical sensor concept that can be deployed online
throughout a distribution network, and that meets the four key requirements of an early
warning system: (i) continuous real-time detection, (ii) generic: one sensor covering the full
spectrum of possible chemical contaminants, (iii) high sensitivity, and (iv) low cost and low
maintenance (no consumables). The optical sensor measures minute refractive index changes
in water, using the Mach Zehnder Interferometry (MZI) principle10. Refractive Index (RI) is a
useful generic indicator of water quality as any substance, when dissolved in water, will
change the refractive index of the water matrix. The generic Optiqua sensor chip operates at a
sensitivity level of 10-7 in the refractive index, which can be translated to ppm level of a
contaminant.
The major components of the Optiqua EventLab early warning system consist of the MZI
optical chip, dedicated electronics, software and data algorithms, and data communication.
These are the building blocks of an online sensor network that can be deployed throughout the
water distribution grid. Deployed as an online sensor network, the EventLab system allows (i)
early detection and rapid response time, (ii) accurately locating and real-time monitoring of
the spread of the contamination within the network, and (iii) adequate actions to minimize
damages (public health, economic and reputational).
1.3 Pilot projects and technological challenges
In a joint collaboration between PUB, Vitens and Optiqua Technologies, the Eventlab system
has been tested and validated. The pilot projects have been used to deploy multiple sensor
units at selected facilities and operational locations at PUB and Vitens for continuous data
acquisition and monitoring, and to support the product development process. The pilot
projects started in July 2010 and will run until August 2011.
The pilot projects have been designed to meet the following three main objectives:
•

•

•

Validate the sensitivity of the sensor for a broad spectrum of chemical contaminants.
For this we have conducted spiking experiments in both Singapore (WaterHub, PUB)
and the Netherlands (Leeuwarden, Vitens) in order to test the sensor response for
different groups of chemical substances in the relevant concentration ranges. Section 3
describes the results for a selected group of target substances.
Validate the sensor response against a background of natural variations. Within the
pilot projects we have collected continuous data from different operational locations in
Singapore (Bedok, Chestnut, WaterHub) and the Netherlands (Leeuwarden, Zwolle,
Enschede) over a period of several months. An overview of relevant results and the
analyses of the sensor response against the background of natural water matrix
fluctuations are presented in Section 4.
Overcome key technological challenges and test product improvements. The key
technological challenges in the product development process were related to the direct
and derived influences of temperature on RI and signal drift, and the development of
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event detection algorithms. Section 4 describes in more detail how the key challenges
were overcome and how they are supported by data.
This paper describes how the EventLab concept has been tested in joint pilot projects of PUB,
Vitens and Optiqua Technologies as an effective online water quality monitoring system. The
joint pilot projects are part of a continuous development program of the EventLab concept,
leading to the deployment of a high-density sensor network that will serve as an effective
online water quality monitoring solution for water distribution networks.

2. OPTIQUA EVENTLAB TECHNOLOGY
The integrated EventLab system consists of the MZI optical sensor chip, dedicated
electronics, data communication, event detection algorithms and control software. These are
the building blocks of the online sensor network. Section 2.1 describes the key characteristics
of the EventLab concept. Section 2.2 describes the MZI sensor design in more detail. Section
2.3 briefly describes the design of the electronics and the data communication.
2.1 Key characteristics of the EventLab concept
An important characteristic of the EventLab concept is that it uses one single generic sensor
to monitor the full spectrum of possible chemical contaminations. The MZI optical sensor
allows the system to operate continuously at real time and high sensitivity while rendering the
necessity of expensive multi parameter sensor set-ups obsolete:
•
•

•

•

Real-time detection. The sensor’s fully continuous measurements allow for instant
event detection. In this case an event is defined as an abnormal change in water quality
that manifests itself as a change in the water RI in a predefined time window.
Broad contaminant coverage. The sensor is responsive to a broad spectrum of possible
contaminants and other substances. Any substance, when dissolved in water, will
change the RI of the water matrix. The change in RI is proportional to the
concentration and the RI difference between the substance and the water matrix.
Highly sensitive. The RI as a generic quality indicator for drinking water has been
proposed previously. However, the sensitivity levels needed for application in
drinking water control have not been achieved with commercially available
technologies. The Optiqua sensor accurately measures a minimal change in RI in the
order of magnitude of 10-7 RI. Changes of RI in that order of magnitude typically
correspond to detection limits of concentration levels in or under the single-digit
milligrams-per-litre concentration range.
Low cost. The sensor offers a low cost platform. The sensor is developed in a dipstick
probe format (no moving parts) and does not require any reagents. The sensor is
suitable for operation in a network at locations with limited or no direct supervision.
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2.2 Sensor design
Optiqua’s sensor is based on an integrated optical version of the Mach-Zehnder
Interferometer (MZI, Figure 2.1).

Figure 2.1: (1) Wave-guides (4 µm width) etched in chip surface are a path for laser light.
(2) Top cladding is removed to expose sensing window to sample. (3) Refractive index
changes cause a relative phase shift in laser light. Light beam is split in two paths.(4)
Interference between sensing beam and reference beam reveals RI-induced phase difference.
Phase modulator enables accurate measurement of the phase difference, which is directly
proportional to RI change.
The MZI works as an optical scale, measuring differences in refractive index as seen by the
sensing arm versus the reference arm. The basic layout of the MZI consists of an input
channel wave-guide that splits up into two identical branches.
The patented Optiqua sensor is an adaptation of the basic MZI design to improve the overall
performance in terms of sensitivity, robustness and temperature dependence. By incorporating
a modulator section and utilizing a serrodyne modulation concept an unambiguous phase
determination can be performed using Fourier analysis. In addition, this concept is robust
against laser intensity variations. The integrated optical design with no moving parts further
enhances the overall sensitivity and robustness.
The configuration with one sensing window results in a reading that is sensitive for
temperature changes. In the Optiqua MZI design, the temperature sensitivity is well
predictable. This is further described in Section 4. For a more elaborate description of the
technological principle, please refer to Heideman and Lambeck10,11.
Changes in RI of the water sample on top of the sensor are measured as relative phase
changes of the light propagating through the sensing window. The primary output signal of
the sensor is the phase shift of light ∆Φm(easured),
∆Φm = (2π/λ) Lint (∂neff/∂nwater) ∆nwater [radians],

(1)

where λ is the wavelength of the light in vacuum, Lint is the interaction length of the sensing
window, ∂neff/∂nwater ≅ 0.21 and indicates how sensitive the light travelling through the
sensing window is for RI changes of the water, and ∆nwater is the RI change in the water
flowing over the sensing window. EventLab is equipped with a laser with wavelength
λ=850nm and the window size Lint=10mm. Using equation (1), the change in RI of the water
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∆nwater is given by
∆nwater ≅ 4*10-4 (∆Φm/2π).

(2)

The Optiqua sensor uses the quantity “fringes” to represent the change in RI , which is
∆Φm/2π

(3)

Hence, in the Optiqua sensor design, 1 fringe corresponds to 0.0004 RI change.
2.3 Electronics and data communication
The electronics controlling the chip are designed to minimize cost of the system and optimize
its performance. Wireless communication is being developed for transfer of data to a data
warehouse where the information is automatically processed by event detection algorithms to
detect anomalies from the normal variation of drinking water composition.
The Eventlab system electronics consist of a laser source, a modulator driving circuit and a
receiver circuit. The laser source is an 850nm single mode VCSEL. The modulator circuit
drives the phase modulator which is used for phase change determination. The merged
waveguides at the sensor-end causes the light in both optical paths to form an interference
optical signal. This optical signal is converted by the receiver-circuit into an electrical signal.
The signal is then sampled by the ADC for processing by the microprocessor. The phase
relative to the modulation signal is computed and transmitted out.
Each EventLab sensor transmits the acquired data back to a central server for data analysis
and event detection. Given the maturity of cellular networks and (increasingly) low cellular
data costs, General Packet Radio Service (GPRS) has been chosen as the medium to transmit
the data. The GPRS modems are connected via serial interface (RS232). As an alternative to
GPRS the system can support other media as well, from radio to wired data transmission.
Users of the system have access to the processed data as well as raw data streams and can
configure parameters through a control software user interface. In addition the EventLab
system can be connected through an interface to a SCADA system permitting integration with
existing operational decision support and control systems.

Figure 2.2: schematic overview of data communication structure
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3. SENSITIVITY TEST RESULTS
The sensitivity of the EventLab system has been evaluated by performing spiking experiments
within a simulated water distribution network set-up. Section 3.1 describes the evaluation
analysis for a spiking experiment. Section 3.2 summarizes experimental results and sensitivity
levels for a selected group of substances. In section 3.3 drinking water alert levels are used to
evaluate the sensitivity of the Optiqua EventLab system. In section 3.4 a comparison with
other sensors is presented.
3.1 Evaluation analysis of a spiking experiment
The Optiqua EventLab system has been integrated, alongside various other water sensors,
within the monitoring unit of Vitens. This unit has been constructed by Vitens as part of the
International SafeWat project. The objective of this project is the screening of various sensors
for their suitability of water quality monitoring. The set up uses drinking water instead of MQ
water, representing the more complex and realistic water matrix of distribution networks and
the potential interactions between the matrix and the spiked compounds and/or interactions
with the sensor surface.

Figure 3.1: Spiking setup at Vitens Monitoring Unit in Leeuwarden.
Figure 3.2 shows the EventLab response to a cumulative spiking experiment with Sodium
Chloride (NaCl) using a stock solution of 100 g/l. The addition of the chemical to the
circulation tank, using the high concentrated stock solution, results in an almost instant
concentration spike in the test system that levels off in time as a result of dilution due to
mixing with the bulk solution in the circulation tank. Full mixing takes place in approximately
3-6 minutes and is indicated by the grey arrows in the spiking response graphs.
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Figure 3.2: Response EventLab to sodium chloride (NaCl) spiking.
In Figure 3.3 the EventLab response is plotted against the cumulative NaCl concentration
after full mixing. We can see that the response closely fits a linear model. The linearity is
consistent with the fact that the RI of the water sample should change in proportion to the
concentration of the added substance12. The sensor has a broad dynamic range which enables
the device to detect a wide concentration range of potential contaminants. This is illustrated
by the experiments that tested concentrations from 10 mg/L to 10g/L with the same set up.
The slope of the straight line quantifies the calibration factor of the sensor for the substance.
In this case, each mg/l of NaCl will cause a 0.0003 fringe response in the EventLab sensor.
Based on a detection limit of the sensor of 0.0005 fringes in controlled conditions, we can
estimate a detection limit of 2 mg/l for NaCl. As a rule of thumb we multiply the detection
limit by 2.5 to estimate the impact of noise on the detection limit in uncontrolled conditions
(in the distribution grid). The estimated detection limit of NaCl in drinking water is therefore
5 mg/l or 5 ppm.
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Figure 3.3: Optiqua EventLab response as a function of the cumulative concentration level of
sodium chloride
3.2 Sensitivity for tested substances
Sensitivity levels for a selected group of substances have been evaluated by applying the
analysis method explained in Section 3.1. The test results in Table 1 show how EventLab
responds to a broad range of chemical contaminants, covering in-organics (salts), organics
(including EPA-listed chemicals such as disinfectant byproduct chloral hydrate, and
pesticides such as aldicarb) and potential contaminants in pollution events such as heavy
metal compound cadmium, recycled water and turbid solutions. Where most traditional
sensors only cover part of the potential contamination spectrum, EventLab is responsive to the
full spectrum of chemical contaminants. This is a crucial characteristic with respect to the
deployment as an Early Warning System.
As is detailed in table 1, the sensitivity for all of the substances tested is within, or less than,
the single-digit parts per million range. The pilot partners plan additional spiking experiments
with more substances in the coming year. Spiking experiments have been performed both at
the Vitens using the monitoring unit in Leeuwarden and in the Optiqua laboratory at the
Waterhub in Singapore.
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Compounds

Sensitivity
(ppm)

Sodium Chloride
Sodium Nitrate
Potassium Chloride
Calcium Chloride
Sodium Sulfite
Sodium Carbonate

5.0
5.2
4.3
3.4
4.5
1.6

Organics – listed by
EPA

Ethanol
Chloroform
Chloral hydrate

1.7
0.3
0.8

Organics – pesticides

Aldicarb
Azinpho-methyl
Fenamiphos

2.6
0.4
0.8

Chemical
contamination

Sodium Cyanide

4.2

Formazine

0.2 (FTU)

Class A recycled water

2.0 (ppm TDS)

Heavy metal

Cadmium Nitrate

0.3

Faeces/ urine/
fertilizer

Urea

0.6

Acetylsalicylic acid

1.3

Class
Common water
compounds

Turbidity (standard)
Cross-connection

Pharmaceuticals

Table 1: EventLab sensitivity levels for a group of tested substances in drinking water.
Figure 3.4 presents the EventLab response curves to different groups of compounds.
Compounds include sodium nitrate, sodium sulfite (oxygen scavenger), a turbidity standard
(formazine), a heavy metal (cadmium nitrate), an organic fertilizer (urea) and a
pharmaceutical compound (acetylsalicylic acid).
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Figure 3.4: EventLab reponse curves to sodium nitrate (NaNO3), sodium sulfite (Na2SO3),
formazine, cadmium nitrate (Cd (NO3)2), urea and acetylsalicylic acid are shown.
In contrast to all other spiked compounds acetylsalicylic acid shows a negative EventLab
response with increasing concentration. The origin of this negative response is subject of
further investigation but is believed to be due to change in the pH as induced by the spiking
with an acid and the resulting combined interactions of the drinking water matrix and
acetylsalicylic acid with the sensor surface.
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3.3 Drinking water alert levels
‘Drinking Water Alert Levels (DALs)’13 represent the range of concentrations of
contaminants in drinking-water that are relevant from a health-based point of view. They are
used to evaluate the sensitivity of the Optiqua sensor in terms of health impact related
concentration levels. The DALs represent an estimate of the threshold for acute toxic effects
in humans, during 24 h exposure, in three severity categories.
DAL-1: No appreciable health risk to the consumer.
DAL-2: Serious, irreversible or other serious health effects could occur among the general
population.
DAL-3: Life-threatening health effects or lethality in the general population, including all
ages and sensitive subpopulations, could occur.
As follows from the definitions, for concentrations above DAL-1 but below DAL-2 minor and
reversible health effects are expected (head ache, minor intestinal complaints).
In Figure 3.5, the DAL-values for three pesticides (aldicarb, azinphosmethyl, fenamiphos)
and one toxic chemical (sodium cyanide) are presented. The values are given on a logarithmic
scale for easy comparison between dose levels of different substances. The DAL-values
representing acute health hazards are typically in the order of magnitude of milligrams per
liter and approximately a factor 1,000 higher than long term exposure limits. For sodium
cyanide the toxicological information was insufficient to derive the DAL-3 values.
In the same figure, EventLab detection limits are compared to the DAL values. It can be
concluded that the detection limits are below the DAL-2 values for aldicarb and fenamiphos,
and below the DAL-1 values for azinphos methyl and sodium cyanide. This means that
EventLab detects the tested chemicals at concentrations that are substantially below levels
that pose a direct health risk, providing an effective early warning signal in case of a
contamination.

Figure 3.5: DAL values for adults for aldicarb, azinphos methyl, fenamiphos and sodium
cyanide compared to EventLab detection limits

3.4 Comparison with other sensors
As part of the pilot program initial comparisons with other online sensors have been
conducted. Table 2 presents a cross-reference table of the compounds that have been tested
and the sensors used to monitor the water quality during spiking experiments. The results
show how Optiqua Eventlab responds significantly to all the compounds tested, where other
sensors installed on the monitoring unit only respond to some of the compounds.
11

Class
Common

Organics – pesticides
Turbidity Standard
Metalic
Faeces / Urine /
Fertilizer
Organic /
Pharmaceutical

Compound
Sodium Chloride
Sodium Nitrate
Sodium Sulfite
Aldicarb
Azinphos-methyl
Fenamiphos
Formazine
Cadmium Nitrate

Event
Lab

pH

Cond.

Turb.

UV/
VIS

O2

ORPb

a

c

a

c

a

a

Urea
Acetylsalicylic acid

Table 2: EventLab and various other water sensors response matrix
a
: Indirect effect: pH changes due to change in ion strength of the solution
b
: Oxidation Reduction Potential (ORP)
c
: Indirect effect: ORP changes due to change in ion strength of the solution
Figure 3.6 compares the EventLab response curves for different groups of compounds with
that of other on line sensors. The type of sensor used for benchmarking was selected based on
their relevance for detecting the spiked compound (i.e. conductivity for NaCl, an on-line
UV/VIS spectrophotometer configured as either a (surrogate) turbidity sensor or a nitrate
sensor for the detection of respectively formazine or NaNO3, an UV spectrophotometer
(254nm) for the detection of the organic pharmaceutical compound acetylsalicylic acid).
The time-lag in the response between the sensors is due to the difference in location of the
individual sensors and the transit time of the spike travelling through the monitoring unit at
Vitens. The response of the EventLab system is seen to be comparable to that of the other
sensors with the only remark that the EventLab response to acetylsalicylic acid has a reverse
sign. In contrast to EventLab the other online sensors only cover part of the spectrum of
potential contaminants.
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Figure 3.6: EventLab response curves compared: (1) Sodium Chloride (NaC ) and
Conductivity; (2) Formazine and Turbidity; (3) Sodium Nitrate (NaNO3) and Nitrate sensor
(UV/VIS); (4) Acetylsalicyclic acid and UV spectrophotometer;
Figure 3.7 compares the EventLab response to spiking of urea in drinking water with that of a
conductivity sensor and a UV sensor (254 nm, 35 mm cell). Urea is widely used in fertilizers
as a source of nitrogen and due to its presence in urine/feces forms an indicator for
contamination with sewage water. The EventLab system is the only sensor, out of all the
sensors detailed in Table 2, to respond well to the urea spiking in drinking water.
Figure 3.7: EventLab and conductivity (left) and UV (right) to spiking with Urea

The pilot partners are performing further analysis on the relationship between EventLab and
other sensors. The correlation between EventLab and a variety of sensors as found in the
spiking experiments underline the prospects for using EventLab and refractive index as a
generic parameter in the monitoring of water quality.
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4.

EVENT DETECTION IN ONLINE ENVIRONMENT

When applying the EventLab concept for monitoring in an online environment challenges
need to be overcome that are related to varying conditions of the water in terms of flow,
pressure, temperature, and overall composition.
Due to the low compressibility of water and thus RI variations due to bulk pressure
fluctuations are limited and in the order of 1.4x10-4 MPa-1, as can be calculated using the
formula for the pressure-optic coefficient dn/dP as given by Ghosh14. Stabilization of pressure
and flow at the EventLab probe can easily be achieved using conventional approaches for
pressure and flow control.
The dominant challenges for utilizing EventLab in the distribution network are the impact of
varying temperature on the EventLab response and the natural variation in the composition of
the water in relation to the ability to detect events. The effect of temperature on the EventLab
reading and how this has been tackled in the actual EventLab product will be discussed in
Section 4.1. The prospects to detect events, defined as abnormal changes in a background of
natural variation, will be addressed in Section 4.2.
4.1 Impact of temperature
The RI is a material parameter that is temperature dependent. The magnitude and sign of the
change in RI with temperature, dn/dT, is material dependent. When using RI as a monitoring
parameter for signaling events in terms of abnormal water composition changes, temperature
induced changes can lead to undesired false alarms and compromise the effectiveness of the
EventLab concept. Successful application in an online environment therefore requires
compensation for temperature changes.
The temperature dependence of the Eventlab response has been modeled using an empirical
formula that describes the RI of water as a function of wavelength λ and temperature T, as
derived by Bashkatov15, and the dn/dT of the materials from which the EventLab probe is
been composed of. The resulting formula for temperature compensation is:
N

Φ(Tref) = Φ(Tmeas) + Σ An [(Tmeas)n – (Tref)n]

(4)

n=1

With An constants that follow from the exact EventLab configuration.
The correctness of the temperature compensation is validated by comparing the change in
fringe reading due to a change in temperature dΦ/dT, as calculated using Equation 4, with
experimental obtained results. For that purpose the EventLab probe has been submerged in
water and subjected to temperature changes at different temperature set-points. The
temperature of the water in the test configuration is varied “Au Bain Marie” and measured
with EventLab’s high resolution integrated temperature probe. A close match has been found
between experimental results and theory. See Figure 4.1.
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Figure 4.1: Experimental and theoretical results for the change in EventLab reading due to a
change in temperature dΦ/dT in fringes °C as a function of temperature T.
This demonstrates the effectiveness for eliminating temperature induced EventLab response
changes in an online application by additionally monitoring the temperature of the water close
to the sensing window and using Equation 4 for temperature compensation.
4.2 Natural variation and event detection
The ability to detect events in terms of abnormal changes in the water composition not only
depends on the sensitivity of the EventLab to a wide range of substances but also depends on
the level of natural variation. This natural variation stems from a varying water composition
in time originating from, for example, changes in the raw water matrix, tolerances in the water
treatment process, and switching between and/or mixing of different water sources in the
distribution network. As such it affects the composition of the water while the overall quality
of the water is maintained within pre-defined standards.
Various concepts are known for signaling abnormal changes in a base signal containing
natural variations. In this context the term abnormal is to be interpreted as a change in signal
that, within a high degree of certainty, cannot be regarded as a continuation in time of the
base signal when considering the historic development of that base signal. A well known tool
for signaling events is CANARY16, developed by Sandia National Laboratories in a project
sponsored via the National Homeland Security Research Center (NHSRC) of the U.S.
Environmental Protection Agency (EPA) The single parameter algorithm in CANARY is
based on normalization and centring of measured data around zero and using a Linear
Predictor Coefficients Filter (LPCF) for weighing historic data to predict the actual reading.
The difference between the actual reading and the predicted reading is called the residual and
events are identified based on exceeding a pre-set threshold level for this residual.
EventLab data can readily be read into CANARY and, as for all event detection algorithms,
parameters of the algorithm need to be tuned to the EventLab sensor and water source used.
Figure 4.2 shows an example of a week of data analyzed with CANARY, showing response
of CANARY to the changes sensed by EventLab. The data was taken at PUB’s Bedok water
plant in Singapore.

15

Figure 4.2: EventLab data (top) and event probability as calculated by CANARY (bottom) for
one week of baseline data.
Based on performance benchmarking of various event detection concepts with EventLab data
streams we have developed an algorithm that is based on the principles of edge detection. In
general terms the algorithm is based on using statistical tools to identify trend changes in the
current sensor response as compared to historical response within pre-defined time slots. For
signaling of events the normalized residual is compared with a pre-set threshold level that is
based on historic data representing the natural variation. Figure 4.3 shows the flow diagram
with the individual steps in data processing starting from raw EventLab data to detected
events.
Raw EventLab
data

Temperature
compensation

T-compensated
EventLab data

Edge detection
algorithm

Normalized
residual

Detected
events
Event detection

Figure 4.3: Flow diagram for processing of raw EventLab data to signal events.
A typical registration of temperature compensated EventLab response data obtained from
monitoring the drinking water distribution network at the Vitens-Zwolle location, and the
resulting normalized residual after applying Optiqua’s event detection algorithm, is presented
in Figure 4.4. The measured response shows a 24 hour pattern that can be attributed to daynight pattern. Taking this 24 hour data as representative for the natural variation in the
drinking water at that site a residual threshold level of 6 can be set for signaling events.

Figure 4.4: Temperature compensated EventLab phase reading (black) and normalized
residual (red) after applying Optiqua’s event detection algorithm.
The performance of the developed event detection algorithm can be demonstrated by superimposing an artificial spike in the form of an S-shaped step responses on top of this
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temperature compensated base-line data. The size of the step response was 0.042 fringes,
which equals the DAL-2 level of azinphos-methyl (10.5mg/l) (see figure 3.5). The total time
to complete the S-shape was taken as 8 minutes. Figure 4.5 shows the base-line data with the
super-imposed spike just before 4:00 PM and the normalized residual after applying the event
detection algorithm. The normalized residual shows a clear peak response that coincides with
the step response in the phase due to the superimposed spike. The normalized residual well
exceeds the pre-set threshold level, and clearly demonstrates the ability of the algorithm to
effectively signal events in the presence of natural variation.
As a result of dilution in the distribution network, especially at cross-connects, the
concentration levels close to the source of the contamination are in general much higher as
compared to those at the end user locations. For events that pose a human health risk local
concentration levels in the distribution network will therefore be substantially higher than
threshold levels set for human exposure (DAL values). This underlines the rationale for
deployment of EventLab as an early warning system in a sensor network configuration.

Figure 4.5: EventLab response data (black) as from Figure 4.5 but with super-imposed Sshaped spike of 0.042 fringes just before 4:00 PM that equals 10.5mg/l azinphos-methyl
(DAL-2 value). The normalized residual shows a strong peak response that coincides with the
spike.
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5. CONCLUSION AND FUTURE ALTERNATIVE APPLICATIONS
The results of the pilot projects as described in this paper support how the EventLab has been
tested and validated to meet the requirements of an effective online water quality monitoring
system.
Dedicated spiking experiments show how EventLab responds to a broad range of chemical
contaminants, covering in-organics, organics and potential contaminants in pollution events.
Comparison to other sensor systems illustrates how the RI based EventLab can be used as a
generic sensor covering the full spectrum of chemical contaminations, where alternative
sensors only respond to part of the spectrum.
The sensitivity of the system is in the single digit parts per million. Comparison to DAL
shows that EventLab detects the selected substances at concentrations that are substantially
below levels that pose a direct human health risk. The tests also show that the system is able
to detect substances over a broad concentration range.
The dominant challenges for utilizing EventLab in the distribution network are the impact of
varying temperature on the EventLab response and the natural variation in time of the water
matrix in relation to the ability to detect events. An algorithm has been developed that takes
the temperature dependence of RI and material characteristics of the EventLab sensor into
account. In combination with developments in the probe-design an effective method for
eliminating the influence of temperature on the sensor response has been implemented and
validated in the pilot studies. Application of an edge-detecting algorithm on time series of
natural drinking water quality, superimposed with spiking signals, shows that contamination
events can be effectively detected against a background of natural variations in the water
matrix. Long term system deployments and data acquisition have also shown the reliability of
the overall system design.
The joint pilot projects are part of a continuous development program of EventLab, leading to
the deployment of a high-density sensor network that serves as an early warning monitoring
system for drinking water distribution grids. Further research will be performed to examine
the long term stability of the system and to optimize the event detection algorithms.
In the longer term alternative applications of the technology will be researched, such as for
instance the detection of cross connections (cross contaminations of potable water with
recycled water), water quality monitoring in Industrial Estate areas or for irrigation purposes
(recycled water), the monitoring of integrity of reverse osmosis membranes and possible
applications in the process industry.

18

REFERENCES
1. Public water supply distribution systems: Assessing and reducing risks – First report (The national
Academies press, Washington DC, 2005)
2. J.F.M. Versteegh, H.H.J. Dik: Kwaliteit van het drinkwater in Nederland 2008, VROM Inspectie, November
2009
3. Drinking Water Inspectorate (DWI); Significant drinking water quality events in England and Wales in
2009, http://dwi.defra.gov.uk/about/annual-report/2009/index.htm
4. Timothy P. Allmann and Kenneth H. Carlson: Modelling intentional distribution system contamination and
detection (American Water Works Association, 2005)
5. WQRA; Coomera Cross-Connection Incident, March 2010
6. D. O’Conner: Report of the Walkerton Inquiry, Ontario, Canada, January 2002
7. Technologies and Techniques for Early Warning Systems to Monitor and Evaluate Drinking Water Quality:
A State-of-the-Art Review, EPA 2005
8. WaterSentinel system architecture, EPA-817-D-04-001 2004
9. Sensor network design for drinking water contamination warning systems, EPA 2010
10. R.G. Heideman, P.V. Lambeck; “Remote opto-chemical sensing with extreme sensitivity: design,
fabrication and performance of a pigtailed integrated optical phase-modulated Mach Zehnder interferometer
system”. Sensors and Actuators B 61 (1999) p. 100-127
11. P .V . Lambeck, “Integrated optical sensors for the chemical domain”, Meas Sci Technol. 17. (2006), R93R116
12. A.V. Wolf, M.G. Brown, and P.G. Prentiss. “Concentrative properties of acqueous solutions: concentration
tables”, Handbook of Chemistry and Physics, CRC Press, 65th edition 1984-1985, p. D-222 – D-272.
13. B.H. Tangena, P.J.C.M. Janssen, G. Tiesjema, E.J. van den Brandhof, M. Klein Koerkamp, J.W. Verhoef,
A. Filippi, W. van Delft. “A novel approach for early warning of drinking water contamination events”. Proc. Of
the 4th International Conference on Water Contamination Emergencies: Monitoring, Understanding, Acting,
(October 11-13 2010 in Mullheim, Germany)
14. G. Ghosh, “Handbook of Refractive Index and Dispersion of Water for Scientists and Engineers”
(SUJUTA GHOSH, Brisbane, Australia, 2005), p. 117.
15. A. Bashkatov and E. Genina, “Water refractive index in dependence on temperature and wavelength: a
simple approximation”, Proc. of SPIE Vol 5068 (2003), p. 393-395.
16. http://www.epa.gov/nhsrc/water/teva.html.

19

Real-time water monitoring
EVENTLAB: ONLINE WATER QUALITY MONITORING IN A SMART GRID
Decaying water infrastructures, the use of alternative water sources such as desalination and recycled water,
pollution and terrorist threats are all bringing new challenges to water distribution and water quality assurance
worldwide. The reputational and economic effects of water quality incidents can be severe. For a safe and secure
supply of drinking water, water quality needs to be monitored online and at real time. Online water quality monitoring
is an essential step in the broader concept of smart water management.

A high density sensor network
EventLab provides a high density network of online sensors,
collecting real time water quality data directly from the grid.
Low maintenance and high durability allow for an economically
viable network covering the entire distribution process. Optimized
sensor placement guarantees that contaminants are detected
early and close to the source, allowing for optimized response
measures and maximum network security.

Monitoring the full spectrum of contaminants
EventLab is based on Optiqua’s awarded and patented
Lab-on-Chip sensor technology. The technology measures
refractive index changes of the water matrix induced by a
contaminant, without the use of chemicals or other consumables.
EventLab sensors responds to the entire spectrum of possible
chemical contaminants at ppm level.
Real time data algorithms and analysis are calibrated to the
requirements of a specific water matrix, identifying the relevant
contaminations online and without delay.

Proactive and water quality control
The EventLab sensor network can be customized to the
customer’s needs and integrated with existing monitoring setups,
SCADA systems and asset management systems.
EventLab Online provides operators with a webbased user
interface, real time alerting and a network wide overview.
Combining the unique benefits of its sensor technology, EventLab
offers water suppliers an essential tool to proactively manage their
water distribution process.
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