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‘But he continued to look and it was all as wondetd him and it moved him as it
had when he was eighteen years old and had séiest,iinderstanding nothing of
it and only knowing that it was beautiful.’

Ernest Hemingway, Across the River and into theeSre

“If I'd go on and become prime minister | would rsgte my children grow up.
That’s not worth it to me."

Wouter Bos, resigning as leader of the PvdA (Dliabor Party) in March 2010
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Chapter 1. Introduction

1.1 Broad context of thethesis

Sewer systems serve two purposes. Their first olbgeas the collection of
wastewater and its removal from urban areas. Byovamy it, exposure of
inhabitants to faecally contaminated water is Iprgevoided hence reducing the
number of water-borne diseases in urban areas.r Beeiond objective is the
collection of excess stormwater and its removamfrorban areas in order to
prevent flooding. Both types of water are generadiijected in underground sewer
pipes and directed towards a central point of diegd which is often located near
local surface water downstream the urban areghdrNetherlands the large-scale
development of sewer systems has begun at therbegiof the 28 century, see
Figure 1-1. Nearly a century later, over 99% ofdbubouseholds are connected to
some form of wastewater handling. The construcabisewer systems has been
very successful in the sense that its two purpbags been largely fulfilled: water-
borne diseases as well as stormwater-related uftmoding have become
(relatively) rare in the Netherlands.

= [ N N
o a1 o a1

wastewater treatment capacity
in the Netherlands [f(b el

[&)]

% of household in the Netherlands
connected to a sewer system

| | | | | | | | | | |
1%80 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2090
Time [year]

Figure 1-1: Development in the 2D century of connectivity of households in the
Netherlands to a sewer system and wastewater teeatwapacity (reproduced with
permission from Langeveld, 2004).

An important drawback of sewer systems has oriinBeen the centralized
discharge of large amounts of raw sewage to rampiwiaters. As early as the end
of the 19" century it became apparent in and around majoof&an cities that

1



Chapter 1. Introduction

discharging untreated wastewater can cause a seetngoration of surface water
guality and a wide variety of associated negatifeces. To mitigate this problem
water pollution control measures have been impléetenThe most important
measure has been the wide-spread construction sfewater treatment plants
(wwtp). These facilities aim at reducing pollutdodds in wastewater prior to its
discharge to receiving waters. Large-scale constiuén the Netherlands started
in the 1940s with especially in the 1960s and 19/ @sajor increase in treatment
capacity, see Figure 1-1. Since the 1990s nedrlyolécted domestic wastewater
in the Netherlands receives treatment at a wwtp.

Just considering Figure 1-1 it might be concludéat tcurrent wastewater
infrastructure in the Netherlands is ‘complete’tire sense that almost the entire
population is connected to a sewer system and ynedlrlwastewater is being
treated. Nevertheless, surface water quality probldave not ceased to exist.
Implemented measures (such as the constructiomtybsy have largely improved
surface water quality compared to several decagesbat many surface waters in
the Netherlands are yet to meet the set watertgualiget levels. More specifically,
a survey for implementation of the European Watanfework Directive (WFD)
shows that roughly 20% of samples collected froem#B4 identified surface water
bodies in the Netherlands do not meet the requinésmia terms of good chemical
and/or ecological status (Min.V&W, 2010). Dischasg# (untreated) wastewater
into receiving water are still a major contributorhigh pollution levels in surface
waters. It should be noted, however, that othetofacsuch as wash out from
agricultural lands, resuspension from contaminaetiment layers and pollutants
in precipitation also contribute. Especially forahurban surface waters RIONED
(2009a) shows that the contribution of sources rotten from wastewater
infrastructure can be non-negligible.

Wastewater and its associated pollutants can reardace waters via a number of
routes. A major contributor is wwtp effluent. Anthuaean treatment efficiencies
for key pollutant parameters are less than 1009 @OD ~98%; COD ~90%;
Niotar @and Rya ~80%, see RIONED, 2009b) resulting in non-zeroluypaht
concentration levels in discharged effluent. Treatmefficiencies can further
deteriorate under, for instance, specific wet wesattonditions (Langeveld, 2004).
A second route is via combined sewer overflows (C81@t serve as emergency
outlets in case a sewer system is nearly floodedaréas with separated sewer
systems a third route is via the outlets of stortewaewers. Pollutant levels in
discharged ‘stormwater’ can be significant espéciélthe system holds one or
multiple illicit connections. Foul water is thenr@meously discharged to the
stormwater sewer.

Over the last decades large efforts have been imdoleth practice and science to
find ways to improve the performance of wastewatfastructure. Essentially, the
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ultimate objective of many of these optimizatiofodst is to reduce the impact of
wastewater infrastructure on its environment. Qfthais translates into an effort to
reduce the amount of pollutants discharged via @hée aforementioned routes.
This can be achieved by, for instance, adding @raving treatment technologies
at the wwtp in order to improve treatment efficiiesc applying control to a sewer
system to reduce the number of CSO events, thallastn of forms of effluent
treatment installations such as storage and sgttinks and the search for and
removal of illicit connections.

The contents of this thesis fit this ‘traditiorts iultimate goal is to contribute to the
reduction of impact of wastewater infrastructure ittnenvironment. In the next
paragraphs this is further narrowed down to aravea more specific research
objective.

1.2 Integrated system optimization accounting for water quality

Optimization programs are a frequently applied rsetm improve wastewater
system performance. Many of these programs esHgritilow the same principle:
a number of alternative optimization measures araluated against one or
multiple criteria. Examples of such measures aeecitnstruction of settling and
storage tanks near CSOs, increasing the availalsiging capacity from a sewer
system into a wwtp and installation of additioneatment steps at a wwitp.
Predominantly, the criteria used in an evaluation erformance with respect to
set emission standards (e.g. annual CSO volume,pwsftluent pollutant
concentrations) and investment costs. Hence, chgngfiandards often requires
new optimization efforts. Historically, sewer syste in the Netherlands are
operated by municipalities whereas wastewatermeat plants are the concern of
dedicated water authorities. As a result of thigjaorzational separation,
optimization programs were (and still are) oftervaleped for each system
separately. Also, most optimization programs weskiwme based, not taking into
account any water quality aspects. The need to gehahis approach to an
integrated assessment became apparent with a grewiareness in the 1990s that
emissions from both sewer systems and treatmenttsplare responsible for
deterioration of receiving water quality (Lijklens al, 1993). At first, the term
‘integrated optimization’ included wastewater isfraicture only focusing on
emissions from sewers and wwtps; further on sydienits were extended to also
include receiving waters with an associated shiffdcus towards impact-based
optimization. Apart from system integration the ddgrew that optimization
measures that were optimal in a volume based appnweght not be optimal, or
even detrimental, when considering water qualifyeats. Also, thedynamicsof
both water quantity and quality parameters wereebgal to play an important role
in attaining a better system performance.
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In 1999 a research program was initiated at TU tDwlf investigate possible
benefits of an integrated approach to wastewatstesy optimization accounting
for possible water quality variations. The progreomprised a PhD-position that
was co-financed by university and engineering firfasd later joined by water
authorities). The first phase of the research pnogr(1999-2004) aimed at
“identifying the possibilities to extend today’s Ol volume based approach for
wastewater system optimization to a water qualdgda approach by taking into
account the dynamic interactions within wastewaigstems”(Langeveld, 2004).
Based on literature assessment, model simulatiows data analyses, a first
conclusion of the study was that dynamic interastiare indeed important for
wastewater system performance: wwtp effluent quaig truly affected by
guantitative as well as qualitative fluctuationsamwtp influent, which are in turn
determined to a large extend by characteristichefcontributing sewer system.
Hence, the operation and state of maintenanceseWar system was found to be a
key element in wastewater system optimization asat only affects CSO
performance but also wwtp effluent quality. Seconding a semi-hypothetical
integrated model, multiple optimization strategsesh as ‘additional storage’ and
‘altering pumping capacity’ were tested. It was rfduthat the optimal
configuration largely depends on the quality patemeselected to describe
wastewater system performance. In addition, it sla®swvn that the characteristics
of storm events play an important role in the gedacof the best optimization
strategy. Also, model simulations showed that thieme of wastewater present in
a sewer system (pressure mains, lost storage)>aah a& significant influence on
wastewater system performance by its pollution quicie

Knowledge of the actual state of wastewater infutastire and the characteristics
of the processes that take place inside are incssiple for proper system
optimization. For sewer systems much effort hasnbpat into modeling of
hydrodynamics and water quality processes. Thechiassewer processes that
determine the (variation in) quantity and qualigrgmeters are hydrodynamics,
transport of soluble pollutants, transport of swusieel solids, and in-sewer
transformations. However knowing the general meidmas of all of these
processes, efforts to model in-sewer wastewaitidity parameters have hitherto
not resulted in accurate predictions (Willems, 202608; Clemenset al, in
preparation). Many factors that have an influennette shape of pollutographs
have not (yet) or only partially been incorporatetb water quality models.
Examples are an incomplete knowledge of parameteabor governing important
processes (resuspension processes, the compasitiorsewer sediment layers,
etc.), the manner in which a sewer system is opér@et points of pumps, the use
and performance of storage facilities, etc.) anthtamed (frequency of gully pot
cleaning, presence of dead storage, etc.) or emotise database describing the
structure of the sewer system and the geometris @oimponents. Also, important
determining factors such as the number and locabbrilicit connections in

4



Chapter 1. Introduction

separate sewer systems are not likely to be indluidea model. As a result,
wastewater quality modeling is in some cases ret) @n appropriate tool to study
the behavior of wastewater quality parameters.

Partly because models need data for calibrationvatidation purposes and partly
because some processes appear to be too complex tomrrectly modeled, a
tendency towardsnonitoring of wastewater processes can be observed. Data are
generally used as a diagnostic tool to directlyesssa process or condition
parameter, or indirectly calibrating a model thatudates the considered process
or condition parameter. Also, sensors can be gasncautomatic control system
for which they provide the input. Application of mtoring equipment in
wastewater systems is however not straightforwaltdch is further elaborated on
in the next paragraph. The second phase of theratmtioned TU Delft research
program (2004-2009) has therefore focused on mangon wastewater systems.
In cooperation with a water authority a monitorimgtwork has been installed in a
large wastewater system to gather data on a nuafilveater quality parameters at
a variety of locations throughout the system. Thissis describes and analyzes a
part of the results, namely the results of quantity guadlity monitoring at a wwtp
influent pumping station. In addition, a novel ntoring technique that targets
wastewater temperature has been tested in thre&ipalities. Results of these
tests have also been included in this thesis.

1.3 Wastewater monitoring

1.3.1 Introduction

Monitoring is increasingly applied in wastewater frastructure. Recent
developments in sensor technology in combinatioth vafforts to apply this

technology in wastewater systems have led to @ naprease in the availability of
data sets describing a wide variety of parametersand around wastewater
infrastructure. Modern sensors often allow theestibn of continuous and high-
frequent data sets, which offers an advantage thieeshort-term and low-frequent
sets generated with ‘traditional’ methods such asmfosite) grab sample
collection. This thesis describes two of such sedswelopments that aim at high-
frequent monitoring of wastewater quality: UV/VI8rsing (using UltraViolet and
VISible light) and DTS monitoring (Distributed Teemature Sensing) with fiber-
optics.

Wastewater monitoring can aim at a wide varietpafameters. These parameters
either describe thecondition of (a component of) the wastewater system or
processeghat take place in the system. An example of ¢wer) monitoring of
condition parameters is the inspection of seweegipith CCTV cameras, the data
of which often play a role in sewer pipe renovatiblowever widely applied, the

5



Chapter 1. Introduction

objectiveness, consistency and reproducibility ofmhn interpretation of CCTV
footage are under discussion (Dirksstnal, 2011). As a result, developments to
use digital image processing and additional setgoes (lasers, ultrasound) in
order to obtain a more objective representatiath@fcondition of the sewer system,
are wide-spread (e.g. Teichgrate¢ral, 2006; Gucet al, 2009). Measurements to
determine the condition of a sewer system am topic of this thesis;
measurements of process parameters to study syetdarmance are. Monitoring
of processparameters aims at determining the quantity ofitguaef wastewater
either in the sewer or transport system or atristinent facility.

Wastewater monitoring in the context of this theisisnonitoring ofraw and
untreatedwastewater which is typically found in sewer sgsie Monitoring of
wastewater at a wastewater treatment plant (wwifi¢rd from monitoring of
wastewater in sewer systems in a sense that a pntpdes relativelysteadyand
controlled monitoring conditions. Sensors in sewers, howesaeg, exposed to a
much larger variation in flows and ambient conditio For instance, solids (e.g.
sediments, toilet paper, branches, sanitary prsduetc.) that often cause
contamination problems for sensors installed in esewystems, are generally
directly targeted upon arrival at a wwtp reducingtamination problems for wwtp
sensors. Also, most sensors at treatment facilitte® easy access and can hence
be frequently checked upon by wwtp personnel wiseaeaess to in-sewer sensors
can be difficult, time consuming and expensive echand Schilling, 2003). The
data described in this thesis have been collectembmbined and separate sewer
systems (DTS sensing) as well as in the influembgog station of a treatment
plant (UV/VIS sensing). The latter location comlsirtee raw quality of in-sewer
wastewater with the favorable monitoring conditiofig wwtp.

1.3.2 In-sewer wastewater quantity monitoring

In-sewer wateguantity data sets are a basic requirement for many arsatysén-
sewer processes. Therefore, for many decades difst been put into the
development of monitoring techniques that are ableccurately determine the
amount of wastewater passing an in-sewer locahi@vertheless, determining the
amount of water that flows through a sewer pipeaiesa challenge. Sensors for
full pipe flow measurements are generally installed arotedadrgeted pipe (such
as around a pressure main or around the dischirgef a pump in a pumping
station). Due to a relatively steady velocity pfinside the pipe these sensor
types have limited uncertainty bands on the ordem dew percent. Common
monitoring equipment for flow measurementspiart-full pipeshowever, suffer
from uncertainty bands that are an order of mageitiarger with reported errors
up to 50% (Watt and Jefferies, 1996; Sndtsal, 2007). The bottleneck is the
watervelocity monitoring that is mostly based on an ultrasomielectromagnetic
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measurement principle. Water velocity profiles ademapidly with a variation in
water levels and other monitoring conditions, reimdecalibration parameters for
one set of conditions invalid for other sets ofditions (de Man, 2008; de Maat
al., 2008). Moreover, these types of sensors are aitgalled in the sewer pipe at
invert level and hence suffer from sedimentatiod debris on and around the
sensor that can hamper the signal. Alternative Ggubres such as velocity
estimation using image analyses are being devel@Eshbourquiret al, 2010).
In practice, part-full sewer pipes are generallsgeded with more robust water
level measurements that show much smaller uncertaintgshaWater levels are
often measured with pressure inducers installeor @&round a sewer pipe invert
level. Ultrasonic and radar type measurementslaceused. Measured water levels
can subsequently be combined with hydrodynamic semadels to calculate in-
sewer flows.

One chapter of this thesis is dedicated to wastawgtantity monitoring. Results
of electromagnetic full-pipe flow measurementsusged to derive flows arriving at
a wwtp influent pumping station. An elaborate assesnt of these flow data is
included in the thesis teupportthe actual objective of the thesis which is the
assessment of dynamics of wastewatprality parameters. Flow is a key
explanatory parameter for (variations in) waterliggaalues. Also, using the flow
data, measured concentration values of qualitynpeters can be transformed into
guality parameter pollutaribads arriving at the treatment plant. Hence, while
presenting the results of wastewater quantity nooinigj is not an objective of the
present study, results of flow monitoring are neag$ included.

1.3.3 In-sewer wastewater quality monitoring

Wastewater quality monitoring has long been areigsuy at wastewater treatment
plants. Results of quality measurements were alidast used for a variety of

purposes such as process control, regulatory nrorgtand model calibration.

Since the 1970s the concept of instrumentationtrcband automation (ICA, i.e.

basing operational decisions on data from senswtlied in the process) at
treatment plants has become gradually acceptedrasans of maintaining control

over increasingly complex plants (Olsson, 2002vdda@pments in instrumentation
technology, improved actuators, enhanced datactmieand data processing and
a gradual familiarization of operators with thehmicues have all contributed to
the increasing and successful implementation of &€ &keatment facilities.

Large-scale trials to monitor wastewater qualitysewer systemare of more
recent date. For long, an incentive to monitorémssr wastewater quality has been
absent. Instead, wastewatprantity has been the main concern: real-time control
of sewer systems has focused predominantly on wagte levels and volumes
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(e.g. Weyand, 2002; Schutzt al, 2004), combined sewer overflow (CSO)
regulations have long concerned overflow frequenaie volumes only (e.g.
Langeveld, 2004) and in the field of in-sewer psscemodeling correct
hydrodynamic modeling has been of primary conc@lerfens, 2001). Moreover,
as earlier described, requirements for in-sewelitgumonitoring in terms of
robustness of sensor systems and maintenance ficigseare harder to fulfill.
Combined with the fact that sewer managers in tathé&flands are generally part
of relatively small organizations that often lable tmeans to maintain and operate
advanced sensor systems, it can be understoodhthatevelopment of in-sewer
quality monitoring lags behind its equivalent atsteavater treatment plants. With
an increasing interest in the actual spilled palticoncentration or even load from
CSOs and with the appearance of concepts such lagigpebased real-time
control of wastewater (treatment) systems, theré@simonitor wastewater quality
at various locations in the sewer system has erde§e a result, a number of
large-scale projects that implement quality sensorsewer systems have been
initiated (e.g. Gruning and Orth, 2002; Gruletral, 2005; Bertrand-Krajewsldt
al., 2007)

In terms of technical approaches of wastewater ityuahonitoring, the main
development lies in the transition from discontiasiolow-frequency, manual or
automated grab sampling with subsequent laboratoayysis to continuous, high-
frequency and fully automatic online monitoring widedicated sensors. This new
approach has become available with the developneénélternatives to the
traditional chemical analysis methods. Exampleswéh alternatives that have
been applied in sewer systems are optical measatsm@&V and UV/VIS
absorption), ion selective electrodes ()Hand biosensors (Vanrolleghesh al,
1999; Bourgeoigt al, 2001).

This thesis presents the results of the applicatibntwo types of modern
wastewater quality sensors in sewer systems inNgsterlands. The first type
(UVIVIS sensors) consists of optical measuremeimés provide continuous and
high-frequent results of the quality paramef€&S total COD andsoluble COD
These sensors have been applied in the influenpmgnstation of a wwtp for the
purpose of long-term monitoring of the quality oastewater from three distinct
catchment areas. The second type (DTS monitorifg) aonsists of optical
measurements, but resulting in data sets of thervgaiiality parametdemperature
Measuring with a fiber-optic cable that is instdllalong a sewer section the
temperature of the wastewater can be determineld withigh frequency and
simultaneously over many individual parts of thblea
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1.3.4 Measuring frequency, large data sets and gat@aation

The measuring frequency of the data sets discussi#is thesis is on the order of
once per minute (UV/VIS sensors: 2 mindteflow sensors: 1 minute DTS
sensors: 30 seconys The selection of frequencies hast been based on an
assessment of minimal characteristic time-scalgsafesses that need observation,
but merely on practical arguments. For the UV/Vitsl TS sensors the smallest
possible frequency (in terms of practical operatibthe sensor) has been selected
to include as many data points as possible. Thedddlue of observing water
quality parameters with a measurement interval wiriute (as opposed to 15 or 60
minutes intervals as mostly used for grab samptiagpaigns) is shown by e.g.
Henckens and Schuit (2002) and Veldkaet@al (2003) and illustrated in Figure
1-2. The graph shows two time-series of ;N@easurements collected from the
same wwtp influent wastewater over a time-spardoh@urs. The first time-series
comprises results of 24 grab samples (i.e. ondagear) with subsequent laboratory
analysis; the second time-series comprises 720 urerasnts (i.e. one per 2
minutes) with an online UV/VIS sensor. The largeate peak during night hours
can be well observed with the UV/VIS sensor. Basalgt on laboratory results the
peak value of around 45 mg/L would not have bedited. Moreover, without the
sensor results the lab result at 22h30 (25.4 mgyight erroneously be identified
as an outlier since the value lies (for instanceyanthan 4 times the standard
deviation from the mean.

50 : : ;
——UV/VIS (one value per 2 minutes)
40 v lab results (one value per hour)
=
3 30- B
£
[er}
) L |
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10~ A
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Figure 1-2: NO3 measurements in wwtp influent wastewater &ittV/VIS sensor (one

value per 2 minutes) vs. with lab analysis (on@eader hour).

The application of sensors with high measuring desgies results in the
generation of (much) larger data sets than in #st. With this development, the
ratio between time invested in data gathering ameated number of data points
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has decreased. This is illustrated by an inventoagle by Brombach and Fuchs
(2003) of measured pollution levels in combined asdarate sewer systems. An
extensive search over the time-span 1968 - 200lyieéded a collection of data
comprising approximately 16 million individual dageints, distributed over 34
pollution parameters. The majority of these datmtgchave been generated using
grab samples and laboratory analysis. The authstinae that the dataset
represents roughly 2000 man-years of work whichabgqul5 minutes per
measurement. In contrast, the data presentedsrthtbsis add to an order of 50 -
100 million individual data points for which - vergughly estimated - 12 man-
years of work were invested. In other words, eadasurement in this thesis
corresponds to (on average) approximately 1 seawndvork, reducing the
aforementioned 15 minutes by a factor of 1000.

With the generation of such large data sets usindem sensor technology, the
need for large-scale datalidation is introduced. With traditional grab sampling
and subsequent laboratory analysis each measureewaites ‘personal attention’
allowing for immediate quality control. A sensomwever, performs measure-
ments largely unattended. Hence, data sets requi@steriori quality check to
exclude any data points that do not correctly regme the targeted parameter.
Generally, such data anomalies must be identifs@dguthe data themselves, using
other sources of information, or a combination ofhb This way, data validation
procedures play an important role in the transfemfraw data to information and
knowledge. Basing data analyses on correct datareduces the chance of false
conclusions. In this thesis for each of the dats peesented an elaborate data
guality assessment has been included prior to fube @lata in data analyses.

1.3.5 Wastewater monitoring in the Eindhoven area

Waterschap de Dommel (WDD) is one of 26 dedicatedew boards in the
Netherlands. One of its responsibilities is theraf)jen and maintenance of the
wastewater treatment plant of Eindhoven and itgritmrting wastewater transport
system. The wwtp Eindhoven discharges its efflterthe river Dommel, which is
relatively small receiving water. Especially in suer months, wwtp effluent can
make up a large fraction of the total flow in theer. As a result, (emergency)
discharges of wwtp effluent can easily cause exogeadf surface water quality
standards and cause severe damage to the ecoltwyfiiver. The vulnerability of
the receiving water is reflected in the wwtp diggeapermit: it forced WDD in
2003 to start a “research program into the furthgimization of the wwtp and in
particular into an improved nutrient removal” (WDRQ04). The water board
subsequently expressed the ambition to investigdte possibilities for
implementation of (pollution-based) real-time cohtfRTC) as a possible means
for wastewater system optimization.

10
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To study possibilities for RTC, a monitoring progrén the wastewater system of
the wwtp Eindhoven was initiated in September 2005%.Delft participated in the
design of the sensor network and aided in dateysesl In the first months of 2006
a monitoring program was conceived. It was dectdddcus the program on water
guantity and quality parameters of wwtp influentvasll as on water quantity
parameters in the wastewater transport system. vamview of the monitoring
network with installed sensors and monitoring l@a can be found in appendix
A. In autumn of 2006 most sensors were installedhat selected monitoring
locations. In the following months, many monitorisigtions required (sometimes
substantial) improvements to the sensor set-ufh@anaintenance schedule or to
the data communication and storage system. Afteplementation of all
improvement works, on April *1 2007 long-term monitoring was started. Three
months later, in July 2007, a network for precifpiia monitoring was added to the
program. The data sets considered in this thessra 19-months time-span from
April 1% 2007 till November %, 2008. Not all data sets are presented in thésthes
the selection is limited to precipitation (chapdgr flow measurements at the wwtp
influent pumping station (chapter 4) and water fyameasurements using
UV/VIS sensors also at the wwtp influent pumpiratisin (chapter 5).

In 2009 it has been decided by WDD to further edtdre monitoring network in
the Eindhoven wastewater system. A new set-up fecipitation monitoring as
well as additional sensors in the surface watetesysat the Eindhoven treatment
plant, in the contributing transport systems andC&0s will complete the data
collection system. The objectives of the projeetdrred to as Kallisto-project) are
the improvement of wwtp effluent quality in termsM and P, and the prevention
of oxygen depletion and ammonium peaks in the rbemmel due to wwtp
effluent and CSO spills. An elaborate descriptidrthe Kallisto-project can be
found in Weijerset al. (accepted).

1.4 Thesis objective

The objective of this thesis is twofold. The firsbjective is the further
development of in-sewer wastewater metrology. Mgpecifically, it aims at a
description of in-sewer application of two novelpd&g of sensors: UV/VIS
spectroscopy and DTS with fiber optics. As fielgplagations of both sensor types
are rare, a thorough documentation of monitorirteups is included in the thesis.
Given the used installations, research questioascaed with both monitoring
techniques are:

* What sensor calibration is required and how cée iimplemented?
* What is the data uncertainty?
* What is the data quality?

11
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The second objective of the thesis is the assessshémsewer wastewater quality
dynamics. More specifically, using the UV/VIS dé#taims at an understanding of
the variability of influent loads from three distincatchment areas to a wastewater
treatment plant. Using the DTS data it aims at adeustanding of small-scale
spatial and temporal temperature variations in doet and separate sewer
systems. Associated research questions are:

» What are the characteristics of the observed drg amt weather
pollutographs?

 What processes can be distinguished that influghee shape of the
pollutographs? Are the observed processes sitdfispecdo these have a
more general validity?

* Are |llicit connections in stormwater sewers dedbtd with high-
resolution temperature data sets?

* What possible uses of high-resolution temperatata dets in combined
sewer systems can be conceived?

1.5 Thesisoutline

The thesis comprises two parts that can be readpertiently. The first part
(chapters 2 to 6) presents the results of wastewgiality monitoring using

UV/VIS sensors in the influent pumping station o twwtp Eindhoven. The
second part (chapter 7) presents the results dewasger quality monitoring using
the DTS monitoring technique in combined and sdpasawer systems in three
municipalities in the Netherlands.

Chapter 2 provides an introduction into the Eindhrovarea wastewater system.
The vulnerability of local receiving waters - whighthe driving force behind the
present study - is demonstrated comparing effls¢gndards to receiving water
standards. The characteristics of the wwtp, ofittherceptor sewers Riool-Zuid
and Nuenen/Son and of the contributing municipalesesystems are presented.

Chapter 3 presents the results of precipitationitoong in the Eindhoven area. A

network comprising 22 tipping-bucket gauges hasnhesed to generate data on
rainfall in the distinct catchment areas. Priordata analysis an extensive data
quality assessment has been performed using eki@atea sources. The derived
data sets are used as key (explanatory) paramitetista analyses of wwtp

influent variations in chapter 6.

Chapter 4 describes water quantity measuremenkteavwtp Eindhoven influent
pumping station. Inflow data sets per catchmerd are derived using the raw data
sets of 9 flow sensors observing the same numbiafloént pumps. Again, a data

12
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guality assessment has been included. The undgridésociated with the derived
data sets is discussed and estimated. The watettityudata sets are used for
influent pollutant load calculations in chapter 6.

Chapter 5 presents water quality measurements WittVIS sensors, also at the

wwtp Eindhoven influent pumping station. Monitoripginciple and constructed

by-pass installations as well as sensors calibraippcedures and uncertainty
estimates are included in the chapter. Also foseheater quality data sets an
extensive data quality assessment has been pedoilrhe resulting data sets have
been used in chapter 6 to derive influent loadiaig dets.

Chapter 6 uses the data sets as derived in chapténsough 5 to study the
dynamics of wwtp Eindhoven influent. With a selentof dry weather data typical
dry weather patterns are derived for flow and quglarameters TS$ COD,qand
CODf,, Also, long-term and weekday variations of the DY#tterns are studied.
For wet weather conditions data associated wittrgelnumber of storm events are
considered. Per catchment area and per qualitynedea peak load factors are
derived allowing for comparison of results. Alsbet'extreme loading event’ of
May 7", 2007 is presented and discussed.

Chapter 7 describes the application of the DTS toang technique in sewer

systems. The principle of fiber-optic distributeeimperature sensing and the
installation of fiber-optic cables in sewer systeare discussed. Two distinct
applications of the technique are presented. Rhistapplication in separate sewer
systems aims at locating illicit connections inrstowater sewers. Second, the
application of DTS in a combined sewer system daldhe spatially distributed

observation of in-sewer processes that influeneeimer temperatures.

Chapter 8 presents a final discussion of resubbsclasions and outlook. The
experienced data loss during the monitoring prograsndiscussed as well as
opportunities for data yield improvement. Obserpedk loadings as reported in
chapter 6 are confronted with climate change so@naFinally, the use of highly
detailed in-sewer data sets (as generated by tigt®dhnique) introduces the need
to consider privacy issues.
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Chapter 2. Eindhoven area wastewater system

2.1 Introduction

Water board De Dommel (in Dutch: Waterschap De Deimmeferred to as WDD)

is a water board governing an area in the soutparh of the Netherlands, see
Figure 2-1. A water board is a regional governmendy that is charged with

managing water barriers, waterways, and water gyaatd quality in (parts of)

the surface water and wastewater system in itomed@urrently (2011), there are
26 water boards in the Netherlands.

—
=
7

2

North Sea

o
Amsterda
the Netherlands

% WDD area
Q Germany

\ Eindhoven
B

N catchment area

! f wwtp Eindhoven
Belgium :

0 30 60 90 km

Figure 2-1: Water board De Dommel governing area in the N&hds. The catchment
area of wwtp Eindhoven is part of this area.

15



Chapter 2. Eindhoven area wastewater system

WDD manages a total of eight wastewater treatmkmtg in its region. The wwtp

Eindhoven is the largest WDD plant with its catchingrea located in and around
the city of Eindhoven. The wwtp Eindhoven treatsteaater from a total of ten

municipalities comprising many urban areas, seeurBig2-2. The scattered
character of the urban areas necessitates an m&emastewater collection and
transport system to direct all wastewater towandscentral wwtp.

Wintelre
a

Veldhoven

Knegsel

© %:QAalst
Duizel o Waalr& 3 QHeeze

ZA A Steensel Valkenswaard

a
i Sterksel
Eersel Rletthen Leg d

ﬁ %\Iesterhoven
Bergeijk —

Borke

d
Weebosch

Bergeijk
Luijksgestel

Figure 2-2: (left figure) 10 municipalities in the catchmeméa of wwtp Eindhoven; (right
figure) urban areas in the catchment area of wvigoven.

In this chapter, the Eindhoven area and its wagtavegstem are introduced. First,
in paragraph 2.2 an overview is given of the s@wfaaters in and around the city
of Eindhoven relating to the historic developmerit the Eindhoven area

wastewater system. All subsequent paragraphs tesarispecific component of
the wastewater system. Paragraph 2.3 provides arview of the wastewater
system lay-out. The basic characteristics of thapargindhoven are presented in
paragraph 2.4. Subsequently, paragraph 2.5 desctit®e characteristics of the
transport mains of Riool-Zuid and Nuenen/Son. Mnathe municipal sewer

systems and their catchment areas are the topiarafyraph 2.6.

2.2 Surface water s around Eindhoven

The Eindhoven area can be characterized by a latege surface water bodies.
Approximately 7 km or 1.2% of a total of 600 Kn(see appendix B) is surface
water, which is limited compared to an average&¥7% for all municipalities in

the Netherlands (CBS, 2007). The majority of swefaaters are small rivers and
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creeks. The largest river in the area is the rid@mmel, see Figure 2-3. The river
originates in north-eastern Belgium, flows in a therly direction for
approximately 150 km, passes the city of Eindhoaed ultimately spills into the
river Meuse near the city of Den Bosch. River flaas relatively small: up to 300
days of the year values range between *smand 10 riis as measured at a
monitoring location just downstream of the city dahe wwtp) of Eindhoven. The
remaining part of the year values are larger, withximum values around 40°fs
(Arcadis, 2007). These values imply that, especialldry summer months, wwtp
effluent (mean dry weather flow roughly 4,508/mor 1.25 n¥s) can make up a
large fraction (~50%) of the total flow in the riv®ommel. For wet weather
situations with an increased effluent rate up t®@8 ni/h or 9.75 n¥s, the share
of wwtp effluent in the river can increase up téQ0

Beatrixkanaal
N

Figure 2-3: (left picture) Major surface waters in the Eindhoarea; (right picture) river
Dommel near the wwtp Eindhoven.

Historically, the rivers and creeks in the areaehlbng served as receiving waters
for all (untreated) wastewater from adjacent comitiesa In the 28 century, with
increasing urban activities in the area, the gyalitsurface waters deteriorated. As
a result, in the 1950s the surface waters in aadral the city of Eindhoven were
highly polluted. In 1963 a wastewater treatmenhipl@as constructed in the city of
Eindhoven, back then servicing a catchment aredreomaller than the current one.
In the 1970s and 1980s the wastewater system dhadesgpanded with the
construction of transport mains Riool-Zuid and Nemi$on. Nowadays, these two
interceptor sewers transport the wastewater of aureounding municipalities to
the wwtp Eindhoven. Only discharges from CSOs éiledérected towards local
surface waters.

17
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2.3 Overview of wastewater system lay-out

The Eindhoven area wastewater system comprises cipahisewer systems,
pumping stations and transport mains, one ceniatewater treatment plant and a
separate sludge processing installation. Each npatity collects wastewater in its
own sewer system for which it bears responsibitityoperation and maintenance.
At the outlet of each municipal sewer system th&poasibility for wastewater
handling is transferred to water board De Dommglntkans of a WDD operated
wastewater transport system (transport mains angpjmg stations) all wastewater
is transported to the wwtp, which is also operatgdWDD. The entire system
comprises an area of about 23 km in east-westtdireand about 28 km in north-
south direction 600 knf) in and around the city of Eindhoven.

catchment areq:
&5 Nuenen/Son
5 Eindhoven Stad
< S Riool-Zuid

Qps Son
! ps Nederwetten

\
’ ps Gerwen

wwitp cs

ps Wintelre Eindhove\\ ' «PS Eeneir

ps Mierlo

sludge
proc. inst.

.
. -
agantte

alkenswaard o~
ps Leend

iethoven

.

CPY?

Bergeijk * §>ps Westerhé_ven

i

® wwtp Eindhoven
— free flow conduit:

s Borkel? pressure mains
P = o pumping stations
‘) . O control stations
Luijksgestel 4 cso
N Y sludge proc. inst]

6 k
Figure 2-4: The main components of the Eindhoven area wastewgstem.
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At the wwtp influent pumping station three wasteavalows from three distinct
catchment areas arrive. These are (see Figure 2-4):

1. wastewater from the municipality of Eindhoven (rede to as ‘Eindhoven
Stad’ or ‘ES’);

2. wastewater from the municipalities of Son en Bréuged Nuenen,
arriving in a free-flow transport main (referred & ‘Nuenen/Son’ or
NSY);

3. wastewater from seven municipalities south of Eowdim, also arriving at
the wwtp in a transport main (referred to as ‘Ridald’ or ‘RZ’).

Under normal dry weather flow conditions, the imfldrom Eindhoven Stad
accounts for approximately 50% of the daily hydi@aidading to the wwtp; Riool-
Zuid and Nuenen/Son contribute about 40% and 168%pectively (see Table 6-2).

2.4 Characteristics of wwtp Eindhoven

The wastewater treatment plant Eindhoven has agmlesapacity of 750,000

population equivalents (p.e.) on an area populaifaabout 425,000. This makes it
the third largest wwtp in the Netherlands after paarnaschpolder (1.35 million

p.e.) and wwtp Amsterdam-West (1.30 million p.8&tween 2003 and 2006 the
wwtp has undergone a renovation to comply withieatremoval standards.

The wwtp Eindhoven is a treatment plant with anivatéd sludge system set up
according to the UCT process. The lay-out of thenpls presented in Figure 2-5.
In the plant, wastewater undergoes both a mecHaimestment and a biological
treatment. In the influent pumping station 25 mnad &mm bar screens remove
large solid particles, after which the wastewasded through 2 parallel sand traps
(400 nf each) and 3 primary clarifiers (8,750 mach). The influent pumping
station is limited to 35,000 {n, which is the hydraulic capacity of the planttap
the primary clarifiers, at which stage the hydrastipacity reduces to 26,256/m

In case total flow exceeds this value, the sur@usent to an 8,750 $stormwater
storage tank (SST). Any surplus water exceedingtéin& volume is discharged
from the tank into the river Dommel.

After the primary clarifiers, wastewater is pumpetb the biological treatment
process by means of an intermediate pumping stafibe biological treatment
consists of 3 activated sludge tanks (of each BopPwith anaerobic, aerated and
denitrification zones. Each activated sludge takannected through a cascade
system to four secondary clarifiers of each 6,300 Finally, the effluent of the
secondary clarifiers is discharged to the river Dwh Water quality demands for
wwtp effluent are presented in Table 2-1.
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Figure 2-5: Lay-out of wwtp Eindhoven

The river Dommel has been designated as “fish wiatecypriniformes” in the
Provincial and Water board Water Plans (WDD, 20@%).a result, the surface
water quality standards for this type of surfacéewas described in BKMO (1994,
see Table 2-2) apply for the river Dommel. Thesmdards are relatively strict
when compared to the water quality standards fotpweffluent. As a result,
during dry months when effluent can constitute wp 50% of river flow
downstream the Eindhoven treatment plant, wwtpuefft that meets its quality
standards can nevertheless cause exceeding oteswriter quality standards. As
an example: for an ammonium concentration of 3 mig/llwwtp effluent the
ammonium concentration in the river Dommel is -haét dilution factor of 2 - at
best 1.5 mg/L, which is larger than the 0.8 mg/tfate water standard.

Each year approximately 650,008 af sludge is produced, roughly corresponding
to 15,000 tons of dry matter content. For reasdmglor nuisance, the sludge is not
treated at the wwtp, but transported via a 7 kne [@ystem to a sludge processing
installation near Mierlo. In Mierlo, the sludge aentrifuged for dewatering; the
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centrate is discharged back into the Mierlo sewatesn while the dewatered
sludge is transported to an incinerator in Moer(}j&0,000 riyyear).

Table 2-1: The main water quality demands for effluent of wwgindhoven (WDD, 2004).
Samples are 24h volume-proportional samples.

Parameter maximum maximum concentration mean annual any sample
concentratiolr  of moving average concentration
per sample over 10 samples  (over 60 samples)

[mg/L] [mg/L] [mg/L]
COD 125
BODs 20
TSS 30 <10
N-total <10
P-total 1.0
NH;-N 3
pH 6.5<x<9
temperature <25C
DO > 5 mg/L

Table 2-2: A selection of water quality demands for surfacatew with the function of
“fish water for cypriniformes” (BKMO, 1994). A totaf 12 samples per year are required;
one sample may exceed the stated limits, but notdme than 50%.

Parameter limit per sample

BODs <10 mg/L

TSS < 50 mg/L (mean of 12 samples)

NH,-N < 0.8 mg/L

pH 6.5<x<9

temperature < 3°C temperature increase with respect to natural ¢eatpre
DO > 6 mg/L

2.5 Characteristics of transport mains Riool-Zuid and Nuenen/Son

All wastewater from catchment areas Riool-Zuid &henen/Son are transported
to the treatment plant by means of two transporingjasee Figure 2-4 for a
topographical map and Figure 2-6 for a schemagicesentation.

The northern transport main, Nuenen/Son or NS,sparts the wastewater
originating from the municipalities of Son en Breugnd Nuenen located north
and north-east of the city of Eindhoven. It is domded as a branched,
predominantly free-flow system. The downstream bihahas a length of roughly
1.5 km (average slope of 0.3 cni)irthe Son branch 5 km (slope of 0.2 c)/m
and the Nuenen branch 1.7 km (average slope afrf/dr). The Son branch is fed
by two pumping stations only; the Nuenen brancheikes wastewater from
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several free-flow and pressurized connections. Bipmeters range from g600mm
in the upstream sections of the Son and Nuenercheanto g1400mm near the
wwtp. The total in-sewer volume of the Nuenen/Sangport main is roughly
5,100 M. The transport main is free of CSOs.

The southern transport main is called Riool-ZuidRat, which literally translates

as ‘Sewer-South’, indicating it transports all veagater originating from the area
mainly south of the city of Eindhoven to the wwiy¥ith a total of 13 large

connections it services 7 municipalities:

Geldrop-Mierlo;

Heeze-Leende;

Waalre (includes the village of Aalst);

Veldhoven;

Valkenswaard;

Eersel (includes the village of Steensel) and

Bergeijk (includes the villages of Luijksgestel, eRioven and
Westerhoven).

NogoprwdhE

The four largest contributaries (Geldrop, Veldhgvwéalkenswaard and Bergeijk)
discharge to Riool-Zuid in free-flow pipes withoainy control barriers; an
additional six connections are equipped with pumpistations and three
connections are fitted with special structures (Wredes’ screw and vortex
valves). A few connections to the transport mairvehaot been considered
separately in this study. These include (very) troahnections from a sports
canteen, a recreational area, a mobile home cemran eel farm. Flows and
pollution loads are included in the data for tharest large connection.

Riool-Zuid has a total length of nearly 31 km fréi® origin near the village of
Luijksgestel to the influent pumping station at tintp. An intermediate pumping
station near the village of Aalst divides the tf@ors system into two main parts.
Upstream from pumping station Aalst, Riool-Zuidas 18.6 km long free-flow
conduit with pipe diameters ranging from @300mm Latijksgestel up to
1900x1500mm directly upstream the Aalst pumpindiata The invert level
difference over the upstream section is 18.6 nidiyig an average slope of 0.1
cm/nt. The total in-sewer volume of the upstream sectibiRiool-Zuid adds to
24,000 m. At the Aalst pumping station (7,500%m) wastewater is pumped into
two parallel 21000mm pressure mains by means of fawallel pumps. The
pressure mains transport the wastewater over dhlerigapproximately 3 km (in-
sewer volume 5,600 Infrom the ‘valley’ of the river Dommel into thealley’ of
the river Kleine Dommel. The last 9 km section add-Zuid consists of free-flow
pipes with pipe measures ranging from 1900x1500m&260x1800mm. The total
in-sewer volume of the downstream section of Rifwill adds to 35,000 In
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Figure 2-6: Schematic representation of the Eindhoven aretewaser system

Riool-Zuid is equipped with three control statiofi$iese were included in the
design of Riool-Zuid to be able to control the amoof flow in the transport
system during (large) storm events. The main objector flow control was
guaranteeing a minimum flow from the three lardgese-flow contributaries by
restricting flow in the transport system. The cohstations are therefore located
directly upstream the respective confluences: obngtation ‘rwzi’ directly
upstream contributary Geldrop, control station ®keeren’ directly upstream
contributary Veldhoven and control station ‘Valkemasird' directly upstream
contributary Valkenswaard. All control stations diteed with parallel pipes, see
Figure 2-7. The main pipe (left pipe in the figus®rves for normal free-flow
regimes and can be completely closed off at acafitivater level. At that moment
the right pipe starts serving as a by-pass withillepfpe flow regime, allowing
relatively accurate flow measurements. Flow in lgepass can consequently be
regulated using a valve. The original algorithm giemented at the time of
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construction in the 1970s) aimed at an optimal afsthe storage capacity of the
transport system. The control stations ‘Valkenswaand ‘rwzi’ are no longer in
use; control station ‘de Meeren’ limits flow in RieZuid to 4,500 mh to
guarantee sufficient capacity for the municipatifyveldhoven.

Transport main Riool-Zuid is equipped with one CSt@ucture at Collse Molen
which has not functioned during the time-span ater&d in this thesis.
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Figure 2-7: Control station Valkenswaard. The left pipe is thain transport line; in case
of active flow control all wastewater can be bygesvia the right pipe.

2.6 Characteristics of municipal sewer systems and catchment areas

An overview of characteristics of the 10 municipai and municipal sewer
systems that discharge wastewater to the wwtp Bwethis given in appendix B.
The total municipal surface area adds to nearlyk®60of which approximately 40
km? or 7.1% is qualified as impervious area that disghs storm water to the
sewer systems. Receiving waters make up an aieatafnder 7 krhor 1.2%. The

total number of inhabitants in the area equals myug25,000. Eindhoven is the
largest municipality in terms of inhabitants withoait half of the area’s total
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(210,000); Heeze-Leende, Son en Breugel, WaalrsgEand Bergeijk are the five
smallest municipalities each with 15,000 to 20,00tbitants. Industrial activities
add approximately 150,000 p.e. of wastewater to vlastewater system. The
municipalities of Son en Breugel and Geldrop-Miesloow the largest relative
contributions of industrial wastewater (inhabitattsndustry ratio~ 1:1). For
Geldrop-Mierlo this is mainly due to the presené¢he wwtp sludge processing
installation that adds nearly 2,500°%day to the municipal sewer system. The
municipality of Nuenen produces almost no indubtiastewater.

Total length of all municipal sewers adds to adbd00 km of which, on average,
78% are combined sewers and 22% separate sewersarglest shares of separate
sewer systems are found in the largest municipaksaystems (Eindhoven and
Veldhoven, 29%). In total, 182 combined sewer doer§ are found in municipal
sewer systems.

Appendix C partly presents the same informationappendix B, but data are
considered at catchment area scale instead of mpahiscale. Catchment area
Eindhoven Stad consists of the largest part ofntln@icipal sewer system of the
city of Eindhoven. It is a largely looped networkngng just over 200,000
inhabitants, over 65,000 p.e. worth of industrielivaties and nearly 20 kfnof
impermeable area. Total storage in the sewer syist&d mm. At the moment, no
storage in additional storage facilities is avdéakbin 2010/2011, however, a
settling tank with a capacity of 8,000 mill be built.

Catchment area Riool-Zuid consists of the sewetesys of seven municipalities
that are each connected to transport main Rioak-ZLie area has a population of
around 188,000 people, nearly 70,000 p.e. of imdisictivities and 17 kfmof
impermeable area. Total storage in the sewer sygefn/ mm and in external
storage facilities 4.1 mm.

Lastly, catchment area Nuenen/Son consists of #wers systems of the

municipalities of Son en Breugel and Nuenen thah bransport wastewater to the
wwtp Eindhoven via transport main Nuenen/Son. Tahmment area services a
population of 38,000 inhabitants, approximatelyOD®, p.e. of industry and 4.6

km? of impermeable area. Total in-sewer storage isvi®and additional storage
adds to 1.4 mm.

25



Chapter 2. Eindhoven area wastewater system

26



Chapter 3. Precipitation monitoring

3.1 Introduction

Precipitation measurements are an important soafrggformation for studies on
urban wastewater systems. Rainfall is by far thetrmaportant input variable that
drives urban surface run-off (Schilling, 1991), @his in turn an important driving
factor for variations of in-sewer wastewater qugngind quality parameters. As a
result, knowledge of the amount and temporal dhigtion of precipitation is
important to study in-sewer processes during wedther situations. Precipitation
measurements have therefore been included in thB Ysbnitoring campaign.

A total of 22 tipping-bucket raingauges (TBRGs) &dveen used to monitor
rainfall in the Eindhoven area within the WDD mamibhg project. For the data
guality assessment data of 9 other raingaugeikithdhoven area have been used:
3 other tipping-bucket raingauges that belong ton@nitoring project of the
municipality of Eindhoven (referred to as NM gaugesid 6 Hellmann type
raingauges operated by the Royal Netherlands Matagical Institute (referred to
as KNMI gauges).

The objective of this chapter is to obtain thrametiseries that, as accurately as
possible, represent ‘mean area precipitation’ @& three considered catchment
areas: one time-series for Riool-Zuid, one timéesefor Eindhoven Stad and one
time-series for Nuenen/Son. These time-series s&d in data analyses in chapter
6 to calculate mean area precipitation depths dustorm events, to determine

antecedent dry weather periods, and to aid inngjgtshing between dry weather

flow and wet weather flow data. The three timees@are derived combining the

data of WDD (and NM) gauges, but only after dataligpiassessment.

To meet the objective, precipitation measurementie Eindhoven area are firstly
introduced in paragraph 3.2 reporting on senscggygnd other monitoring details
such as data availability, monitoring locationstadeommunication and storage,
and log book details. Secondly, before using th&,ddne quality of the WDD
TBRG data is assessed in paragraphs 3.4 and JdreBhe assessment, paragraph
3.3 introduces the selected method for qualityssseent and discusses the relation
of the considered data sources to ‘true’ precipitaind the use of reference data
sets. Paragraph 3.4 focuses on the detection amolvet of data errors based on
cross-correlations of TBRG results by means of nmtimual and automatic checks.
Paragraph 3.5 briefly describes a comparison betw&¥®D and NM tipping-
bucket raingauge data to the KNMI Hellmann gaugéa.ddahe complete
comparison and assessment of differences can Inel iouappendix E. Finally, in
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paragraph 3.6 the desired area precipitation tienes are derived using the
inverse distance weighting method. Resulting tiewes are valued for their use in
other chapters.

3.2 Rain gauges and monitoring locations
3.2.1 WDD gauges

For the WDD monitoring campaign in the Eindhovereaar tipping-bucket
raingauges have been selected to monitor preégitalfThe main reason for
selecting this type of gauge was the possibilitgather high-frequent (mif) data.
Also, the automatic operation of the gauges hasréa TBRGs over for instance
Hellmann gauges that need to be read manually pfiheiple of a tipping-bucket
raingauge is described in detail in e.g. MarsalE38(). The gauges are of type
RAIN-GER of manufacturer FlowTronic (Belgium). Tliennel area is 200 ¢m
and the nominal bucket size equals 0.1 mm. The emage not equipped with
siphons nor have they been fitted with heater-syst®or snow melt purposes.

For the Eindhoven area data, April, 2007 - November®] 2008 is the 19-month
time-span considered for data analysis. WDD raiggau however, were only
installed in July 2007 and started data yield adodnly 11", 2007. Prior to this
date, the derived time-series are based on NM gdatgeonly. The raw WDD data
consist of equidistant, 1-minute interval data vath.1 mm resolution, cumulative
over 24 hours, reset to zero at 09h00. The raw sitgacontain data gaps, defined
here as those entries with a time stamp but withqurecipitation value.

WDD gauges have been installed at or nearby WD[pgitg (mainly pumping
stations and control stations) throughout the Eoveh area. A map showing the
locations of all 22 WDD raingauges can be foundFigure 3-1. After cost
considerations, creating monitoring stations nedstieg electricity and, in some
cases, data communication facilities was prefewedr creating entirely new
monitoring stations. As a result, at most locatioptimal monitoring conditions
could not be attained due to lack of space andgthsence of trees, buildings or
other obstructions. As an example, Figure 3-2 shoW¢DD raingauge at pumping
station Heeze Nieuwendijk that was positioned diyetext to the pumping station
building. The effects of these monitoring condisamm data results are considered
in section 3.4.2 and appendix E.

Studying Figure 3-1 it can be observed that WDDggawlo not monitor the urban
area of the city of Eindhoven. For an improved lrepresentation, three gauges
operated by the municipality of Eindhoven (NM gasigare included in the data
analyses. NM sensors are described in the nexbeect
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catchment ared:
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< S Riool-Zuid
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o
Helmond Mierlo
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Figure 3-1: Catchment area of wwtp Eindhoven with WDD, NM andMI raingauges

Figure 3-2: WDD raingauge irHeeze placed directly next to the pumping statioifding
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Each WDD raingauge is connected to a local rodtat $ends precipitation data
via a General Packet Radio Service (GPRS) conmetti@ central router located
outside the Eindhoven area, see Figure 3-3. Theatewouter is connected to a
computer server that stores the data in a datafese per 15 minutes the data are
‘pushed’ by the local router (one-way communicatiorstead of ‘requested’ by
the central router (two-way communication) to rezltite amount of data transfer.
At the moment of sending, the local router addsna-stamp to the data using its
own clock-time. Hence, to be able to guarantee rechspnous dataset, all local
router clock-times should be equal. For this, teat@l router synchronises the
clock-times of all local routers once per day, gsine central time registration of
the server. In turn, the server is synchronised®@ (Coordinated Universal Time)
via the internet. The use of UTC has the advantdgbe exclusion of day-light
saving time which can cause difficulties in hangllirme-series. The importance of
synchronous precipitation data sets (or any otrea dets that are used in
combination) has been shown by Schilling (1991)madelled peak run-off
deviated already 16% with only a 2-minute synchzatibn error. Also,
synchronization errors between raingauges genergiseudo spatial variability
which might for instance corrupt RTC investigatiohscal data storage has not
been installed at the precipitation monitoring timas. As a result, any failure in
data communication has led to immediate loss &.dat

------------------------------------------------------------- > | meta dataj
42 manual transfer of log book data
= 1
' central |_, ser\I/(_ar _»
s router central time
L] router registration databasg
® wireless data transfer time L
] via GPRS system synchronisatio
b to UTC
sensor network communication network data storage

Figure 3-3: Data communication and storage of WDD raingauges

At each WDD monitoring location, a log book was \pded. All maintenance

personnel were instructed to fill in a log book @aturing each site visit. The log
book reports on general visit information (locatiatate, time, name inspector,
weather conditions), the status of the equipmermtnuarrival (clogged sensor,
pollution of sensor, failure of local router), amady actions performed on the
equipment (cleaning of sensor, on/off-switchingraditer, calibration, etc.). After

studying anomalies in the WDD data sets (see papagB.4) and comparing these
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to the log book entries, the quality and completenaf the log book is judged as
fair. Many anomalies in the data can be explaingidguthe log book. However,
inconsistencies do occur. On a specific dry weattlay, for instance, all
raingauges have been cleaned (isolated peaks ©0-+Bm throughout the day in
all data sets), but metadata on cleaning are ngigsinseveral sensors. Vice versa,
on a few occasions the cleaning of the sensorgerted, but no anomalies are
found in the data.

3.2.2 NM gauges

The municipality of Eindhoven operates three raingauges in thehewveh area.
The gauges are referred to as the NMO01, NM02 and3Mvith NM as the
abbreviation for the Dutch word for raingauge (Nt¢ggMeter). Data of these
gauges have been made available for use in thity.sNiM gauges are tipping-
bucket raingauges of type OMC-212 of manufacturdsedvator Instruments
(Netherlands). The gauge catchment area is 4G0acch the nominal bucket size
equals 0.2 mm. The locations of NM gauges are @ditin Figure 3-1. Figure 3-4
presents the monitoring location of sensor NMO1.

Figure 3-4: Raingauge NMO1. No obstructions are found in thmédiate surroundings of
the sensor.

Data for NM gauges are available for the full tispan that is considered for
analysis of Eindhoven area data (April, 2007 - November®*] 2008). The raw
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data sets of NM gauges have a variable time-intetivae-stamps are generated
every 5 minutes in case of dry weather and foryetiprof 0.2 mm in case of wet
weather. Precipitation values are cumulative o¥keh@urs, reset to zero every day
at midnight. Data validation of NM data sets wasfqened by a third party,
commissioned by the municipality of Eindhoven. INiWl gauges both details of
the validation procedure and log book informatiom ot available.

3.2.3 KNMI gauges

The Royal Netherlands Meteorological Institute (iatijk Nederlands
Meteorologisch Instituut, KNMI) studies precipitti in the Netherlands using
(among others) a network of 325 monitoring statithrag measure precipitation day
sums. Six of these monitoring stations are in timellioven area. Gauges are of the
Hellmann type with a 200 cheatchment area positioned 40 cm above ground.level
Manual registration of day sums occurs daily atG@@BRCT (09h00 local time,
10h00 in summer). Validated data are freely avélalat the website
(www.knmi.nl). The location of KNMI gauges in thénBhoven area can be found
in Figure 3-1. Data of KNMI gauges are also avaddbr the full considered time-
span (April £, 2007 - November®] 2008). The raw data sets consist of day sums
(08h00 UCT - 08h00 UCT) of precipitation at a 0. mesolution.

3.3 Introduction to quality assessment of WDD gauge results

The quality of data of the 22 WDD tipping-buckeingauges has been assessed
before data analysis. The need for a proper dasditguassessment of TBRG
results is widely acknowledged; for instance Steéteal. (1999) demonstrate that
the use of all their raingauge data, as opposeditg good data only, would have
resulted in a 25% underestimation of rain depthanydifferent approaches for
guality control are suggested in literature. Fatance, Jargensen al. (1998) use
an automatic rejection of intensities over 2 mm/mid a manual comparison of
daily TBRG precipitation sums with nearby Hellmagauge results and weather
charts. Upton and Rahimi (2003) recognize the rfeedurther automation of
guality assessment of large TBRG data sets. Faviththl gauges, their algorithms
search for excessively fast tipping and typicalawetr of partially blocked gauges.
For gauge networks, comparisons based on numbigssofind inter-tip times are
used in their analyses.

The data quality assessment of WDD TBRG resultghis study comprises two
steps. In the first step (paragraph 3.4) the perdmice of gauges is assessed cross-
checking results of all 25 tipping-bucket raingaaid22 WDD gauges + 3 NM
gauges). The performance of each sensor is evdlusieg the results of other
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TBRGs in the gauge network. The assessment isathviisto two parts: a manual
cross-check, described in section 3.4.1 and amaitnl cross-check, described in
section 3.4.2 and appendix D. However consideredést available reference data
set (see hereafter), the KNMI data have not beed us paragraph 3.4 due to
incompatibility: KNMI data are available as day sumwnly whereas the cross-
checks are performed per storm event requiringtshtarval data. In the second
step of the quality assessment a comparison is imettheeen on one hand the long-
term performance of WDD and NM gauges and on theroband the long-term
performance of KNMI gauges. A brief descriptiontbifs comparison is found in
paragraph 3.5; an elaborate presentation as weh assessment of differences can
be found in appendix E.

In this chapter, three data sources are considg¥&D data, NM data and KNMI
data. It is important to notice that none of thels#a sources present ‘true’
precipitation: they all have their respective esroompared to ‘true’ values. Ideally,
for data quality assessment, all data are evalusgathst ‘true’ precipitation but no
such data source is available (or even exists)celethe ‘next best solution’ is to
consider an existing data source as ‘true’ predfijgib. In this study, the KNMI
data sets are considered to represent ‘true’ ptatign. Two arguments support
this choice. The first argument is that KNMI gaugese of the Hellmann type.
Generally, differences between Hellmann gauge tesud ‘true’ precipitation are
smaller than differences between TBRG results anak™ precipitation since
instrumentation errors associated with the latygetare often not found with
Hellmann type gauges. In several publications as tbpic, data produced by
Hellmann gauges are even considered synonymousrue’ ‘precipitation (for
instance in Rauclet al, 1998). The second argument is that KNMI gauges ar
operated by the Royal Netherlands Meteorologicstitite and therefore receive
professional attention by experienced personnelMKiauges are visited daily,
are well-positioned and all data are thoroughlyidzaed before publication and
subsequent usage in this chapter.

KNMI data and NM data are both used as referendaesafor the quality
assessment of WDD data. For this, the quality dahbdata sources should be
sufficient. The good quality of KNMI data has beargued and is not further
considered in this chapter; the quality of NM déayvever, was priori unknown
since only little information was available on farst such as sensor maintenance
and data collection and storage. Therefore, NM Hatabeen included in the data
quality assessments in paragraphs 3.4 and 3.5fofimer paragraph demonstrates
that NM data sets are nearly free of data gapseansheous data. The latter
paragraph (and appendix E) shows that lumped sdnhVbgauges correspond
well to (assumedly correct) lumped sums of KNMI gest Therefore,
retrospectively, it can be concluded that NM dagaehbeen rightfully used as
reference values for the quality assessment of ViBi2.
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3.4 Data quality assessment of WDD gauges: cross-check of TBRG data
3.4.1 Manual cross-check of TBRG results

For a manual assessment of WDD and NM TBRG redhésraw and cumulative
data of all 25 gauges have been plotted per movisually inspecting and
comparing the plots, obviously erroneous data ateaied and marked. Largely
similar precipitation patterns of neighboring gasigin combination with
anomalous behavior of a single raingauge, suggeasislfunctioning sensor.

The Sterksel and Luijksgestel gauges consistehttyvsanomalous behavior when
compared to the other WDD and NM sensors. Durisgeavisit it was found that
basic requirements for proper raingauge instahatieere severely violated: the
sensors were installed directly beneath treesFagpee 3-5. Therefore, all data of
the Sterksel and Luijksgestel gauges have beeardisd and are not used in any
further data analyses.

Figure 3-5: Incorrectlyinstalled tipping-bucket raingauge in Sterksel. Téfepicture gives
a situation overview showing the raingauge attagchealsmall pumping station; the picture
on the right gives the view upwards as seen frars#nsor.

For the other 23 TBRG data sets all observed anesmehn be fit into one of the
following five categories:

i. Data gaps of more than 1 hour during which no noomig data are available.
Most of these gaps are caused by a failing dataxzorication system. The
Weebosch data in Figure 3-6 show an example of @ dmp of
approximately 6 days.
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precipitation [mm]

Data recorded during sensor cleaning, often inditdty a large (~10mm),
instantaneous increase in precipitation depth whafhnot been recorded by
any of the other raingauges, see the Riethovenidafégure 3-6. In fact,
spot-checks in the WDD and NM data sets have aoefirthat any observed
rain intensity larger than 3 mm/min is associatdthwvan isolated 1 or 2-
minute event observed by a single gauge and isssuciated with a storm
event. Therefore, any data entries larger than 3nmmmhave been removed
from the data sets.

Data recorded during sensor malfunctioning, ingiddty a non-response to
storm events. Figure 3-6 shows a series of stoentewon August 1923°,
2007 recorded by the Weebosch, Aalst and Eersglegawith a total sum of
approximately 20mm. The Riethoven gauge shows ijeao response to
the storm events. Only after sensor cleaning onusu@®9d' does the
raingauge again respond to a minor storm event ogugt 3%. For each
supposed non-response it has been verified usmgltisest available in-
sewer flow data whether the non-response is redile to sensor
malfunctioning instead of the absence of precipitat Anomalous data
entries have been removed from the data sets.
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Figure 3-6: Data results of raingauges Weebosch, Aalst, Ears¢IRiethoven for 19 - 31
August 2007. The black lines represent raw curmedatiminute interval data per 24 hours,
reset to zero every day at 09h00. Grey bars reprdbe same data, but in blocks of
precipitation depth per 3 hours.
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6 T T \ T T T
o o raw cumulative precipitation data [mh]
Al Nl _____________
£ 4
S spurious signal: category iv.
g
5_ 2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
'g no data communication
S | (NaN values in data set)
OF-----—-—--=———=—————+ O--—-——-—--=-—- F---8---G3+---8----GO---8--- 0 - - ——
| | [ [ [ [ | | [ [ | |

entry in data set

Figure 3-7: A spurious signal (5 mm) in raw cumulative pre@pin data after an
interruption in data communication.
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Figure 3-8: Dataresults of raingauges Mierlo Dorp, Nuenen, Aald &erwen for 1 - 4
December 2007. Partial obstruction of the gaugeMierlo Dorp results in data
characteristics that resemble those of a slowly tgimp water vessel, losing the
intermittent character of precipitation as obseraethe other three sensors.

iv. Data recorded after a restart of the data commtioicaystem. The restart
occasionally produces a spurious signal that, asvshin Figure 3-7, does
not add to the cumulative data. Since the signa ha relation with
precipitation it is removed.

v. Data recorded during partial obstruction of thenkin indicated by data
characteristics as shown for gauge Mierlo Dorp igufe 3-8. Due to an
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obstruction, the capacity of the outlet from tharfel into the tipping-bucket
mechanism is largely reduced which causes stormi@tgccumulate in the
collector funnel. The funnel empties only slowlgnice losing the temporal
distribution of the precipitation data as recordgdthe other three gauges.
Particularly sensors downwind clusters of birclesrbave encountered these
problems. The seeds and twigs of this type of trage regularly been
removed from the sensor funnels and tipping-buckéis data entries
showing this anomaly have been removed from the sketts.

Table 3-1: Result of manual data assessment of 20 WDD and 3 tidping-bucket
raingauges. For the sensors in bold (much) less the mean 59% of the total data set is
considered good data; these sensors are not usat ifurther data analyses. Percentages
are fractions of the total data sets (489 daySMBID gauges, 580 days for NM gauges).

ot data gaps > 1 hour anomalous data remaining data set
© g category (i) categories (ii) - (v)
2 © number length fraction length fraction length fraction
© of gaps
WDD gauges[days] [#] [days] [%] [days] [%] [days] [%]
Aalst 489 25 66 13 30 6 393 80
Bergeijk 489 29 116 24 82 17 291 60
Borkel 489 22 116 24 74 15 299 61
Duizel 489 26 65 13 24 5 399 82
Eersel 489 25 68 14 59 12 362 74
Gerwen 489 24 64 13 79 16 346 71
Heeze 489 7 317 65 85 17 88 18
Knegsel 489 142 140 29 118 24 231 47
Leende 489 26 128 26 115 23 246 50
Mierlo-D. 489 15 236 48 72 15 181 37
Mierlo-SVI 489 11 231 47 57 12 201 41
Nuenen 489 19 63 13 112 23 314 64
Riethoven 489 36 68 14 74 15 347 71
Son 489 20 68 14 72 15 349 71
Steensel 489 21 67 14 79 16 343 70
Valkensw. 489 17 218 45 55 11 216 44
Veldh. SGK 489 11 229 47 40 8 220 45
Weebosch 489 46 113 23 47 10 329 67
Westerh. 489 24 65 13 66 14 358 73
Wintelre 489 43 67 14 165 34 257 53
mean (all 20 gauges) 59
mean (12 non-bold gauges) 70
NM gauges
NMO1 580 15 2 0,3 0 0 578 99,7
NMO02 580 13 4 0,7 0 0 576 99,3
NMO03 580 15 2 0,3 0 0 578 99,7
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Table 3-1 presents the results of the manual dst@sament, specifying the amount
and total length of data gaps and the total lemgthnomalous data. Figure 3-9
shows the location in time of these gaps and rejeehomalous data. The total
length of WDD data sets is 489 days (July 2007 - November®] 2008). The
number of data gaps longer than 1 hour ranges betweand 142; the associated
relative data loss ranges between 13% and 65%edbthl data sets. The majority
of these are caused by a malfunctioning data cormation system. WDD gauges
have approximately 60 days of data gaps in comratiributable to failures of a
central part of that communication system. Thedarghared gaps lasted 27 days
(March 4™-31%, 2008) and 15 days (April 28 May 19", 2008) owing to server
problems and lack of communication signal. Studykigure 3-9, it can be
observed that the longest data gaps by individaabgs are due to termination of
sensor operation. A mere 7 out of 20 sensors agas@tion during the 19-month
time-span. In most cases, the local router suffarboeak-down after which it was
decided not to replace the router. Hence, whilerétiregauge still functioned, the
data could no longer be sent to the data server.
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Figure 3-9: Data gaps (in black) and anomalous data (in gr&geth on manual data
assessment of 20 WDD TBRG data sets for the tia@-&pJuly 2007 - 1 November 2008.

Anomalous data in categories (i) through (v) repré a second source of
significant data loss. Again, a wide variation dlues can be observed: a
minimum of 24 days (or 5%) with anomalous datatfer Duizel gauge up to a
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maximum of 165 days (or 34%) for the Wintelre gaugeidying Figure 3-9 it can
be seen that the majority of anomalous data cdourel within the last 5 months.
By contrast, only few data are rejected over thet faalf year of operation. This
suggests that the sensors become more prone taémanbehavior over time, due
to slow and gradual fouling and due to a decresstgngent cleaning strategy.

After removal of data gaps and anomalous dataWbB® TBRG data sets contain
on average 288 days or nearly 60% of data of thginat data sets. This
percentage varies between 18% and 82%; in othedtsyafter manual assessment
of the quality of TBRG data, at best 18% and atsiv@&2% of the data sets is
consideredinfit for further consideration. For a total of eight WI'BRGs (much)
less than the mean 59% of the total data set igabl@ for data analyses. To
prevent working with too fragmented data sets, @swlecided to discard the
complete data sets of these sensors and to wohktlgt data of the remaining 12
WDD and 3 NM raingauges. Further considerationghism poor performance of
the WDD precipitation monitoring network can beridun chapter 8.

The results of manual assessment of NM data setséluded in Table 3-1. The
Eindhoven municipality gauges have been in operatiiaring the full considered
time-span: April ¥, 2007 - November *1 2008 (580 days). NM gauges show a
much better performance with no observed anomalates and an average loss of
3 days (or 0.4%) due to data gaps. For these gangesthan 99% of data can be
used for data analyses. A better functioning dataraunication system, a proper
cleaning strategy and a superior placement of sengrevent the majority of
problems encountered with the WDD monitoring system

3.4.2 Automatic cross-check of TBRG results

Like any non-automated validation of data, a marasslessment of TBRG data
results is subjective and poorly reproducible. Tmhance objectiveness and
reproducibility, the results of the manual assesgraee confronted with the results
of an automated data quality assessment. The dppligomated data quality
assessment is an adapted form of the method asnpeesby Upton and Rahimi

(2003). The details of the method are given in agdpeD. The results of the

assessment are also given in the appendix as sellcmparison of results with
the results of the manual data quality assessmetihis section, results are only
summarized and briefly discussed.

Using the automated procedures, a total of 325diuences have been identified
that may not be representing the precipitation ggeaorrectly, see Table 3-2. Of
these, approximately 50% lie within a manually cegel sequence, the other half
has not been identified in the manual assessmentféise positive results of the
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automated procedure). Of the 137 manually rejecteqguences, 81 (or 59%)
contain at least one automatically detected doubiffusequence. The other 56
manually rejected sequences are not detected byut@mated procedure and
hence constitute false negative results.

Table 3-2: Automatically detected versus manually rejectedisages with false positives
and false negatives

automatically detected sequences manually rejesgqdences
total within manually outside manually total  noticed by unnoticed by
rejected rejected sequence automatic  automatic detection
sequence (false positive) detection (false negative)
325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)

Finding 59% of the manually rejected sequencespéntrmance of the automatic
tests on the Eindhoven area data is poor compardtet90% obtained by Upton
and Rahimi (2003) for their test data. Also, thember of false positives is
significant for the Eindhoven data. Upon closersideration of false positives and
false negatives it is found that the general poenfgpmance of the Eindhoven
raingauge network stands at the basis of many falestifications. Using the
proposed procedures, it is relatively straightfoveo detect an anomaly amidst
good data. However, confronted with a hampering dammunication, incomplete
metadata files and simultaneous blockages of nielgpuges the success rate falls,
introducing many false negatives. Only applyingaatomated procedure would
leave approximately 40% of all erroneous data upedt On the other hand,
studying false positives reported by the automapedcedure leads to the
identification of doubtful sequences that were tmaked during the manual
assessment. Therefore, the application of an awésimprocedure is useful to
complement the results of a manual data assessment.

3.5 Data quality assessment of WDD gauges: WDD versus KNMI data

The second step in the data quality assessmentDid Bauges is the comparison
of WDD TBRG results with KNMI Hellmann gauge resulThe objective is to

valuate the WDD TBRG results using the ‘true’ KNB#ta. Also, any structural

differences between both data sources are assédsedomplete comparison is
presented in appendix E; in this paragraph a sheume of results is given.

Comparing long-term sums of precipitation, the Wiaping-bucket raingauges
systematically underestimate precipitation by 2@2%% when compared to the
Hellmann type KNMI raingauges. Figure 3-10 showesdffferences in (equivalent)
annual sums between WDD and other gauges. Compdaitagon a monthly basis
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yields comparable results. Searching for an extilemaf these large differences it
appeared that the WDD sensors had not been calibditectly after installation.
Hence, a calibration was performed two years afig@allation. It has shown that
approximately half of the underestimation is acdednfor by the lacking
calibration. The WDD data sets have been correfttethis deficiency, reducing
the difference to 10-15%. The other half of thearted underestimation may be
explained by systematic errors related to obseymatonditions. Mainly, the poor
installation of WDD gauges has likely caused lasgale wind shading. Also,
intrinsic differences in wind-induced errors exigtween Hellmann gauges and
TBRGs. For the latter two error sources no quandifon is possible; as a result,
WDD data cannot be corrected for these errors.
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Figure 3-10: Annual equivalent sums of precipitatiddgfs) of 12 WDD, 3 NM and 6
KNMI raingauges. The definition of an equivalentrsoan be found in appendix E.

3.6 Calculation of areal time-series

Briefly restating, the main objective of this chapis to obtain three time-series
that, as accurately as possible, represent pratigitin the three catchment areas
Riool-Zuid, Eindhoven Stad and Nuenen/Son. In gasgraph, results of the 12
WDD gauges with sufficient data yield and the 3 Mita sets are used to derive
the desired time-series by means of the inverserdis weighting method. To
limit calculation time, the calculation is basedIzhour lumped data (see appendix
E.1) instead of the original 1-minute data.

The data results of the TBRGs are point observatand represent as such a
limited number of single draws from geographicaligtributed events. In fact, the
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total catchment area of the 15 TBRGs equals 3600ndtith is approximately one
billionth of the 600 krfi catchment area of the wwtp Eindhoven. Estimatedesa
at non-observed locations can be obtained by mean#erpolation techniques.
The technique used in this paragraph is the invdisence weighting method
(idw-method). The estimate at any point withoutestsation is obtained from the
sum of weighted observations in the neighborhoode Tveights are inverse
proportional to the distance from those observatidrhe description of the idw-
method in this section is based on Luxemburg anet8ge (2007).

To be able to apply the idw-method on the Eindhoeeea a grid has been
superimposed, see Figure 3-11. Each cell repre8éiitalong latitude lines (east-
west) and 18" along longitude lines (north-soutlmjck (at the Eindhoven latitude)
corresponds to an area of approximately 695m x 556sils that contribute

stormwater to one of the considered sewer systeaml(ining cells to make fully

shaded cells) are included in the calculation. Fool-Zuid a total of 175 cells or

~ 68 knf are included, for Eindhoven Stad 143 cells or «&6 and 45 cells or ~

17 knt for Nuenen/Son. For each cell in the grid preaifsn per hour has been
calculated as a weighted average of available TBRI@:

2(%) =2 (4 A x)) (3.1)

with  Z(x) = precipitation depth estimate at x
z(x) = precipitation depth observationxaand
Ai = weight for observation (x;).

Weights are based on inverse distances to theahl@ibbservations:

1/D"
/‘i = n—l (32)
>1/D
j=1
with D = distance betweex andx;;
b = exponent (= 2) and
n = number of raingauges with a data value.

For cells with a raingauge, the weight of that gaigyset at 1 and all other gauges
are ignored. All raingauges are assumed to be algntiocated in their cells.
Finally, after calculation of precipitation valugsr cell, precipitation depths per
hour for the Riool-Zuid, Eindhoven Stad and NueBemn/ catchment areas are
calculated as arithmetic means of the resultslafaatributing cells. This way, the
areal time-series are derived.
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catchment aregq:
&5 Nuenen/Son
<5 Eindhoven Stag
¢S Riool-Zuid

~1_Westerhoveh _

o WDD raingauge
A NM raingauge

6 k&

Figure 3-11: Catchment area of the wwtp Eindhoven with a supeoised grid. Each cell
has a width of 36” along latitude lines (or 695mya height of 18" along longitude lines
(or 556m). The locations are indicated of the 12 DMiauges and 3 NM gauges used in the
calculation of areal time-series.

Since the WDD TBRG data sets are far from comp(ete Table 3-1), areal
calculations are regularly based on a limited nundbeyaugesr{ in equation 3.2).
During prolonged data communication problems in YW®D system (during
which no data are available for all WDD gauges) dheal calculations are based
on NM gauge results only. This is particularly ttese for 1 April - 11 July 2007
(102 days), 4 - 31 March 2008 (27 days) and 281Apt0 May 2008 (21 days).
During a total of 123 hours (~0.9% of total daty) $¢DD nor NM sensors have
yielded precipitation data. During these hours,aneal precipitation values have
been calculated.
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3.7 Conclusions and evaluation of areal precipitation time-series

Waterschap De Dommel (WDD) installed 22 tippingHetaaingauges to monitor
precipitation in the three catchment areas coniriguwastewater to wwtp

Eindhoven. The purpose of the gauges was to gendedd that could be used to
derive high-frequent time-series of precipitatia@ar patchment area.

A thorough data quality assessment has been appfigtie WDD data sets. For
this, the data sets have been cross-checked with tmanual and automatic
procedures. The data of two WDD gauges have bgected all together since the
gauges were located beneath trees. The other 20 W&B sets have been
examined for data gaps and erroneous data. For B \gédiges between 40% and
80% of data did not correctly represent the pré&ijon process; these gauges were
excluded from further processing. Accounting foradgaps and erroneous data, the
remaining 12 WDD gauges have a mean data yiel@%f.7

For comparison of long-term performance of WDD gssjghe data of nine other
raingauges (6 Hellmann gauges and 3 other tippirodt gauges) have been used
as reference values. It was concluded that WDD gmugderestimate precipitation
depths by approximately 20% to 25%. The explandiorihis bias in data results
is twofold. Firstly, WDD gauges were initially nalibrated. Ana posteriori
calibration demonstrated that about half of theenastimation can be attributed to
the lacking calibration. Secondly, the other hadincbe explained mainly by
observation conditions. Intrinsic differences imddinduced errors exist between
Hellmann gauges and TBRGs and a poor installatfowWbD gauges has caused
large-scale wind shading. For lack of quantificataf errors explaining the latter
half, the WDD data sets have only been correctedhi® bias due to the missing
calibration.

Altogether, of the more than 18 million data poiimghe 22 raw WDD data sets,
approximately 8.5 million data points (or 46%) hdween rejected in the data
guality assessment. Moreover, the assessmentagnagh 3.5 and appendix E has
shown that the data of the remaining 12 WDD gawagesiased. Also, WDD data
sets are incomplete due to data gaps and the réwiogaoneous data described in
paragraph 3.4. As a result, and especially duratg daps shared among all WDD
sensors, the calculation of areal time-series @bdsed on a limited number of
gauges reducing the chance of correctly repreggptiecipitation over a catchment
area. For instance, in case the Riool-Zuid timéesds based on NM gauges only,
a storm event traveling in north-easterly directiail pass the Riool-Zuid
catchment area earlier than observed by the NM emugven with all TBRGs in
operation, the gauges are not evenly distributedr ahe area: sensors are
overrepresented in the south-western and nortleeggart of the area, whereas the
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eastern and south-eastern areas are not obsergaih, Ahis is likely to reduce the
chance of correctly representing precipitation dlierentire catchment area.

In all, it can be concluded that the overall parfance of the WDD raingauge

network has been poor. Having based the areal s&rmies primarily on these

WDD data sets, the accuracy and correctness ofdénwved RZ, ES and NS

precipitation time-series can be disputed. Howether use of the precipitation data
in chapter 6 is such that a bias in values andnal(serror in timing are not of the

utmost importance. The data are used to selectvdather and wet weather data
from wwtp influent quantity and quality data se&sbias in values might lead to a
different number of e.g. dry weather days, but rsii@ity analysis (see sections
6.2.1) has shown that results are little sensitivéhe exact definition of a dry

weather flow day. Also, the applied definition obtmveather conditions is such
that a small timing error in the onset or endingaadtorm event will not largely

influence results. More important than the biastioting error, the use of the

aggregated 1-hour data instead of the original dutei data has meant losing
short-term precipitation intensity information. Asresult, it has not been possible
to search for relations between peak loadingsiagiat the wwtp Eindhoven and

short-term precipitation intensities.

Further considerations on the poor performance hef YWDD precipitation
monitoring network can be found in chapter 8.
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4.1 Introduction

The calculation of pollution loads in wastewaterivamg at the wwtp Eindhoven
requires time-series of both wastewater quantity gumality. This chapter focuses
on the watequantity time-series; chapter 5 presents the watglity time-series.
In chapter 6 both time-series are combined inttugioh load time-series.

At the influent pumping station of the wwtp Eindleovwastewater arrives from
the three contributing catchment areas Riool-ZukEindhoven Stad and
Nuenen/SonQrz Qes and Qus in Figure 4-1). At the pumping station a total of
nine pumps transport the wastewater further into tteatment plant. Nine flow
sensors monitor the amounts of water that paspuh®s Qpump1 throughQpymp9-
These flow sensor data sets form the basis forc#heulation of the flow time-
series for each of the three catchment areas. réheition from nine flow sensor
data sets to three areal inflow time-series is, ev@n, not straightforward. A
number of data modifications are required to obthiree accurate and correct
time-series that represent the inflow of wastew#tem the contributing sewer
systems into the treatment plant. Monitoring atititerface between sewer system
and treatment plant, the resulting flow valueskarth catchment arezutflowsand
wwtp inflows

The objective of this chapter is to derive thremetiseries that represent - as
accurately as possible and with an uncertaintynedgé - theguantity of wastewater
that arrives at the wwtp Eindhoven originating fraifme three contributing
catchment area$)kz, Qes andQyg). For this, paragraph 4.2 introduces the influent
pumping station and the characteristics of its pairmpd flow sensors. Next, the
quality of the raw flow sensor data sets is assegsparagraph 4.3. Observed data
errors that need removal or correction include dmtps, zero values, and a non-
zero baseline. In paragraph 4.4 the validated fb@msor data sets are used to
calculate the three areal inflow time-series. Riggethe actual calculation which
is presented in paragraph 4.4.3, the contributibpuwnp 6 is assigned to the
correct influent chamber in section 4.4.1 and titerichamber flow between the
influent chambers of Riool-Zuid and Eindhoven Stdalculated in section 4.4.2.
Some considerations on discrepancies between pemgvior and ‘expected’ areal
inflow patterns are discussed in section 4.4.4allinsection 4.4.5 presents an
estimation of uncertainty of the areal inflow daéds.
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4.2 Theinfluent pumping station: pumps and flow sensors

This paragraph describes the wwtp Eindhoven inflgemmping station. First, the
lay-out of the pumping station is presented inisact.2.1. Subsequently, the
installed pumps and flow sensors are topic of east#.2.2 and 4.2.3, respectively.

4.2.1 Lay-out of influent pumping station

At the influent pumping station of the wwtp Eindleovseparate influent chambers
receive the wastewater from the three catchmeasdré&ol-Zuid, Eindhoven Stad
and Nuenen/Son, see Figure 4-1.

inlets of by-passes
for quality monitoring flow sensors
contributary |

Nuenen/Sgn ——%—»l **@ﬁpﬂm—pg—%
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Qns ——&—- ——@49@@2@—%
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influent ~ 25mm  pump pumps 6mm  mixing
chambers  bar  suction bar flume
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Figure 4-1: Schematic lay-out of the influent pumping statiah wwtp Eindhoven.
Wastewater flows from left to right. Nine flow sems monitor flow directly downstream
each of the nine influent pumps.
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The wastewater passes 25 mm bar screens befoig fg@imped up by one of nine
influent pumps. Subsequently, 6 mm bar screenkduremove gross solids from
the wastewater after which the three hitherto se#pamvastewater flows are
combined in a mixing flume. Under dry weather ctiods all wastewater in the
mixing flume is directed towards the primary climi.

The three influent chambers are interconnected bgns of gates A and C. The
gates are movable, but were continuously closedihgluthe collecting of data
considered in this chapter. Gate D, however, remtssan opening in the concrete
wall that separates the influent chamber of EinénoBtad from the influent
chamber of Riool-Zuid. At specific water levels the influent chambers,
wastewater can freely flow from one chamber inte tther Qopen). This inter-
chamber flow is further addressed in section 4.4.2.

4.2.2 Influent pumps

Lay-out

Nine pumps are used to pump wastewater from theppsoction chambers
towards the primary clarifiers, see Figure 4-1 &igure 4-2. The nine influent
pumps are positioned such that pumps 1 and 2 seriwifluent chamber

Nuenen/Son, pumps 3, 4 and 5 service chamber Biredh8tad and pumps 7, 8
and 9 service chamber Riool-Zuid. Pump 6 serviceseparate section of the
pumping station that is either connected to thkiémft chamber of Eindhoven Stad
(in case moveable gate E is open) or to the inflabamber of Riool-Zuid (in case
moveable gate F is open). Gates E and F are neweidtaneously opened.

Registrations of gate operations are unavailable tfe time-span of data
considered in this chapter. Instead, the assignofgoimp 6 to either one influent
chamber is based on flow data, as presented ilosetd.1.

Types and capacity

All pumps are by manufacturer Nijhuis Pompen (trethérlands) and are of the
impellor type. The capacities per pump, as presemieTable 4-1, are for the
presented head differences which equal the letfelrdinces between the respective
(design) set-points of the influent chamber wageels and the (design) set-points
of the water levels just before the 6 mm bar sgeédn case of decreasing
differential head (e.g. an increasing water lemdhie influent chambers during wet
weather flow) the realized flows per pump can iaseeup to levels as shown in
Table 4-1. When pumping in combination, the pumasedectrically limited such
that the total flow to the wwtp does not exceedd@6, ni/h. Additionally, the
inflows from each of the three catchment areas lemged to the indicated
maximum values. The main reason behind the lattgriction is that, during large
storm events, the inflow from catchment area EindhoStad can increase quickly
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and up to a level that, without the limitation, yr very limited fraction of the
hydraulic capacity of the wwtp would be left avhiafor the more delayed inflow
from catchment areas Nuenen/Son and Riool-Zuid.

Figure 4-2: Influent pumps at the influent pumping statiomeitp Eindhoven. On top, the
electromagnetic flow sensors in separate flangéd mio the discharge lines of the pumps.

Table 4-1: Characteristics of influent pumps

pumps 1-2 pumps 3 -5 pumps 6 - 9
Qns ~Qes* ~QrZ
pump type [(] RW1-400.525A HMFr1-8070 HMFr1-8070
capacity per pump [fth] 1,700 5,100 5,800
differential head [mLC] 10.6 9.07 9.49
realized maximum [m¥h] 2,000 6,000 6,200
flow per pump

maximum allowed [m3h] 3,290 14,000 17,710

total flow from
catchment area

*Qrz and Qgs also depend on the assignment of pump 6@y See paragraph
4.4.1.
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All pumps have been installed in 1998. Prior tddlation the pumps have been
tested for Q-H and efficiency relations according ISO (1975). Proactive
maintenance on pumps includes a regular inspeetimhmaintenance of engines
and moving pump parts. Maintenance activities al &g other irregularities on
pumps are recorded in a database.

4.2.3 Flow sensors

Type and settings

Nine electromagnetic sensors measure flow diresftigr the influent pumps, see
Figure 4-2. The sensors are pipe-mounted and atfatchthe discharge lines of the
pumps and hence constitute closed conduit full pieasurements. The distances
between pump and sensor are approximately fousstitme pipe diameter, which is
less than the recommended value of ten pipe diasb&tween sensor and the last
upstream flow disturbance (ISO, 1992b). The senaogsof type MAG3100 by
manufacturer Danfoss (Denmark). The principles d&dwf sensing using
electromagnetic induction are also described in (8292b). The sensors at pumps
1 and 2 have a programmed range of [0-2,008h;rthe other seven sensors
monitoring pumps 3 through 9 have a programmedeafg0-6,200] n¥h. For
ease of reference the flow sensor monitoring purngréferred to as “flow sensor
1", the sensor monitoring pump 2 is referred téflasv sensor 2”, etc.

Data and data communication

Every minute the nine flow sensors each producanatogue 4-20 mA signal. This
signal is converted to a digital signal by a 1ZbADC (analogue-to-digital
convertor). The digital bit-signal is communicateda central server and stored as
such. Before data analyses and visualization, igfieatisignal is translated back to
flow data using the aforementioned sensor rangei2-Bits ADC allows a total of
2" possible bit-signal values. Hence, in combinatidgth the programmed ranges,
the values of flow sensors 1 and 2 have a resoluti®.49 n¥h and the values of
flow sensors 3 through 9 a resolution of 1.51hm

The nine raw data sets of flow data consist of det@ interval time-series,
available for the time-span Aprif'12007 - November®] 2008.

Metadata information

Most maintenance and repair activities on flow sendave been recorded in a
database. However, often due to lack of time, #@és/ during large-scale
malfunctioning of the wwtp or influent pumping stet have not been recorded.
Some large-scale events have been added to thelatetie after interviewing
operators on this topic.
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4.3 Quality assessment of flow sensor data sets

The quality of raw data sets as measured by the fiow sensors is assessed
before the data sets are used to derive areairiloe-series. The flow sensor

data sets suffer from data gaps, “zero"-valuesjeslboutside sensor ranges, inter-
resolution values and non-zero baselines. The ssset of raw data sets

presented in this paragraph aims at the detectidnwahere possible, correction of

erroneous data.

4.3.1 Data gaps

The raw data sets contain a limited amount of dafas (i.e. time-stamps without
data values). Each data set misses 385 minuteastaf(dr 0.05% of the data sets),
divided over 32 data gaps shared by all sensors.|dimgest data gap lasted 151
minutes; the length of the other gaps range betwesmd 20 minutes with a mean
length of 7.5 minute. Flow sensor 1 has one exita dap lasting 16 minutes, not
shared by any of the other sensors. Metadata ditesot provide information on
the reasons behind the data gaps; however, sirzcty @8l data gaps coincide, it is
assumed that the gaps are caused by data comniomieators. Data gaps have
not been corrected for.

4.3.2 “Zero"-values

The raw flow sensor data sets contain a limited memof “zero”-values, i.e. time-
stamps with a flow value of exactly 0*m Metadata files show that maintenance
activities are the main reason behind these péaticentries. In other words,
“zero”-values in the data sets are associated avitbn-operation of the sensor, not
with the non-operation of pumps. For eight flow sms the number of “zero’-
values ranges between 72 and 1%90(03% of the data sets), divided over 5
specific days during which maintenance on the gsnisas taken place. The data
set of flow sensor 3 contains 1552 “zero”-values0(4%) due to a prolonged
maintenance event. All 0%h values have been replaced by empty time-stamps t
differentiate between a non-operational sensoraamoin-operational pump.

4.3.3 Values outside sensor range and inter-resmiutalues

All entries in the data sets should be within tlhegpammed sensor ranges. For
flow sensors 1 and 2 the range is [0-2,000]hmsensors 3 though 9 have a
programmed range of [0-6,200f#im. Studying the data sets, a total of four entries
contain values outside the programmed rangesafaiet than the maximum value).
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Also, all values in the data sets should be mué&tuof the signal resolution (0.49
m’/h for sensors 1 and 2; 1.5F/mfor sensors 3 - 9). A total of 16 values, howeve
are not. Metadata files provide no information@ghe reason behind the observed
anomalies. All values outside sensor ranges amd-fesolution values have been
replaced by empty time-stamps.

4.3.4 Non-zero baseline

Plotting all data per flow sensor in ascending prgelds graphs with a clear
distinction between entries during which the pumgsvin operation and entries
associated with non-operation or “zero flow”. Figu-3 presents an example for
flow sensor 8. For this sensor approximately 540,80tries (or 65% of the data
set) lie within the “zero flow” area. Zooming in dnis area (Figure 4-4) it can be
observed that all “zero flow” values are actuallyger than zero: values range
between 2 and 10 ¥ and are multitudes of the resolution of the fleansor
signal (for pump 8: 1.51 ).
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Figure 4-3: All data of flow sensor 8 in ascending order (per neirddta over time-span
April 1%, 2007 - November®] 2008)

Despite the non-operation of pump 8, the surfaea ander the graph in Figure 4-
4 represents approximately 62,006 of transported wastewater. The question
arises whether this amount of water has been tralysported through the pipe
monitored by flow sensor 8 or that the signal i©ngfully created by the flow
sensor. At some treatment plants, non-operatiamalgs are not fully switched off
to prevent sedimentation in and around the puma&ng. However, at the wwtp
Eindhoven influent pumping station non-operatigmamps are fully switched off
(Weijers, 2009). Hence, it is concluded that the-rero values are a bias in the
flow sensor and should be corrected for. Similaises have been observed for all
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nine flow sensors. Flow sensors 1 and 2 show “#evd’ values on the order of O
to 3 ni/h; flow sensors 3 through 9 on the order of 04a#/h.
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Figure 4-4: Zoom of “zero flow” area in Figure 4-3. Values amailtitudes of 1.51 fifh,
the resolution of the flow sensor signal.

To be able to correct for the non-zero baselifesteémporal distribution of biases
is important. Figure 4-5 shows “zero flow” valudstfed chronologically for flow
sensor 8. The figure presents the per-minute aabdaick (again, as multitudes of
the flow sensor signal resolution) and in grey dady mean values of all “zero
values” for each of the 580 presented days. Far phrticular sensor, the mean
values are fairly constant over specific time-spatscertain moments in time (in
the figure indicated with “A” through “D”), howevea change in signal behavior
can be observed. Metadata files show that theseemiznof change coincide with
maintenance work and an interruption of sensoragign
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Figure 4-5: “Zero flow” data (i.e. values < 11 ¥h) for flow sensor 8 for the considered
19-month time-span. In black the per-minute datenfthe raw data sets; in grey the 580
daily mean values. At moments A through D a changignal behavior can be observed.
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Figure 4-6: “Zero flow” data (i.e. values < 16 ¥h) for flow sensor 5 for the considered

19-month time-span. In black the per-minute datenfthe raw data sets; in grey the 580
daily mean values. At moments A through D a changggnal behavior can be observed.

The variation of mean values differs per sensor.ifgtance, flow sensor 5 shows
in Figure 4-6 a different pattern of mean “zerowflovalues. The moments of

change, however, are the same for the two sensmnéirming the notion that an

external factor must have caused the changes. Q#msors show still other
changes and variations in the daily mean valueszefo entries”. It can be

concluded that the studied flow sensors do noesdfbm constant baseline drift,
but suffer from an irregular baseline variationt ttiiéfers per sensor.

Based on the previous diagnosis of variations ef bon-zero baseline in flow
sensor data sets, the following modifications tdhta sets have been made:

1. all “zero flow” values in the flow sensor data sets set to O fth:
2. all other values in the flow sensor data sets areected using the daily
mean values of “zero flow” (the grey values in Figd-5 and 4-6).

Since all “zero flow” values are larger than zeilte aforementioned corrections
are in fact subtractions and lead to a reductiomeasured volumes. Table 4-2
presents the volume reductions per flow sensoeaseptages of the total volumes
of the raw 19-month data sets. These reductiorgerbatween 0.8% and 5.2%.

Table 4-2: Reductions in total measured volume after corradioo baseline variations.

volume reduction [%0] volume reduction [%0]
flow sensor 1 0.9 flow sensor 6 1.5
flow sensor 2 1.9 flow sensor 7 5.2
flow sensor 3 2.1 flow sensor 8 2.2
flow sensor 4 0.8 flow sensor 9 2.3
flow sensor 5 1.1
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4.4 From data per flow sensor to areal inflow data

After quality assessment in the previous paragrépd,validated results of flow
sensors are used in this section to calculateotiaé ftow from the three catchment
areas Nuenen/SorQfs pumps 1+2), Eindhoven Sta@g pumps 3+4+5) and
Riool-Zuid Qrz pumps 7+8+9). A straightforward summation of senssults is
not possible for two reasons. First, no metaddtanmation on the contribution of
pump 6 is available which makes it unclear whes thimp should be added@g;
and when toQes Second, an opening in the concrete wall betwaenirtfluent
chambers of Riool-Zuid and Eindhoven Stad makesdessary to corre@rz and
Qes for Qopen the flow through the opening. Sections 4.4.1 4ntl2 consider
these two problems and present the required dat@ipmations for a proper
calculation of areal inflow data. The actual equadi with which the areal data are
derived are presented in section 4.4.3. In seclidrd some considerations are
presented on discrepancies between pump behavibreapected’ areal inflow
patterns. Finally, in section 4.4.5 the uncertaintyhe areal inflow time-series is
addressed.

4.4.1 Contributions of pump 6

Pump 6 is used to pump wastewater from either emfiichamber Eindhoven Stad
or influent chamber Riool-Zuid, see Figure 4-1.ceimometadataare available on
the operation of gates E and F,fldlv sensodata have been plotted and manually
assessed to determine to which flo@k£ or Qeg) pump 6 contributes. Figure 4-7
presents a 4-day example in September 2007. Dthimdjrst day (Septembef%
the graph that presents the summation of data wippu3, 4 and 5 is gradual and
continuous whereas the graph presenting the summatidata of pumps 7, 8 and
9 resembles a block pulse function. During zeravffor the latter, pump 6 is in
operation. The addition of pump 6 to the Riool-Zsidmmation would yield a
gradual and continuous function, as expected fostaveater flow from a large
catchment area. Therefore, it is concluded that tHis day - pump 6 should be
added taQgz. Reasoning analogously, pump 6 contribute@goon September™
and 5. On September™®the positions of gates E and F must have beenseve
during the non-operation in the morning: the pdalfof Eindhoven Stad during a
storm event suddenly decreases around 12h30 byahe magnitude as the
increase in pump 6.

Studying all flow sensor data this way, for the pdete 19-months time-span the
contribution of pump 6 has been determined, seeleTdb3. In total, the
contribution of pump 6 changes five times betwdmninfluent chambers of Riool-
Zuid and Eindhoven Stad.
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Figure 4-7: Summation of data for Eindhoven Stad and RioodZurid the data of pump 6.
All data have been smoothed with a 30-minute windfow the purpose of clear
presentation.
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Table 4-3: Assignment of pump 6 Qg or Qs

from till pump 6 contributes to
April 1% 2007 00h00 May 27 2007 09h00 Qrz (Riool-Zuid)
May 27", 2007 09h00 Juné"92007 11h30 Qes (Eindhoven Stad)
June §, 2007 11h30 Septembef, 2007 12h00 Qg (Riool-Zuid)
September'd 2007 12h00  January 292008 12h00  Qgs (Eindhoven Stad)
January 28, 2008 12h00 April 24, 2008 12h00 Qrz (Riool-Zuid)
April 24" 2008 12h00 Novembef'12008 00h00 Qs (Eindhoven Stad)

4.4.2 Inter-chamber flov@open

A rectangular opening of 1.50 m wide and 0.70 mhhig the concrete wall
between the influent chambers of Riool-Zuid anddBoven Stad (gate D in Figure
4-1) allows wastewater to flow from one chambeo itfite other. This is the case if
water levels in one or both influent chambers eddbe crest level of the opening
at +13.30 mNAP, which occasionally occurs durindaege storm event. The
resulting flow is referred to a@opey and is defined as a positive value if water
flows from the chamber of Eindhoven Stad into theoRZuid chamber. Per
combination of water levels different flow condit®occur. Appendix F describes
these flow conditions and the associated equatmnalculateQopen
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Figure 4-8: Inter-chamber flow@opgn) When water levels in influent chambers Riool-Zuid
and Eindhoven Stad exceed the crest level of theniog that connects both influent
chambers.

Figure 4-8 presents an example for a 4-day pemoduly 2008. An increase in
influent chamber water levels is caused by a sevent on July ® and &'. First,
the level in chamber Eindhoven Stad increases lieyoest level, resulting in a
Qopen Up to 2,000 riih. A few hours later an increase in water levetha Riool-
Zuid chamber results in an opposite flow of up 3000 ni/h, which slowly
reduces to zero as the water level in the inflolatmber sinks back to crest level.
In this example, the volume of water spilled fromamber Eindhoven Stad to
chamber Riool-Zuid\{oren the integral of all ®open Values) equals 8,000%nthe
volume of water transferred in the other direcéguals 32,000 MmHence, the net
flux between the two chambers amounts to 24,00€nmthis storm event. During
the same time-span (i.e. as long@sen# 0), a total of 136,000 frof wastewater
has arrived at the wwtp from catchment area RianttZ(Vrz) and a total of
234,000 mifrom area Eindhoven Stad/dg). Accounting forQopenthese values
change to 160,000 Ynand 210,000 i respectively. In other words, for this
example, thenter-chamber flow has a large effect (respectivie®® and 10%
changes) on calculated volumes and must therefrmdorporated for a correct
calculation of areal inflow data.

During the time-span April®{ 2007 - November®] 2008 for a total of 40 (storm)
events wastewater has spilled through the opeiling.total spilled volume equals
approximately 490,000 ndivided almost evenly ové&fopeny and Vopen
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4.4.3 Calculation of areal inflow time-series

Considering the data manipulations as presenteédeirprevious two sections, the
inflow from catchment areas Riool-ZuidQdz), Eindhoven Stad 9 and
Nuenen/SonQysg), can be calculated as follows (see Figure 4-lefgrianation of
parameters):

QNS = qumm + Q pump (41)
QES = qumﬁ + Q pumg + Q purwﬁ)(+ Q purﬁ) + Q OPI (42)
QRZ = (qum;ﬁ+)qumE + Q pur’r&)+ Q purﬁp_ Q OPE (43)

4.4.4 Pump behavior versus ‘expected’ areal infimatterns

As flow sensors monitgpumpedflows, their data sets occasionally show ‘typical’
pump behavior. As a result, the calculated ardffdvintime-series sometimes do
not resemble an ‘expected’ pattern of wastewattaring a wastewater treatment
plant from a free flow connection. In this sectithree such data ‘anomalies’ are
considered: high-frequent on/off switching of pumparying speed of pumps
during wet weather flow, and prolonged non-operatibpumps.

High-frequent on/off switching of pumps

Figure 4-9 presents the first encountered anonmatlye pump data sets. During the
operation of a specific pump, flow values changevben 0 and approximately
3,000 ni/h every few minutes for the duration of severaliiso(areas “A” in the
figure). This has no relation with the actual imflof wastewater to the treatment
plant, but is the result of the (unintended) higtgient on/off switching of the
pump due to an error in pump control settings. fgapilon of a (nearly) flow-
conservative filter over the data (a symmetricavimg average filter with a span
of 31 minutes) shows that the total amount of puhyweastewater over a higher
aggregate level is in accordance with the expestédw pattern. Hence, it is
assumed that for this type of data anomaly - wigilenp behavior may be
anomalous over a certain time-span -ttital amountof pumped wastewater over
the same time-span is nevertheless correct. Albenvstudying the pollutograph
of TSS in Figure 4-9 for the considered time-spaman be concluded that the
high-frequent on/off switching of pumps does notéha distinguishable effect on
water quality parameters as measured at the witigeint pumping station. This
means that data analyses over time-spans shoaterthle duration of the anomaly
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do not vyield valid results, but analyses at highggregate levels still can be
performed. Therefore, these data anomalies havbeen removed from the pump
data sets.

(0]
o
o

——Qes, summation of pumps X .
Qes, smoothed over 31 min i - Do sy

(o2}
o
o
Q

Qg [m’h; 15 x TSS [mgiL]

April 2007

Figure 4-9: Pump data during high-frequent on/off switchingaopump (areas “A”) and
the same data set after application of a 31-minui@g&ng average filter.
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Figure 4-10: Large variations in pump speeds during wet wedther.

Varying speed of pumps during wet weather flow

The moment additional pumps are switched on ort@faiccommodate for the
increase or decrease in wastewater flow duringwestther situations, it is often
observed that the speed of pumps varies strongé/Fgyure 4-10 for an example.
For several hours on end, the control algorithrthefpumps is not able to attain a
steady and only slowly varying flow. Instead, inecessarily speeds the pumps up
and down with a frequency of approximately 1 haaching values as low as zero
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and as high as full-flow regime. Again, this flovatfern is very unlikely to

resemble the arrival of the stormwater at the wwitjevertheless, the data
anomalies have alswot been removed from the pump data sets for the $ame

reasons as the previous anomaly: (1) the sum oppdrflows over the time-span
of the anomaly is assumed to be correct and (2)nfioences on data quality
parameters have been observed during occurrenctee ainomaly. As a result,
data analyses over aggregate levels higher thaduretion of the anomaly can
successfully be performed.

1000( \
compensation for 5
8000k — - -~ - - non-operational pumps 4
—Qrz, summation of pumps T x
6000 *TSS ii% ———————————————

Qg [M’h]; 20 X TSS [mg/L]

non-operational
| | pumps | |
00:00 06:00 12:00 18:00 00:00
Aoril 26™. 2007
Figure 4-11: Temporary non-operation of pumps and subsequenpeonsation phase with
the effect on TSS measurements.

Non-operation of pumps

A third data anomaly found in the data sets is tdmaporary non-operation of
pumps, see Figure 4-11. In the example, all purapgcng catchment area Riool-
Zuid are non-operational for a period of approxehaB hours. During this time-
span, wastewater from the catchment area is temiyostored in the influent
chamber and, with increasing water level, in thetidouting sewer system. After
pumps resume operation, for a few hours the ttialig significantly larger than
normal to compensate for the preceding non-operadiod to empty the sewer
system and bring the water level in the influerdrober back to the target level.
Both during the non-operational phase as well & dbmpensation phase, the
pump data does not correctly represent the amobinivastewater from the
catchment area arriving at the wwtp, but the day sl Qr; remains unchanged.
More importantly (when considering the multiplicati of flow data with quality
data in chapter 6), during the non-operation of psiwater quality sensors no
longer monitor the wastewater that newly arrivesrirthe catchment area since
this wastewater does not reach the quality momigomstallation in the influent
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chamber due to the increased storage (see chapterdetails). As presented in
Figure 4-11 sedimentation processes during the opemational phase and
resuspension processes during the compensatiore ghfisence data quality
parameters. If the rates of sedimentation and pesisson differ significantly (i.e.

if a sediment layer is build up or removed durihg tdata anomaly) the wwtp
influent pollutant loads no longer represent norwvelues due to the temporary
non-operation of pumps. Therefore, all flow datairty the non-operation and
during the subsequent compensation phase havedmened from the data sets.

4.4.5 Data uncertainty

Uncertainty of data in the areal inflow time-sengsletermined by the uncertainty
in the raw flow sensor data sets and the subsecuemtnation of values. This is
illustrated in Figure 4-12 for the calculation akal inflow from catchment area
Eindhoven Stad. As earlier presented in equati@) #he calculation oQgsis
based on the results of 1, 2, 3 or 4 flow sensodstlae (calculated) values Qbpen
Each of these “raw” data sets has an associatezitaimty. The summation of data
requires consideration to derive a suitable unipeyteassociated with the flow
values in the areal inflow time-series. These amrsitions are discussed hereafter.

QsensoB )
Qsenso4

Qsensoﬁ g QES

QOPEN ) summation

Figure 4-12: The combination of flow sensor data@gren to calculateQes

Uncertainty in raw flow sensor data sets

Prior to installation in 1998 all nine flow sensdr@ve been calibrated in test rigs
("wet calibration”) that operate according to th&te weighing method, as
described in 1ISO (1980). Each sensor has beenctedjawvice to flows of 25% and
90% of the full scale flow-rate of the used rigr How sensors 1 and 2 a rig with a
full scale flow of 200 /s has been used (25% = @§h; 90% = 650 riih); for
flow sensors 3 through 9 a rig with a capacity (00 I/s has been used (25% =

62



Chapter 4. Flow monitoring

1,080 ni/h; 90% = 3,900 fith). Table 4-4 presents the results of the calitmat
procedure. Presented values are the differencasbrtthe flow sensor results and
the true flow that passed the sensor as deterntiyed weighing mechanism.
Positive errors are overestimations of the truee/dly the sensors.

The limited number of calibration results per fl@gnsor hampers uncertainty
calculations per flow sensor. ISO (1991) recommeatdeast three tests per flow
rate at five distinctive flow rates (10%, 25%, 5096% and 100% of full scale
flow), but only two tests at two distinctive flowates are available. It was therefore
decided to group calibration results of all flomnsers that service the same
catchment area, calculate uncertainty with the geduvalues and consider the
results representative for each sensor in the grbhoig way, the calibration results
of for instance sensors 1 and 2 are used to cédctila uncertainty associated with
each of both flow sensors servicing catchment ddegnen/Son. Also, the
uncertainty is assumed to be a constant percentagethe full ranges of the flow
sensors. With this assumption the calibration tesaibtained at 25% of full scale
flow can be combined with the results obtained @ %f full scale flow. The
resulting uncertainty values per flow sensor datacan also be found in Table 4-4.
Assuming that errors follow a Gaussian distributipoan be concluded that the
mean error is a bias in the data sets and thah @&% confidence) random errors
remain within a range of twice the standard deoratf observed errors. The data
sets have been corrected for the calculated bidikestemaining uncertainty for all
data sets is around 0.2%, which is of the samerasflenagnitude as values in
literature for electromagnetic induction flow messsuents in closed conduits (e.g.
a value of ~0.5% in STOWA, 1996).

Table 4-4: Errors in flow sensor results when compared te fiaws, determined in an
ISO (1980) calibration rig; based on combined exrdine uncertainty in flow sensor data
sets per group of sensors.

at 90% of full scale at 25% of full scale uncertainty in data sets
flow flow (based on calibration results)

# flow test 1 test 2 test 1 test 2 bias random error
sensor [%0] [%0] [%0] (%] [%0] [%0]
sensor 1 -0.07 -0.01 0.06 0.08
sensor 2 0.02 -0.03 0.12 -0.03 0.02 *0.13
sensor 3 0.10 0.09 0.13 0.23
sensor 4 -0.00 0.01 0.03 -0.10
sensor 5 0.04 -0.03 0.12 0.07 0.09 *0.21
sensor 6 0.07 0.13 0.34 0.18
sensor 7 0.02 0.22 0.17 0.08
sensor 8 -0.04 0.07 0.19 0.08 0.10 +0.22
sensor 9 -0.12 0.09 0.03 0.05
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After installation of the sensors in 1998 no addiéil wet calibrations have taken
place (i.e. the sensors have not been removedtfreiminstallations in the influent
pumping station to be tested in a test rig). Tisalteof comparable electromagnetic
flow sensors that have been in operation over sopged period of time (~ 10
years) generally show an increase in bias wheraadom errors hardly change
(Pothof, 2010). For lack of test results, howetlee, magnitudes of these biases of
flow sensors in the influent pumping station ar&nown and cannot be corrected
for. The results of annualerifications of signal translation in the flow sensors
(from artificially induced voltage signal to resoly mA output signal, i.e. a partial
“dry calibration”) show no deterioration of sigrienslation.

Uncertainty inQopen

The values of)open are based of/h-relations as presented in appendix F as well
as on measurements of water levels in the inflebaimbers of Riool-Zuid and
Eindhoven Stad. Consequently, the uncertainty loutated values oQopey is a
combination of the uncertainty in the level meamanrts and the uncertainty in the
calibration function betwee@® andh. Clemens (2001) shows that for overflow
weirs typical uncertainty (95% confidence range) ffow values derived with a
well-established calibration function can add td®at5~or the weir in the wwtp
Eindhoven influent pumping station, however, no boration of level and flow
measurements over the weir are available (no pHirQ/h values). Therefore,
neither calibration function nor its associated artainty can be estimated and
‘standard’ Q/h-relations are used instead, seerajipd-. In an extensive testing
procedure Bos and Kruger - van der Griendt (20Gibwsthat these ‘standard’
equations result in only small deviations from #atualQ/h-relations for a number
of tested weirs. It is therefore assumed that ustagdardized)/h-equations for
the calculation ofQopey results in uncertainty bands that are larger ttzn
aforementioned typical values, but to a limitedeext The uncertainty of values for
Qopenis estimated at +10%.

Summation of data sets: combining uncertainties

As illustrated in Figure 4-12 values fQgs are obtained by summing the data sets
of sensors 3 through 6 ar@bren Assuming no interdependencies exist among
sensor data sets as well as between sensor datansi€opey, the application of
the law of propagation of uncertainty on equatio? #ields the following
uncertainty for the combined data set:

Oo. =05 +04
ES

QsensuB Q sensdr

+0’é ﬁ+aé +aé . (4.6)

sengor

Considering the equation it can be observed thatutiicertainty inQgs strongly
depends on the number of pumps in operation andheher not inter-chamber
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flow is present, see Table 4-5. For normal dry Wweasituations with only a single
pump running, the uncertainty iQgs is relatively small and equal to the
uncertainty of the associated flow sensor. Forwesther situations with multiple
pumps running simultaneously, the uncertaint@ga is multiplied by the number
of pumps in operation, but remains relatively sirallcaseQopen# 0 (Which is the
case for approximately 40 storm events during Shenbnths time-span, or roughly
1.5% of the total data set) the relatively largecartainty in Qopen becomes
dominant in equation 4.5, yielding an uncertaimyQgs values of the same order
of magnitude. Thus, with the onset of inter-chamib@w the uncertainty iQgs
values (and hence @r; values as well) shifts from ~0.5% to ~11%. Fochatent
area Nuenen/Son no such shift is present for laaker-chamber flow.

Table 4-5: Uncertainties associated with the areal inflowetiseries of catchment area
Eindhoven Stad and percentage of the data setHimhvthe uncertainty applies.

operation uncertainty share Qfs data set
1 pump ~0.2% 66%

2 pumps ~0.4% 22%

3 pumps ~0.6% 7%

4 pumps ~0.8% 3%

QOPEN > O ‘“‘10% 15%

4.5 Conclusions

In this chapter three time-series have been deriliat represent the inflow of
wastewater from catchment areas Riool-Zui@gkj, Eindhoven Stad(9 and
Nuenen/SonQyg into the wwtp Eindhoven. The data sets of nilmgvfsensors in
the discharge lines of the influent pumps at thepMindhoven form the basis for
the calculation. All subsequent data modificatiams at combining and altering
the data such that the resulting time-series repteareal inflow as accurately and
as realistically as possible.

The raw data sets are of relatively good qualityy@ small number of data errors
such as data gaps, “zero”-values and values outiseleensor ranges were found.
All flow sensor data sets have been corrected dorzero baselines (i.e. non-zero
values for non-operational pumps). With these abimas the total sum the data
sets have been reduced by between 0.8% and 5.2%.

The validated flow sensor data sets have been cautio calculate the three areal
inflow time-series. The contribution of pump 6 tither Qrz or Qgs has been
determined based on the interpretation of flow ddtae inter-chamber flow
between the influent chambers of Riool-Zuid anddBmven Stad has been derived
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and incorporated in the calculation Qk; and Qes After summation of the flow
sensor data sets, the areal inflow time-series hbeen considered for
discrepancies between pump behavior and ‘expectedal inflow patterns.
Discrepancies are due to high-frequent on/off dvinmg of individual pumps, large
variations in pump speeds during wet weather flawgd the prolonged non-
operation of pumps. Only for the last data anonalydata have been removed
from the data sets; for the first two anomaliesdbh&a cannot be used for analyses
considering time-spans shorter than the observenhaly.

The uncertainties in the areal inflow data setsehlagen considered. Influencing
parameters are the observed uncertainty of the flaww sensor data sets, the
number of operational pumps and possible inter-tfgnflow. In case inter-
chamber flow occurs, the uncertainty largely insesafrom ~0.5% to an estimated
~11%.

The resulting wastewater quantity time-series,dmiination with the wastewater
quality time-series derived in chapter 5, are usegollution load calculations in
chapter 6.
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5.1 Introduction

In the previous chapter wastewatgrantity data sets have been studied that have
been generated by flow sensors at the wwtp Eindhnfluent pumping station. In
this chapter wastewatquality data sets are studied that have been generatieel in
same influent pumping station. In chapter 6 bopesyof data sets are combined to
derive wastewater pollutant loads arriving at thvetpv

In analogy to the objective of chapter 4, the dibjecof this chapter is to derive
time-series that represent - as accurately as lgesand with an uncertainty
estimate - thejuality of wastewater that arrives at the wwtp Eindhovegimating
from the three contributing catchment areas. FerWDD monitoring campaign
various water quality sensors have been instalted aumber of locations (see
appendix A). In this chapter, the focus is on thyeelity parameters (TSS, COD
and CODf) all measured by one sensor type (UV/\i&trometer) at one location
(wwtp Eindhoven influent pumping station) in thredifferent inflows of
wastewater to the wwtp (Riool-Zuid, Eindhoven Staxi Nuenen/Son). Hence, a
total of nine wastewater quality time-series arasudered in the chapter. The
selected quality parameters are among the mosudrdly used parameters to
characterize the quality of wastewater. The paramESS (total suspended solids)
describes the particulate content of the watea) ©OD (chemical oxygen demand)
is a measure for oxygen consumption related tgptheence of organic matter in
the water and filtered or soluble COD (CODf) prdseihe same for wastewater
after filtration over a 0.44m filter.

Paragraph 5.2 presents the sensor type as wdieandnitoring set-up that have
been used for wastewater quality monitoring. Theu$ois on the monitoring
principle and the lay-out of the constructed byspiastallations. Local calibration
of the UV/VIS sensors is the topic of paragraph &isstly, section 5.3.1 presents
the selected method of calibration as well as esplection of wastewater matrices
used in the calibration procedure. Secondly, sest®3.2 and 5.3.3 focus on the
results of, respectively, dry and wet weather samgplcampaigns that have
generated references samples for the local cdlimrafThe actual calibration
procedure is described in section 5.3.4. Basedabbration results, an uncertainty
estimate for each parameter time-series can beulatdd. The method of
calculation is illustrated in section 5.3.5. Figalparagraph 5.4 focuses on the
quality assessment of the UV/VIS data sets. Erroseatata due to a variety of
error mechanisms have been detected and removedtidata sets.
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5.2 Sensors and monitoring set-up

This paragraph successively presents a descripfidhe UV/VIS spectrophoto-
meter and its monitoring principle (section 5.2thg by-pass installations in which
the UV/VIS sensors have been installed (sectior25§.2nd the characteristics of
the data sets generated by the spectrophotomsestsof 5.2.3).

5.2.1 UV/VIS sensors

The applied sensors for wastewater quality momitpriare in-situ UV/VIS
spectrometers (type spectro::lyser by manufactirean, Austria). The sensor, its
measuring principle, its method of calibration atsdpractical applications have
been extensively documented in Langergradieal. (2003, 2004), Hochedlinger
(2005) and Grubeet al. (2006). The following description is largely based
these sources.

The spectrometer is a probe measuring 44 mm ineat@mand roughly 0.6 m in
length. It is submersible and can hence be installeectly in the wastewater. In
the mid-section of the sensor, an opening (‘env&operpendicular to the
longitudinal axis of the probe is provided whereasw@wements take place, see
Figure 5-1. On one side of the envelope a 2-beaf i2%el xenon flash lamp
serves as the light source for the optical measemésn On the other side of the
opening detectors are installed to measure thdeéntilight. The measuring beam
is transmitted through the opening, hence pasdiegtargeted wastewater; the
other beam is a reference beam and remains witlirsénsor. As a result of this
configuration, the difference in incident light fnoboth beams is only due to the
passage through the wastewater accounting for qggfirthe light source. The
width of the opening (‘optical path length’) of theed sensors is 2 mm. The lenses
on both sides of the opening are cleaned by mefaas automated pressurized air
system. Every 2 minutes for the duration of 15 mdsg air is blown through
nozzles into the envelope and along the lenses viagngollutants that have
attached to the lenses or larger particles thastaek in the opening.

The xenon light source emits light in the ultragto{UV) and visible (VIS) range
with wavelengths ranging from 200 nm up to 750 fach light signal that is
emitted into the wastewater suffers from gradutdnaiation that is the result of
absorption and scattering of light by constitueints the wastewater. The
absorbance is wavelength dependent and is recoxdiet sensor with a resolution
of 2.5 nm. The measurement principle of the UV/\4&nsor is based on the
correlation between on one hand the absorbandghafdt certain wavelengths and
on the other hand pollutant concentrations in tlastewater. These relations are
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extensively documented in Perkampus (1992). In tiésis only the parameters
TSS, COD and CODf are considered.

optical path
measuring Iqeam length = 2 mm
\ '
lamp electronics with -i- -‘ 256 pix array detector with

Xenon flash lamp \7/ microprocessor electronits
/ X

3 \
reference beam cIeanirIg nozzles beam alternator

Figure 5-1: Cross-section of UV/VIS spectrometer with prineipbf operation (after
Langergrabeet al, 2003)
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Figure 5-2: Typical absorbance spectrum of wastewater (exafnmhe the Eindhoven area)
with wavelength ranges associated with ,N@00-250 nm in the UV range), organic
compounds (such as the aggregate parameters COBD@bét 250-380 nm) and turbidity

(380-750 nm, predominantly in the visible light geh (after Riegeet al, 2004)

Figure 5-2 shows an example of a measured absalspectrum of wastewater
from the Eindhoven area. Absorbencies in the ra2@@ - 250 nm in the UV
spectrum can be used for the determination oftaitand nitrate (NQ, the
concentration values of organic substances (sutiheaaggregate parameters COD
and CODf) are associated with results in the 2880-nm range and results in the
visible range (~ 400 - 750 nm) are used for thévd@on of TSS values. Pollutant
parameter concentrations are calculated usinglibergtion values at a number of
wavelengths, using a weighing factor per waveleagit an overall off-set factor:
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ceqzigl(wiA,i)+ K (5.1)
with  Ceq = equivalent pollutant concentration [mg/L];
n = number of wavelengths used [-];
A = absorbance at wavelengtim™];
W, = weighing factor [rrmg/L];
K = off-set factor [mg/L].

The suffix -eq indicates that the calculated cotregion value is an equivalent
value based on optical measurements and not th# oésa ‘standard’ laboratory
analysis. A calibration set describes which wawglles to include in the
calculation as well as the values of weighing affiéet factors.

The relation between wastewater pollutants andrabsee spectra is wastewater
and condition specific. Upon purchase, all sensars provided with a
manufacturer calibration set (‘global calibratiorg) set of calibration parameters
that relate absorbencies to pollutant parameters &o ‘typical’ municipal
wastewater composition. For applications that meqguiigh precision (such as
treatment plant control), the global calibratiorteaf delivers sufficient results
(Langergraberet al, 2003). The matrix or composition of wastewaten ¢and
often does) deviate from this ‘mean’ set of valaed can change depending on,
among others, the relative mix of domestic and $tdll wastes and the social-
economic profile of the community. For instances tiipe of food consumed and
the availability and composition of drinking watee among the factors that affect
the composition (and hence the matrix) of domestistewater (Ponst al, 2004).
To account for the deviating matrix (with respexrthe global matrix) and to thus
enhance the accuracy of results, a calibratiorotallwastewater circumstances
(‘local calibration”) is required. The local caldifon of the UV/VIS sensors in the
influent pumping station of the wwtp Eindhoven ésdribed in paragraph 5.3.

5.2.2 Monitoring set-up

In the search for appropriate monitoring locatiang well-functioning monitoring
station designs, a number of different set-ups hbgen tried. In fact, the
monitoring set-up that is presented in this sectiod that has been used during
collection of the data sets studied in this chapsethe third applied design. Two
earlier designs have been rejected for a varietgafons. Appendix G presents the
design process, the rejected designs and the iémomjection.

70



Chapter 5. Water quality monitoring

Each UV/VIS sensor has been installed in its owrpays installation. Each by-
pass is fed by a pump that is positioned in the ppwmction chambers of the
influent pumping station, see Figure 5-3. Figur¢ provides a longitudinal profile
of the pumping station showing the location of biyepass pumps. The pumps are
suspended from the ceiling of the chamber by medrsteel chains. The suction
mouths of the pumps are located at a height of cequpiately 0.6 m from the
chamber floor, which is - for normal DWF situatioasd for the parameter TSS -
in accordance with 1ISO (1992a) that recommendsrgléag height of one third of
the water level to obtain a value representativihefsolids present within the flow.
As the pump can rotate freely around its pointugp&nsion, the elevation height
slightly changes with an increased drag forcedogdr flows. Researching possible
concentration gradients over a cross-sectional, &saarte (2008) concludes that
using a one-point sampler (such as the used puwigisls good results that are
representative of the mean concentration over thesesection. Flexible supply
pipes @ 6¢cm) transport the wastewater to the by-pass latitais.

inlets of by-passes

for quality monitoring flow sensors
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Figure 5-3: Schematic lay-out of the influent pumping statminthe wwtp Eindhoven.
Pumps installed in the three pump suction chamfieexs the by-pass installations.
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A |k by-pass installation
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Q target water level
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Figure 5-4: Longitudinal profile of the influent pumping stati (not on scale) showing the
location of the by-pass pumps and installation imgldhe UV/VIS sensors.

Each by-pass installation consists of two measunewvessels in series, see Figure
5-5. Each vessel is fed with wastewater near th#oimoof the vessel and the
outflows are designed as overflow constructions tie@ top of the vessel. This
way, short-circuit flows that would leave the searigostagnant water are prevented.
The vessels have a diameter of 0.75 m with a waikrmn of ~0.50 m between
inflow and outflow level. Holding a total of applimxately 0.35 M, the retention
time of each vessel is one minute. In the firsseéthe UV/VIS sensor is installed
half way between the inflow and outflow levels. Teecond vessel allows for
additional sensors. For instance, in the seconseled the by-pass installation for
inflow Eindhoven Stad an ammonium sensor is instlalbee Figure 5-5.

The presented set-up has an important drawbackneet gathers on the bottom
of the vessels. The flow velocity in the vesselsois low to transport all coarse
particles in the wastewater to the outflow levegulting in the gradual build-up of
a sediment layer on the bottom of the vessel, gped-5-6. This is unwanted since
velocity variations in the supply pipes might caussuspension of particles,
leading to higher levels of suspended solids inntleasurement vessel than in the
targeted wastewater. Such velocity variations cdaddthe result of water level
variations in the pump suction chambers with weatwer conditions. To reduce
peaks in particulate matter due to this phenomevessgels have been cleaned once
per week, each time removing all sediment fromuwbgsels. Despite this stringent
cleaning strategy, sediment layers have frequdi@gn observed. Hence, it cannot
be ruled out that resuspension of sediment in &ssels has influenced some of the
measurements. To annul this error source from éutmeasurements, a fourth
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monitoring set-up has been implemented in 2010 gdweafter the collection of
data sets presented in this chapter) replacing/élssels with rectangular flumes
and providing means to prevent sedimentation dighes in the flumes. Details of
all designs can be found in appendix G.

nflow

"y ' [ outflow___ s
UV/VIS Sensor ‘

Flgure 5-5: (left plcture) by-pass mstallatlon for inflow Eihoven Stad with two
measurement vessels; (right picture) inside tis fiessel the UV/VIS sensor is installed

FigureS:6: 'Formation of sediment layers on the bottomofrﬂwsurement vessel

Monitoring wastewater in a pump-fed by-pass inatedh comes at the risk of
altering the wastewater composition due to the qggs®f the wastewater through
the pump. Hochedlingeat al. (2005) have observed “no loss of solids” when gisin
a peristaltic pump to feed a sampler installatioypothesizing that large particles
may be underrepresented in the samples due tgex lisertia). The pumps used in
the wwtp Eindhoven pumping station, however, araghaf shredding type. The
shredder aims at grinding materials that could lblte suction mouth, hence
possibly influencing the composition of the watgince no comparative sampling
has been performed (simultaneous sampling direftyn the wwtp influent
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chambers and from the measurement vessels) aogiti of the shredding pump
on the wastewater composition is unknown. The weater in the measurement
vessels is assumed to be identical to the targesstiewater in the wwtp influent
chambers.

5.2.3 Data sets

UV/VIS sensors produce two types of data filesgEmprint (.fp) files contain the
measured light absorbance fhrper time step and per wavelength. Emitting 221
different wavelengths, fingerprint files contairetsame number of values per time-
step. Parameter files (.par) contain the user-salegollutant parameter concen-
tration values [mg/L], in this thesis TSCOD,q and CODf, These are derived
from the fingerprint files using the calibrationt.s@®arameter files contain one
concentration value per parameter per time-step.

The three UV/VIS sensors at the wwtp Eindhovenumrit pumping station have
yielded data for the full 19-month time-span coeséd in this thesis (April*]
2007 - November3] 2008). The data files consist of equidistant,i@ute interval
data. A 2-minute monitoring interval was selectedaliow the sensor sufficient
time for the automated cleaning procedure. Withrairdlute monitoring interval it
could not be ruled out that remnants of the aiaitlieg are still present in the
measuring envelope (in the form of air bubbles gettstuck near the lenses).

Each parameter file contains 417,600 entries p#utpat parameter, making a
total of 1.25 million data points per UV/VIS sendor the 19-month time-span.
With 3 three installed sensors this adds to a tiftakarly 3.8 million water quality
data points.

Data sets have been transferred to a central @atersby means of the data
communication and storage system as describederedmliparagraph 3.2. This
means that all data sets are synchronous to UTE aimal can be compared using
the same time axis.

5.3 Local calibration of UV/VIS sensors

This paragraph successively presents the selecioa method for the local
calibration of the UV/VIS photospectrometers as Iwas$ calibration matrix
considerations (section 5.3.1), the results ofyandrather flow sampling campaign
(section 5.3.2.), the results of a wet weather flemmpling campaign (section
5.3.3), the applied procedure for the actual leedibration (section 5.3.4) and the
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calculation of an uncertainty estimate for eachapeater time-series based on
calibration results (section 5.3.5).

5.3.1 Selection of method and matrices for locéibecation

Prior to calibration of UV/VIS sensors two choicesed to be made. First, the
method of calibration must be selected. Secongyelihinary) decision must be
made for which wastewater matrices separate ctbbraets are to be derived.
Hereafter both aspects are discussed.

Method of calibration

The UV/VIS sensors calculate pollutant parametenceatrations using the
absorption values at a number of wavelengths, apply weighing factor per used
wavelength and an overall off-set factor:

n

Ceq:igl(vviA”)*- K (5.2)
with  Ceq = equivalent pollutant concentration [mg/L];
n = number of wavelengths used [-];
A = absorbance at wavelengtim™];
W, = weighing factor [rmg/L];
K = off-set factor [mg/L].

The manufacturer global calibration set describbkvwavelengths to include in
the calculation as well as the values of weighing aff-set factors.

The objective of a local calibration is to minimitee error between on one hand
sensor values of the targeted wastewater (as dedelzased on the global

calibration set) and on the other hand the residllsboratory analysis of reference
samples of the same wastewater. In essence, thisnization problem can be

solved using two distinct approaches:

(1) use the raw absorbance values to derive an impreeeaf calibration
parameters (with respect to the global calibraset) specifying which
(possibly different set of) wavelengths to includehe calculation as well
as the values of (possibly different) weighing affdset factors;

(2) use the equivalent pollutant concentration valuesalculated with the
global calibration set and construct a polynomiaiction between these
and the laboratory measurement results.
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Langergrabeet al. (2003) describe a procedure for the first typerapgh. Their
method consists of an initial plausibility checkspfectra after which the approved
spectra are corrected for turbidity. This correti® done by curve fitting based on
the relation between scattering intensity on onedhend wavelength and particle
diameter on the other hand as described by HulibFeost (1998). Subsequently,
outliers in the laboratory reference values areatetl and removed. The actual
improved local calibration set is obtained using’laS (Partial Least Squares)
technique. A local calibration using this first &/ppproach yields better results (in
terms of residuals between sensor and laboratoiyeshthan the second type
approach or than using an unaltered global caldwaset (Hochedlinger, 2005;
Torres and Bertrand-Krajewski, 2008). However, dipplication of the first type
approach is hampered by the lack of detailed in&tion on the calibration process
provided in the manufacturer's documentation. A®sult, the global calibration
results cannot be easily reproduced and improvepfethe calibration set requires
the (resources-intensive) development of a propbbration procedure. Such an
alternative method (also using PLS regression) rassgnted by Torres and
Bertrand-Krajewski (2008).

The second calibration approach has been usedisnthisis. The approach
constitutes the straightforward construction of edation between equivalent
pollutant concentrations (as yielded by the UV/\d&nhsors based on the global
calibration set) and the laboratory reference \alietails of the method as well
as the application on the results of the three US8/gensors can be found in
section 5.3.4.

Matrix considerations

The manufacturer global calibration set comprisetaof calibration parameters
that relate absorbencies to pollutant parameters &o ‘typical’ municipal
wastewater composition or matrix. The matrices afstewater from catchment
areas Riool-Zuid, Eindhoven Stad and Nuenen/Soweher, deviate from this
‘default’ type of wastewater. Local calibration @it adjusting sensor values such
that they better represent the areal wastewatetiaest These areal matrices are
not static entities but change with different cir@tances in the wastewater system.
The circumstances during which grab samples haga bellected that are used to
generate reference values in the local calibrapi@tedure, determine for which
wastewater matrix the calibration set is valid.

For typical municipal wastewater, a matrix changeoften observed with the
transition from dry weather flow to wet weathendloExamples in literature show
different local calibration sets for DWF conditiomsmd for WWF conditions
(Hochedlinger, 2005; Grubeat al, 2006; Torres and Bertrand-Krajewski, 2008).
Even within a set of observations that are all eissed with DWF conditions,
matrix differences can be present. For instancé&rt al. (2006) and Maribast
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al. (2008) report a matrix change between dry weatlgrflow and dry weather
night flow that is attributed to the change of the iiglatontribution of infiltration
water to total wastewater flow. Also for wet weatlflew conditions there is no
single matrix that can be associated with all stewents. Stumwo6hreat al (2003)
show that WWF calibration sets based on informafiom one particular storm
event lead to erroneous results for a differentstevent. This is attributed to the -
sometimes large - variation of composition of thastewater/stormwater mix
depending on parameters such as length of theeatgat dry weather period and
the maximum storm intensity. The introduction ofluistrial discharges in the
wastewater can also influence the wastewater maigmificantly. Maribaset al.
(2008) show that rapid composition changes dubeartsertion of (highly polluted)
reject waters at a wwtp cause difficulties in eksaing a consistent calibration set.

For practical applications, the extent to which nmatariations can be taken into
account during the local calibration process isemftdetermined by budget
constraints. With each additional local calibratset the UV/VIS sensor will be

able to more accurately represent pollutant comagans for a wider variety of

circumstances (i.e. for more distinct wastewatetrices). For each additional set,
however, reference samples must be gathered faetlspecific circumstances
requiring a costly collection of representative lgreamples and ditto proper
laboratory analysis. As a result, with an incregsiamber of wastewater matrices
to be studied, the effort and costs of calibratitso increase.

For this thesis, it was assumed that the most itapbmatrix change occurs in the
transition from dry to wet weather conditions. Téfere, it was decided to perform
sampling campaigns for both situations. The detaild results of the sampling
campaigns can be found in the next two sectiong fHsults of the sampling
campaigns suggest that other matrix changes ataa ac the three inflows to the
wwtp Eindhoven. The decision for which matricesasape local calibration sets
are derived is discussed in section 5.3.4.

5.3.2 Dry weather sampling campaign

The main objective of the sampling campaign is lbbam laboratory reference
values that correctly represent the considered DvEEix, for all three parameters
(TSS, COD and CODf) and for all three wastewatewd (RZ, ES and NS). Any
samples not correctly representing the targetedewader are to be removed from
the data set with laboratory reference values éwgat an erroneous calibration set.
The results of samples associated with clear itidica of erroneous laboratory
analysis (e.g. observed non-compliance with proeduring the laboratory work)
have been immediately removed from the data sefisrdog@resentation in this
section. All other results are presented, but amthér assessed for quality.
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Consequently, additional samples have been excludech the calibration
procedure for suspicion of misrepresentation oftdéingeted wastewater.

In analogy to examples found in literature (Hocheg#r, 2005; Grubeket al,
2006), it was decided to perform a dry weather $agprampaign taking one
wastewater sample per wwtp inflow and per hour aveime-span of 24 hours.
This way, the typical range of pollutant concemtred for a normal dry weather
day is likely to be represented in the local calilen reference set. The DWF
campaign took place the i@nd 11" of June, 2008 from noon till noon. The last
recorded rainfall in the Eindhoven area was on &h&008 (~ 3 mm), allowing
for 4 days without precipitation prior to samplirgence, conditions for normal
dry weather situations as described in sectioriave been fulfilled.

Figure 5-7: (left picture) taking a grab sample from a measwat vessel holding a
UV/VIS sensor; (right picture) samples from infloiRiool-Zuid, Eindhoven Stad and
Nuenen/Son at the magnetic stirrer ready for laboyaanalysis (at the far end, samples
from a fourth location ‘tussengemaal’, results dfieh are not presented in this thesis)

To sample the same wastewater as observed by tiserse grab samples were
taken directly from the vessels containing the UN¥\kensors in the by-pass
installation, see Figure 5-7. Samples were immelbjidtansported to the dedicated
laboratory next to the wwtp influent pumping stati?Jpon arrival, samples were
directly analyzed for the parameters TSS, COD a@dfC Since the laboratory
was in operation for the full time-spans of botle thWF and WWF sampling
campaigns, all samples have been directly procefsesimum delay between
sample collection and start of the analysis10 minutes) and no sample
preservation has been needed. Samples have belumeahfor total suspended
solids (TS$y) using filtration over 0.4am glass-fiber disk filters in a vacuum set-
up and subsequent filter drying at 103°C-105°C ¢pdure 2540D in Standard
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Methods, 1998). Analyses for CQP have used the colorimetric method
(procedure 5220D, using the Merck Nova60 photospettter with cell test
14541). For CODY{, analyses, samples have first been filtered usig0n filters,
after which the same cell test as for GBas been applied on the filtrate.
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Figure 5-8: Results of DWF sampling campaign: CQRas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratiee)sus COIRQ, (1 grab sample per hour)
for wastewater from catchment area Eindhoven Sihd.results of grab samples taken at
19h30 (non-existent), 20h30 (unrepresentative sayng@hd 05h30 (wrong lab analysis)
have been excluded from use in the local calibnatio
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Figure 5-9: Absolute (COR, - CODyy, left axis) and relative (with respect to CQPright
axis) differences between COD results as presentejure 5-8.

79



Chapter 5. Water quality monitoring

All results of the dry weather sampling campaiga presented in appendix H.
Hereafter, some exemplary results of the dry weathepaign are presented and
discussed.

The results for parameter COD for wastewater froftow Eindhoven Stad are
presented in Figure 5-8 and Figure 5-9. ExceptiHfersamples taken at 20h30 and
05h30 the laboratory analyses remain within a &ohitange around the UV/VIS
sensor results: absolute differences remain witi® mg/L, relative differences
within +10%. The small 05h30 CQJp value is likely due to an erroneous
laboratory analysis (however unnoticed during tladofatory work) and is
therefore not used as reference value in the loa@ration. Also, the laboratory
result of the 20h30 sample is inconsistent comptretirectly neighboring results.
The same inconsistency for the Tg&sult of the same sample (see figure H-7 in
appendix H) suggests that - due to an unknown cauke grab sample itself
misrepresents the wastewater as observed by thélB\éensor. Also this result is
excluded from the local calibration process. Finadit 19h30 no grab sample was
taken from inflow Eindhoven Stad due to problemghwhe by-pass installation.
The other 21 sampling results are considered fiteaised as reference values in
the local calibration for the DWF matrix of infloindhoven Stad.

For catchment area Riool-Zuid a daily recurringgéarpeak in pollutant
concentrations can be observed around noon la&iingpproximately one hour;
see Figure 5-10 for the example of TSS values.plak is due to the arrival of an
amount of highly polluted reject water from thedgia processing installation of
the wwtp (for details, see section 6.2.3). The JS&lue of the 11h32 sample
collected during the peak has a relatively largeohlie difference of 90 mg/L with
the sensor value, but the relative difference ithensame order as for several other
samples collected during the 24-hour time-span ghotvn here, see figure H-2 in
appendix H). Possibly, considering Maribetsal. (2008), a matrix change occurs
with the arrival of the reject water, which woukhuire a different local calibration
set for the duration of the peak. However, sindg one sample has been collected
during the peak, insufficient data is availabldutly appreciate the necessity of a
separate calibration set as well as to derive aupleak’ DWF calibration set. The
result of the 11h32 sample has therefore been dediuin the ‘mean’ DWF
calibration set.

For catchment area Nuenen/Son a possible matexcte¢tin be observed between
day and night conditions, see Figure 5-11. For daghment area low flows
(associated with the night minimum) arrive at theatment plant between 05h00
and 09h00. During this time-span, absolute diffeesnbetween TSSand TSH,
values become increasingly large, perhaps owing teastewater matrix change
due to the (known) relatively large contribution influstrial discharges in night
flow from this catchment area. Again, since only feamples have been collected
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during the time-span, insufficient data is avaiatu fully appreciate the necessity

of a separate calibration set. As a result, allitesave been included in a ‘mean’

DWEF calibration set.
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June 18/11™, 2008
Figure 5-11: Results of DWF sampling campaign: Tg®%ersus TSg, for wastewater from
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catchment area Nuenen/Son.
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During the dry weather sampling campaign, the wrtihgr membrane material
has been used for the filtering procedure priothin CODf,, analysis. Instead of
using filters with polyethersulfone membranes, lelie acetate membranes have
been used resulting in a significant increase obEvalues. Since the magnitude
of the increase depends on the (unknown and vargiogtact time between filter
and filtrate, no correction is possible. As a resnobne of the CORY, values
determined during the DWF sampling campaign canubed for the local
calibration of the UV/VIS sensors. To neverthelbssable to compare CORf
with CODf,, values under dry weather conditions, it was detidestart the WWF
sampling campaign a few hours earlier than necgs$sanbtain a (limited) number
of results for dry weather flow conditions.

5.3.3 Wet weather sampling campaign

A wet weather sampling campaign was performed opteBeber 19, 2008. A
storm event (~16 mm) has been recorded on thabdayeen 11h00 and 19h00,
leading to large increases @kz Qes andQng see Figure 5-12 for the example of
Qrz Around 12h00 flow values start deviating from m&WNF values, the pattern
of which can be observed in the preceding dry weratlays. After the large storm
event, the recovery to dry weather flow is inteteabby a subsequent smaller
storm event (~2 mm) on Septembef”1&fter which flow values return to typical
dry weather values in the early hours of Septerhid&r

-
o
Riool-Zuid areal precipitation [mm/h]

‘ : 2
13/09 14/09 15/09

1
18/09 11/09 12/09
September 18-15", 2008
Figure 5-12: Overview of wwtp inflow from catchment area Ridhlid during the

September 12 and 13, 2008 storm events. On Septembel” Hiter 12h00Qg; starts
deviating from mean DWF flow.
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Figure 5-13: Overview of behavior oQr; and UV/VIS parameters during the storm events

on September 2and 1%, 2008. Samples for the WWF campaign have beemtdikgng
the first 12 hours of the storm event.

The behavior of pollution parameter concentratidsng the storm events can be
found in Figure 5-13 for the same example of Ridoild. A typical initial peak in
TS§, and COR, concentrations can be observed between 13h00 %im@D1(the
earlier peak around 12h00 is the daily recurring BY£ak for catchment area
Riool-Zuid) after which all three parameters dilittg a factor 2 to 3. Minimum
concentration values are reached early on Septet#JeSubsequently, pollutant
concentrations slowly recover towards DWF values.

For the WWF sampling campaign, per inflow a total4 grab samples have been
collected between 10h00 and 23h00 (one sampleqaj.MPAssuming dry weather
conditions until the moment flow starts deviatingrh mean DWF values (as
presented in Figure 5-12), the samples taken ar@Qh@0 and 11h00 are assumed
to be associated with DWF. The 12h00 sample has lbelected during the
transition from DWF to WWF and is therefore asstadawith neither flow
condition. All samples taken from 13h00 onwards assumed to be associated
with wet weather flow conditions. As a result, aximaum of 11 reference samples
are available for local calibration during WWF cdramhs.

All results of the wet weather flow sampling cangracan be found in appendix J.
Hereafter, some exemplary results of the WWF samgptampaign are presented
and discussed.
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Results for parameter TSS for wastewater from wmfleindhoven Stad are
presented in Figure 5-14. Between 12h00 and 15h00iteal peak in TS§, values
can be observed, directly following the flow incsearound 11h30 (see figure J-10
in appendix J). After 15h00, TgSsalues are diluted to approximately 100 mg/L.
Comparing TS to TSy, values it can be seen that during the initial ptak
sensorundeestimates TSS values. Then, when the wastewatgs gituting, the
sensor tends toverestimate values. This pattern is typical sensoaehn under
WWEF conditions for all three inflows and for botls$ and COD values: a (large)
underestimation of values for the few samples ctdlgé during the initial
concentration peak and a subsequent transitiorrétatively good fit (Riool-Zuid
and Nuenen/Son) or even overestimation of valugsd{bven Stad) further into
the storm event when pollutant concentrations@ne |

Possibly, in analogy to DWF conditions, a matriaege occurs in the transition
between peak values and the lower, diluted wastewatiues. If so, two distinct

WWEF local calibration sets would be required eaoliecing their respective in-

sewer conditions. However, since only a limited bemof samples have been
collected during peak conditions, insufficient data available to derive such a
separate calibration set. Moreover, basing ‘peakbration sets on a small number
of laboratory results comes at the risk of inclgdumdetected outliers and other
non-representative samples in the set. Therefordjgtinction is made and all TSS
and COD laboratory results associated with WWFiactuded in the data sets
used for the local calibration procedure.

70C I \ \ \ : T
; ; ; ; TSSeq (global calibration
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September 12, 2008
Figure 5-14: Results of WWF sampling campaign: T.$8ersus TSg, for wastewater
from catchment area Eindhoven Stad.

84



Chapter 5. Water quality monitoring

Noteworthy is the difference between the dilutiorogess of on one hand
catchment areas Eindhoven Stad and Nuenen/Sonnaiie @ther hand catchment
area Riool-Zuid (compare e.g. figures J-10 and JAl&ppendix J). It can be
observed that for Eindhoven Stad and Nuenen/Solotiest diluted concentration
values lay well within the sampling time-span. Ither words: for these two
catchment areas collected grab samples cover iti@ jpeak phase of the storm
event, the dilution phase and a part of the regophase. Considering Figure 5-13
it can be seen that for catchment Riool-Zuid tivedlst diluted concentration values
are reached onlafter the last sample (around 23h00) has been colledthd.
prolonged dilution process for this catchment cenubderstood considering the
long transportation times in the transport sewayoRZuid. Well into the storm
event plug flows holding e.g. the DWF content @& alst pressure main arrive at
the wwtp and interrupt the dilution process. As esult, for this particular
catchment area the set of collected grab samplgelyacovers the combined
peak/dilution phase of the storm event, but capnotide data on the subsequent
recovery phase. For the latter phase the WWF eidir set is assumed to be valid,
but additional sampling should confirm this assuompt

35C

CODfeq (global calibration

300 -

|

T
|
|
|
|
|
: |
[ |
250 -~ oo
|
|
|
1
|
|
|
|

CODflab; CODfeq (gc) [ma/L]
N
o
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Figure 5-15: Results of WWF sampling campaign: CQPfersus COD;, for wastewater
from catchment area Riool-Zuid.

For CODf values a clear matrix change can be obsetliat coincides with the
dilution of wastewater, see Figure 5-15 for thenegle of inflow Riool-Zuid. The
UV/VIS sensor underestimates CQPpfvalues prior to dilution whereas most
sensor results after the main dilution process eetwl14h00 and 15h00 are equal
to or higher than COLRYf values. This phenomenon can also be observed for
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catchment area Nuenen/Son. For WWF local calibmatib CODf values only
laboratory results of samples collected after thanndilution process (i.e. after
15h00 in Figure 5-15) have been included. Resultsamples collected prior to
dilution have been used to calibrate the UV/VISsses for CODf under dry
weather flow conditions for lack of good resultstaibed during the DWF
campaign.

5.3.4 Local calibration

The UV/VIS sensors in the influent pumping statafrthe wwtp Eindhoven have
been calibrated constructing a polynomial functimiween on one hand sensor
results (based on the global calibration set) anthe other hand laboratory results
of grab samples. The approach is similar to thehowktfor local calibration
provided in the sensor software (van den Broek@9RO0Also, various authors
report the use of this approach for the local catibn of their UV/VIS sensors
(Gruberet al, 2006; Mariba®t al, 2008).

The approach leaves the relation between meashsedmion values and pollutant
parameters unaltered. In other words, no diffesattof wavelengths, weighing
factors and off-set factors are applied. Insteadtally calibrated equivalent
pollutant concentrationscj are obtained by means of a linear regression mode
that adjusts the globally calibrated valueg (ising a multiplication factom{) and

an off-set factorlt,):

q="f(g)=hg+h (5.3)

The values fob; andb, are calculated using linear least squares fittimgjmizing

the root mean squared err&i*MSE between regression model and target values
(i.e. the laboratory analysis resuftg,). Minimizing the RMSEis equivalent to
solving an overdetermined systemnagimultaneous linear first order equations for
two unknown coefficients (Otto, 1999):

vl [%

1
Pl b 54
Yol [% 1

or:
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y=Xb (5.5)
with vy =n-by-1 vector of laboratory reference (target) val@) [mg/L];
X =n-by-mdesign matrix of the modetg) [mg/L];

b = mby-1 vector with unknown coefficients andb, [-];
n = number of available samples [-];

An example of the derived linear regression modwml ihflow Riool-Zuid,
parameter COD, DWF matrix is given in Figure 5-Ihe 95% confidence interval
valuesy, of the model fit is indicated in the figure andceculated for a valug,
as (Otto, 1999):

Yo = Xobi\/F (a;1,n-p) sﬁ( (X X" g) (5.6)

with X = n-by-m design matrix of the model;
F = F-statistic at probability with 1 and §-p) degrees of freedom;
&R = mean sum of squares of the residuals.
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Figure 5-16: For inflow Riool-Zuid, DWF matrix: COR, (global calibration) vs. COR
with linear regression model and confidence bounds.
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Application of model parametets; and b, on raw sensor data yields locally
calibrated pollutant concentration values, see r€idi+17. The locally calibrated
values show a closer agreement with the laboratefgrence values than the
original raw sensor data based on the global adldm set. The improved
performance can be expressed using the root meswextjerror between lab and
sensor values as a performance indicator:

18 2
RMSE= \/_Z(Clab - gensor) (5.7)
i=1
with G = reference value determined in laboratory analysp/L];
Csensor = Sensor value, either globally or locally caltedh[mg/L];
n = number of available samples [-].

For the example presented in Figure 5-17RMSE = 84 mg/L for the raw sensor
values decreases RMSE = 35 mg/L for the locally calibrated sensor valu&
results of the local calibration of UV/VIS senseen be found in appendix K; the
associatedRMSEvalues can be found in Table 5-1. As can be olskirvthe table,
all local calibrations lead to improvement of pem@ance of the UV/VIS sensors.

100c ‘ ‘ ‘ —— ‘ ‘ ‘ ‘ ‘ .
! . COD_ (global calibration)) ! ! ! ! 3

950 - . B B e R R
| . COD_ (local calibration)| | | | | .

900G I eq | | | | | .
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June 18/11™, 2008

Figure 5-17: Results of local calibration for DWF matrix of oW Riool-Zuid: COR,

(global calibration, 2-minute interval) transpostd COD, (local calibration, 2-minute

interval) and compared to CQP(1 sample per hour).
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Table 5-1: Per wastewater matrix the agreement between aitated number of
laboratory results and sensor values on global@al calibration sets.

# of RMSE RMSE
samples global calibration local calibration
inflow  param. matrix [] [mg/L] [mg/L]
RZ TSS DWF 23 28 18
RZ TSS WWF 10 117 42
RZ COD DWF 23 84 35
RZ COD WWF 10 109 31
RZ CODf DWF 4 48 6
RZ CODf  WWF 9 22 8
ES TSS DWF 22 46 14
ES TSS WWF 10 65 23
ES COD DWF 21 34 26
ES COD WWF 9 40 17
ES CODf DWF 3 14 5
ES CODf  WWF 10 11 10
NS TSS DWF 24 49 31
NS TSS WWF 9 73 34
NS COD DWF 24 97 34
NS COD WWF 9 80 24
NS CODf DWF 4 34 6
NS CODf WWF 9 5 3
28C -
260~ 7 .
240+ el / -
E: 220 7 8
g 200~ 8
O]
180- 8
o CODf,,vs. CODf,
160- —linear regression model i
5 95% confidence interval for model it
140 160 180 200 220 240 260 280

CODfeq (global calibration) [mg/L]

Figure 5-18: For inflow Nuenen/Son, DWF matrix: COLf(global calibration) vs.
CODfi,, with linear regression model and confidence bounds
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Figure 5-18 presents the linear regression modehfltow Nuenen/Son, parameter
CODf, DWF matrix. The model is based on four aud#dareference grab samples
only. As a result, the uncertainties in the regogsmodel parameters are relatively
large compared to the other DWF models that aredoas more than 20 reference
samples. These large uncertainties show up initheef as relatively wide 95%
confidence bands. Basing calibration sets on sumchllsnumbers of laboratory
results comes at the (unquantifiable) risk of idatg undetected outliers and other
non-representative samples in the set. Moreover,sdmples collected for this
matrix only cover a small bandwidth, introducingga uncertainties with the
calibration of values outside the bandwidth. Thenesgroblem is associated with
the models for inflows Riool-Zuid and Eindhoven &tdor the same
parameter/matrix combinations. For these three icestradditional sampling is
required to better fund the local calibration sets.
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Figure 5-19: Results of calibration for WWF matrix of inflow idhoven Stad: TS$
(global calibration, 2-minute interval) convertentd TS, (local calibration, 2-minute
interval) and compared to TgJ1 sample per hour).

Figure 5-19 presents the results of calibratiomfiébw Eindhoven Stad, parameter
TSS, WWF matrix. As earlier described in sectioBbit was decided to start the
WWEF sampling campaign a few hours earlier than sssy to obtain results for
dry weather flow conditions for parameter CODf. Tdedlected grab samples have
also been analyzed for the parameter TSS resutimaglditional DWF laboratory
reference values for this parameters. Since thedsey have not been used to
derive the DWF calibrations sets, these valuesbeansed towalidate the derived
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DWF models. Considering the DWF data presentedigurgé 5-19 it can be
concluded that the laboratory results agree befitbrthe raw sensor data than with
the locally calibrated values. In other words, #ggplication of the regression
model has led to deteriorationof the agreement between sensor and lab values.
Apparently, the set of reference samples colleatadng the DWF sampling
campaign (in June) on which the DWF model has esed does not (fully) cover
the matrix conditions experienced during the drather period prior to the storm
event (in September) in Figure 5-19. Possibly,aseeal matrix change introduces
this error. Additional sampling is required to lkeettund these local calibration sets.
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Figure 5-20: Results of calibration for WWF matrix of inflow Nmen/Son: TS& (global
calibration, 2-minute interval) converted into Tg8ocal calibration, 2-minute interval)
and compared to T§(1 sample per hour). Before 13h00, the DWF loedibcation set
has been applied. The sample collected at 13h58bkas removed from the WWF
laboratory data set prior to calibration.

The results of local calibration for area Nuenen/S&dso WWF matrix, parameter
TSS) can be observed in Figure 5-20. Samples t¢etldcom 13h00 onwards are
considered to be associated with WWF. Between 13in@016h00 a peak in TS
values can be observed with a maximum around 29890 which is roughly 20
times larger than normal DWF concentrations. Thapda collected during the
concentration peak at 13h58 shows a large abselute of approximately 600
mg/L corresponding to a relative error of ~20%, ldtter being comparable with
other samples from this set. Due to its absolutgnitade, however (and due to the
model fitting procedure that minimizes absoluteoes), this single peak value
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largely deteriorates the fit of all other WWF vadud& he overall fit of all but the
peak value is (much) better when excluding the peakple from the calibration
set. Therefore, the peak sample has been remowedtire reference data set prior
to calibration. The same applies for the laborattata sets of parameters COD and
CODf for this catchment area.

Despite the reservations made in this section tgicnnumber of samples, small
bandwidth of values, etc.), local calibration asatded by equation 5.3 has been
applied for all considered wastewater matrices. dderall wastewater quality

values presented in chapter 6 represent localigrea¢d values.

5.3.5 Uncertainty assessment

The uncertainty in the locally calibrated UV/VIStdasets is derived considering
the equation with which values are calculated épetion 5.3):

¢ =1f(q)=hg+h (5.8)

The uncertainty in the locally calibrated time-ssrpo?) is a combination of three
sources of uncertainty (Métadier and Bertrand-Kvaj@, 2009). The in-situ
uncertainty describes a possible error due to mong in a by-pass installation
instead of in the main wastewater flow. This ersource has been studied nor
qguantified and is therefore excluded from the utaiety assessment (i.e. assumed
to be negligible, see also section 5.2.2). Therdthe sources of uncertainty are:

1. Uncertainty in the original, globally calibratedlwes ¢c,?). This type of
uncertainty is also referred to aensor uncertainty. It describes the
variation in the sensor signal when observing a dganous medium. It
has been determined placing the UV/VIS sensors veszel holding tap
water and taking a long-term measurement. Thetrémuparameter TS$
of the sensor in inflow Riool-Zuid can be obsernwedrigure 5-21. The
upper graph presents 136 observations (at a 2-enimi¢rval) scattered
around its linear regression line. The lower grablows the residuals
between observations and regression model. Thduasi are normally
distributed with a standard error&f, = 1.9 mg/L.

2. Uncertainty in the application of regression camdints b, andb,. This
type of uncertainty is also referred to as calibrafunction uncertainty
and is illustrated in Figure 5-16 and Figure 5X{8riances of coefficients
b, andb, as well as the covariance between the two coeffisidetermine
a 95% confidence bound for the regression functitalues foron?, on”
anda’y,. follow from the variance-covariance matrix (Ot1®99):
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2

— T \\-1 — O-b.l Jlibz
C=s(X" X™"= 2 (5.9)
byl b,
with: X = design matrix of the model,
e = mean sum of squares of the residuals;
o’ = variance in parametéy;
o’ = variance in parametes;

’oe = COvariance between parameterandb,;

It should be noted that the uncertainty of thebration function cannot
account for a poor representation of the consider@stewater matrix. For
instance for WWF matrices (of which the calibratieats consist of
samples collected during a single storm event orhg inter-event
variation in wastewater composition (as earliercdesd in section 5.3.1)
can be such that deviations between sensor anchtabp values are larger
than expected based on the calibration functiosoAtalibration sets not
fully covering the range of normal concentratiotuea for the considered
wastewater matrix can lead to additional errors.

TSS, q [mg/L]

Ml residuals

-
(o)) L -
g 4
2 0
=]
S
g 4 ocg: 1.9 mg/L
_ i | | | | |
& 20 40 60 80 100 120 140
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Figure 5-21: Result of a long-term TSgmeasurement(4.5 hours) of tap water with the
Riool-Zuid UV/VIS sensor. Observations and lineagression model are presented in the
upper graph; residuals are presented in the lowaphy The residuals are normally
distributed with standard erreg;, = 1.9 mg/L.
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The sources of uncertainty can be combined thrahghlaw of propagation of
uncertainty using the Taylor series of the firstasrof the function foc, (Bertrand-
Krajewksi and Bardin, 2002):

a J?i_ 2 2 j?i_ 2 2 j?i_ 2 2 j?i_ 12{_ 2
o {6%] 7 {aqj U“(aqj Wz[aqj[a@j% 510

2 —h242 2.2 2 2
g, —blacg +C, 0, tO, +2C0 (5.11)

or:

The standard error in locally calibrated valuesaisecond order function of
globally calibrated concentration values. For txamsple of inflow Riool-Zuid,
parameter TSS, DWF matrix equation 5.10 yields andard error in locally
calibrated values as illustrated in Figure 5-22tHis example, relative standard
errors range between 2-4%.
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Figure 5-22: Standard error and relative standard error asetifin of globally calibrated
TS§4 concentration values for inflow Riool-Zuid, DWF tria.
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5.4 Quality assessment of UV/VIS data sets
5.4.1 Introduction

The 19-months data sets of the three UV/VIS senbare been assessed for
quality of the data. The objective of the qualiss@ssment is to exclude any data
from the data sets that do not correctly repregentmeasured pollutant parameter.
Including such erroneous data in the data setsddeald to incorrect conclusions
during data analysis.

The data quality assessment in this paragraph stensf the following steps,
successively described in the next sections:

Assessment of large gaps in the data sets

Removal of data related to sensor and by-passiolpan
Removal of data related to by-pass pump failure
Removal of data related to envelop obstruction
Removal of data related to auto-cleaning systehartai
Removal of outliers

ourwNE

The basic assumption during the assessment istlleatdata are good unless
otherwise indicated by one of the tests. The sefmclkdata gaps and outliers has
been done automatically; the other errors have bmerd during a manual search.
This manual search comprised two iterations. Inirat fsweep four error
mechanisms (steps 2 through 5 in the above listg wetermined based on all log
book entries indicating an anomaly from normal afien. In a second sweep the
complete data sets were assessed for these erchaniems, yielding a number of
erroneous data sequences for which no log boolesmiere found.

The data sets have also been analyzed for datasvtilat are outside the physically
possible range. For pollutant concentration vathedower boundary value equals
0 mg/L. No values below this threshold have beemdo A strict upper boundary
cannot be set for pollutant concentration valuesweéler, the detection of
prolonged exceeding oflocally realistic values (i.e. TS§ and COR,
concentrations >-80° mg/L for several hours on end) has led to theraiags of
the error mechanisms of envelop obstruction and-eleianing system failure.

5.4.2 Assessment of large gaps in the data sets
The UV/VIS data sets have been assessed for latgegaps. A large data gap is

defined here as a time-span of at least 15 cornisecuiinutes (or 8 consecutive
data points) without monitoring data. Table 5-2sgr#s the results.
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Table 5-2: Number, total length (in minutes and days) and gaage (of total 580-days
data sets) of data gaps in the UV/VIS data-sets.

data gaps
15 - 60 min 1 -6 hours > 6 hours all gaps > 16 mi
num. length num. length num. lengthum. length perc.
[#  [min] [# [min] [# [min] [#] [days] [%]

Riool-Zuid 45 1,326 6 718 17 65,05468 46.6 8.0
Eindhoven Stad 38 1,152 10 1,076 18 63536 457 7.9
Nuenen/Son 30 972 5 574 16 126,052 51 88.85.3

Large data gaps represent around 8% of the total skets of Riool-Zuid and
Eindhoven Stad and more than 15% for Nuenen/Soa sifallest considered gaps
(15-60 minutes) occur most often, but contributdy amarginally to the total
amount of data loss. Most of these small gaps carmattributed to cleaning
activities of sensors and by-pass installationsinduwhich the power to the
monitoring stations was switched off. Gaps betwgeand 6 hours are generally
due to small repair activities during which powexsaalso switched off. The data
sets contain a total of 16 to 18 data gaps longan © hours. Large gaps that
appear simultaneously for the three sensors inclgdes due to data
communication failures, gaps due to a week-longairepf the compressor that
provides the air for the auto-cleaning devices gags due to software and
hardware updates for the entire WDD sensor netwbtkthermore, all three
UV/IVIS sensors have been broken down several toneisig the 19-months time-
span. Down-times for repair have varied betweendl48 days, the latter being by
far the largest single data gap in the data sdis @xceptional long repair time
explains the large percentage of absent data fohireent area Nuenen/Son.

5.4.3 Removal of data related to sensor and by-pkessiing

The UV/VIS sensors and the by-pass installationklihg the sensors were
regularly cleaned, recording the (majority of) manseof cleaning in a meta data
file. By-pass installations were cleaned once peekythe pumps were stopped,
the vessels holding the sensors were emptied, adated sediments and other dirt
were removed from the vessels, and the UV/VIS sensere hosed off. Cleaning
of the sensor lenses wast included in this once-per-week cleaning procedure.
During the cleaning procedure the power to thealtedtons was nearly always
switched off, resulting in a data gap of typicéally-30 minutes, as presented in the
previous section. The data sets therefore contaiimadst no data collected during
by-pass installation cleaning. On a few occasitisyever, power to the sensors
was not switched off; these data have been rembgadthe data sets.
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Once per month an extensive lens cleaning was atlildde weekly cleaning
procedure. Lens cleaning consisted of initial ngswith demineralized water and
subsequent treatment with diluted hydrochloric amida manufacturer cleaning
agent. To be able to monitor the cleaning effeceadh treatment step the power
supply to the monitoring stations wast switched off. Hence, the data-set contains
data recorded during lens cleaning that needs raimduigure 5-23 gives an
example for the Nuenen/Son data. The power suppllge monitoring station was
first switched off for by-pass installation cleagibetween ~08h15 and ~08h50.
Then, the effect of sensor lens cleaning on theitmdng data can be observed
between 10h00 and 11h00. The latter time-span éas kemoved from the set.

During the considered 19-months time-span sensw ddeaning has taken place
20 to 25 times, depending on the sensor. The agsdailata loss is limited (~0.3%
of the total data sets, see Table 5-3) due to kwet gluration of the cleaning
procedures.
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Figure 5-23: Example of influence of by-pass installation andssg lens cleaning on data

results. Results are for catchment area Nuenen/S888,, October 2%, 2007 03h00 -

18h00. Data collected between 10h00 and 11h00 lvese removed from the data set.

Table 5-3: Number, total corresponding length and associatedemtage of the 580-days
total data sets of sensor lens and by-pass cleacingties in the UV/VIS data-sets.

sensor lens and by-pass cleaning

number total length percentage of total
[#] [min] data sets [%]
Riool-Zuid 25 3,150 0.4
Eindhoven Stad 20 2,220 0.3
Nuenen/Son 20 2,100 0.3
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5.4.4 Removal of data related to by-pass pumprtslu

The pumps that feed the by-pass installations emealty fail due to clogging of
the suction mouths of the pump. Without feed thestexgater in the by-pass
installations is no longer renewed and hence ngdorepresents the wastewater in
the influent pumping station correctly. Therefdtgs data needs removal from the
data-set. Monitoring results of stagnant wastewatea vessel can be detected
searching for a reduced signal bandwidth and gteskdimentation of suspended
particles, see Figure 5-24. By-pass pump failure becurred three times for
catchment area Riool-Zuid as well as for catchmarga Eindhoven Stad,
representing 0.6% and 1.1% of the total data setpectively. Nuenen/Son has
seen no pump clogging. An overview of occurrenogltlength and associated
percentages can be found in Table 5-4.
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Figure 5-24: Example of influence of by-pass pump failure oradatsults. Results are for

TSS, Riool-Zuid, April 18"717", 2008. Data between April £615h00 and April 17

10h00 have been removed from the data set.

Table 5-4: Number, total corresponding length and associagedemtage (of the 580-days
total data sets) of by-pass pump failures in thé\J§ data sets.

by-pass pump failures

number total length percentage
[#] [days] [%]
Riool-Zuid 3 3.6 0.6
Eindhoven Stad 3 6.7 1.1
Nuenen/Son 0 0 0
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5.4.5 Removal of data related to envelop obstractio

Large particles in the wastewater regularly obsttbe measuring envelop of the
UV/IVIS sensors. As a result, the absorbance ot lighd hence related parameter
concentrations) suddenly increases to large anglpioail values for domestic

wastewater. Occasionally, large particles can datksin the envelop and

unrealistic values can hence persist for a periotinte, see Figure 5-25. After

removal of the particles monitoring results insgameturn to normal wastewater

values. Data recorded during such envelop obstmgthave been removed from
the data sets.
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Figure 5-25; Influence of (partial) obstruction of the monitagienvelop on data results.

Results are for TS$ Nuenen/Son, October #24", 2007. Data between October™20

09h00 and October 221h00 have been removed from the data set.

Obstruction of the monitoring envelop can also desed by entrapped air bubbles,
see Figure 5-26. If the envelop is positioned ireaactly downward direction, the
air produced by the auto-cleaning device canndy Bgcape from the envelop and
hence influences the measurements. After a leasicig procedure (July"42007)
the Nuenen/Son sensor was unintentionally positicae such and intermittently
yielded a cloud of monitoring values. After the sefuent sensor cleaning (July
25" 2007) the sensor was rotated and again yieldedalanonitoring results, see
Figure 5-26. All data between the two cleaning pthages have been removed
from the data-set. In total, 13 envelop obstrudibave been identified during the
19-months time-span of the data sets. These camdsp between 1.4% and 3.1%
of the total UV/VIS data sets, see Table 5-5.
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Table 5-5: Number, total corresponding length and associatedemtage (of the 580-days
total data sets) of envelop obstructions in the\8/data sets.

envelop obstructions

number total length percentage
[# [days] (%]
Riool-Zuid 7 17.9 3.1
Eindhoven Stad 2 8.0 1.4
Nuenen/Son 4 15.9 2.7
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Figure 5-26: Influence of air bubble obstruction of the monitgrienvelop on data results.
Results are for TS$ Nuenen/Son, July 327", 2007.

5.4.6 Removal of data related to auto-cleaningesysfiailure

Failure of (a part of) the sensor auto-cleanindesydeads to progressive pollution
of monitoring envelops and sensor lenses and hémoanreliable monitoring
results. Failure of a central part of the auto-cieg device (e.g. the compressor, a
central power cut) influences the results of allreéh UV/VIS sensors
simultaneously; failure of a single component (&ig.nozzle, supply container)
generally leads to unreliable results for one semsdy. Figure 5-27 shows an
example for which metadata information confirms aanpressor failure for the
time-span Septembef-21%, 2007. After the breakdown on Septemb&mfound
09h00 (see Figure 5-28) all three signals showemsing values for TSgdue to a
gradual lens contamination. The rate of increase/glrer, differs. Eindhoven Stad
and Nuenen/Son signals show an immediate reaaitmetlens pollution build-up.
TS, values for Riool-Zuid only show a limited drift ithe 9-days time-span
following the compressor failure. These differenaes likely due to differences in
wastewater pollutant characteristics (e.g. the grezontent of the wastewater).
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Large jumps in TSGto unrealistic values between 1000 and 5000 mglvesible

for all three signals. These are attributable tonitaoing envelop particle
obstruction (or removal of the particle obstructitor jumps down). Vessel
cleaning on Septembef"Semporarily reduces values to the normal valugean
but the same pollution process can be observed diiatedy afterwards. Repair of
the compressor on September”18 combination with vessel and sensor lens
cleaning brings back monitoring values to the ndriedue range. After minor
final adjustments on September™21* the three UV/VIS sensors again yielded
representative monitoring data.
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Figure 5-27: Influence of air compressor failure on data resuRssults are for TS all
three inflows, August 30- September 2% 2007. Data between Septemb&9h00 and
September 2112h00 have been removed from the data sets.
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Figure 5-28: Zoom of Figure 5-27 on the moment of compressoiurai Immediate

reactions for TSg values can be observed for Eindhoven Stad and éfii8on. Influence

of the failure on Riool-Zuid results is not distinighable in this graph.
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Figure 5-29 shows a second example of the influeficér compressor failure on
data results. Within a time-span of a week two amsgor failures have caused
large and simultaneous increases in JgS@onitoring results for all three
catchment areas. On February'18fter resetting the compressor and cleaning the
vessels and sensors lenses, the sensors resumal finavior. Zooming in on
these cleaning activities (Figure 5-30) it can bensthat each large reduction in
concentration values coincides with vessel clearang not with sensor lens
cleaning. Apparently, the simple action of hosirijthe sensor and its measuring
envelop removes the envelop obstructing parti¢iasdre responsible for the large
peaks in pollutant concentrations. The subsequetidraof intensive sensor lens
cleaning with demineralized water and diluted hytltoric acid (or a manufacturer
cleaning agent) only has a limited effect on meamient values.
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Figure 5-29: Influence of air compressor failure on data resussults are for TS all
three inflows, February 122" 2008.

Due to persistent problems with the auto-cleaniysfesn, the UV/VIS data-sets
contain a large number (14, 19 and 20) of peakh siscdepicted in Figure 5-27
and Figure 5-29. Shares of 13.8% (Riool-Zuid), 36.2Eindhoven Stad) and

16.3% (Nuenen/Son) of the total data sets have teranved for reasons of auto-
cleaning system failure, see Table 5-6. Due to ingssentries, metadata
information could not confirm a causal relationshiptween all peaks and a
malfunctioning cleaning system, but - since sidyetavior is similar for nearly all

peaks - it is assumed that a malfunctioning awesthg system is the probable
cause of all identified large peaks.
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Figure 5-30: Zoom of Figure 5-29 on the moment of vessel and t@eaning. The former
process is mainly responsible for the large redndi monitoring values.

Table 5-6: Number, total corresponding length and associatedemtage (of the 580-days
total data sets) of auto-cleaning system failunghé UV/VIS data sets.

auto-cleaning system failures

number total length percentage
[# [days] (%]
Riool-Zuid 19 80.3 13.8
Eindhoven Stad 14 210.1 36.2
Nuenen/Son 20 94.5 16.3

5.4.7 Removal of outliers

The UV/VIS data sets contain outliers: a small nambf data points that show a
sudden and relatively large increase or decreatberaspect to the main signal, see
Figure 5-31 upper graph. These values are oftentdue short and temporary
obstruction of the measurement envelop, which letmlsan increase in
concentration values. Detection of outliers hasnbdene with the Page-Hinkley
(PH) algorithm described in e.g. Mourad and Bedr&najewski (2002). The
algorithm aims at detecting values that differ frtira average of a Gaussian signal.
The Gaussian signal is the difference between tiggnal signal and the central
moving average filtered signal, see Figure 5-3ivélo graph). By filtering the
original signal over a short span, single or snmmbers of outlying values
become apparent through relatively large resid@gghat deviate from the mean
residualu, (= 0) over the preceding time-span of lengthlhe required deviation
to be characterized as ‘outlier can be alteredubh a user-defined amplitude
value ¢) and detection level). The test statistics are:
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. o) . ,
U, =;(£k —,un—ijnh Uo=0; m, :ngIgUk (5.12)
V:Zn: E.— M +é with Vo = 0; M_ =maxV, (5.13)
n e k n 2 0 , N7 Geken K :

Outliers are detected whéh, - m, > 1 (for outliers larger thap,) or whenM, - V,
> ] (for outliers smaller thap,). The test needs to be reinitialized following leac
detection. Results of the PH algorithm can be aleskin Figure 5-31.
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Figure 5-31: TS§q monitoring data (upper graph) for Aprif',12007 03h00-21h00 for

catchment area Eindhoven Stad. Outliers are detacding the Page-Hinkley algorithm

based on the assessment of residuals (lower giagtijeen TS§ data and its moving

average over (for this specific time-series) a spfah data points.

The values for the filter span, amplitude value datection level need calibration

for each data set separately. Setting optimum salolethese parameters requires
weighing the number of false positives against iienber of false negatives:

setting the criteria too loose yields more falssitpees (i.e. data points identified

as outliers which are not) whereas setting theer@aittoo strict yields more false

negatives (i.e. outliers that remain undetectedpld 5-7 presents per UV/VIS data
set the number, total corresponding length andcéeteal percentage of outliers in

the. All outliers have been removed from the data.s
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Table 5-7: Number, total corresponding length and associpéedentage (of the 580-days
total data sets) of outliers in the UV/VIS datasset

outliers
number total length percentage
[# [days] (%]

Riool-Zuid TSS 9,539 13.2 2.3

COD 3,248 4.5 0.7

CODf 248 0.3 <0.1
Eindhoven Stad TSS 4,728 6.6 1.1

COD 1,218 1.7 0.3

CODf 156 0.2 <0.1
Nuenen/Son TSS 3,971 55 1.0

COD 1,312 1.8 0.3

CODf 480 0.7 0.1

5.4.8 Overview data quality assessment

The data quality assessment of the 19-months UVA&a sets has resulted in the
removal of roughly 25% to 50% of the data sets, Bable 5-8. The two main
contributors to these large shares of data losa aepeatedly malfunctioning auto-
cleaning system (i.e. a repeatedly failing compmgsand the presence of large
data gaps due to the (prolonged) absence of seftsarspairs. These two factors
are related to theperationof the monitoring stations and are not intringicte
sensor or its set-up. Therefore, improvement ofojtreration is likely to produce a
much better data yield. Unavoidable data lossithattrinsic to the sensor and its
set-up (such as due to cleaning, due to an ocasjfmmmp clogging, due to
envelop obstruction and outliers) adds to less 8farndicating that - with proper
sensor operation - data yields over 90% can bectsgpeA further analysis of
monitoring network performance can be found in ¢tbag.

Table 5-8: Shares of data removed from the UV/VIS data setsgercentage of the 580-
days total data sets as a result of data qual#yssent.

percentage of removed data [%]

Riool-Zuid Eindhoven Stad Nuenen/Son

data gaps > 15 min 8.0 7.9 15.3
sensor/by-pass cleaning 0.4 0.4 0.3
by-pass pump failures 0.6 1.1 0
envelop obstruction 3.1 1.4 2.7
auto-cleaning system failure 13.8 36.2 16.3
outliers ~1.0 ~0.5 ~0.5
TOTAL 26.9 47.5 35.1

105



Chapter 5. Water quality monitoring

5.5 Conclusions

In this chapter a total of nine time-series havenbeerived that represent the
guality of wastewater that arrives at the wwtp Eindhoveor. each of the three
contributing catchment areas time-series are aailfor quality parameters TSS,
COD and CODf. The data sets have been generatetebps of UV/VIS sensors
that provide high-frequent optical measurementthefwastewater in a dedicated
by-pass installation.

Dry weather and wet weather reference sampling aamp have demonstrated
that the sensors are capable of reproducing trandke variation of pollutant

concentration values. Using the manufacturer’'s gjlchlibration set relative errors
between sensor and laboratory values for DWF cmmditare roughly within a

range of £25% (Riool-Zuid, Eindhoven Stad) or +5QB&uenen/Son). For WWF

conditions relatively large absolute errors haverbebserved during initial peak
moment as well as relatively large relative errdusing the dilution phase of the
storm event.

Per time-series two distinct wastewater matricas Haeen distinguished, yielding
a total of 18 studied wastewater matrices for then@-series. For each matrix a
local calibration set has been derived constructindinear regression model
between globally calibrated sensor values and &boy reference values. All local
calibration sets yield an improved fit between serend laboratory values. An
error estimate of locally calibrated sensor valigesbtained accounting for sensor
uncertainty and uncertainty in the calibration esgion function. Concerns are the
limited number and possible ill-representativene$scollected samples for a
number of wastewater matrices. Additional samplimguld increase the
confidence in the calibration functions for thesatnmces.

A quality assessment of the data sets has shovird#ta loss for this long-term

monitoring campaign (19 months) has added to ZB% of the data. The majority

of the observed data loss is associated with (adé)l errors non-intrinsic to the

monitoring station. Hence, it is concluded thatithwproper sensor and by-pass
installation operation - a data yield of more t1986 is achievable for wastewater
guality monitoring with this type of sensor.

In chapter 6 the resulting wastewater quality teeeies are combined with the
wastewater quantity time-series studied in chagpterproduce pollutant load time-
series. This allows for a study of pollutant loatdving at the wwtp Eindhoven.
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6.1 Introduction

On May 7", 2007 a storm event occurred in the Eindhoven. dreil precipitation
depth during the event was not extremely large r{28, the fourth largest that
year), but it was the first storm event after anegtionally long dry period lasting
41 days. During the first few hours of wet weatfiew nothing unusual occurred
at the wwtp Eindhoven. The morning of May, however, all 12 secondary
clarifiers were covered by 15-30 cm thick layergloéting sludge. Nearly 50% of
the activated sludge mass was found in the secprdarifiers, partially floating
and hence introducing a risk of activated sludgksgp the river Dommel. After a
week of implementing countermeasures the layere wenoved; only after five to
six weeks the treatment plant was back at normatatjpn conditions (Tauw,
2007).

The event was - after a test phase - the firstre@rent monitored by the UV/VIS
sensors installed in the influent pumping statidnttee wwtp Eindhoven. The
influent quality data proved to be valuable in gearch for an explanation of the
origin of the floating sludge layers. A hypothethigt an extreme loading to the
wwtp could stand at the basis of a series of prEseading up to the floating
sludge layers, could be tested and confirmed. @akuation (Tauw, 2007) reports
on May 7" a loading of 3 million population equivalents whimughly equals five
times normal dry weather flow loading (577,000 psee section 6.2.2). Results in
this chapter (Table 6-13) show that Ta&hd COR, loads have been, respectively,
a factor seven and six larger than under dry wedltbe conditions, constituting
by far the largest mean 24-hour inflow for thesdélypant parameters over the
studied 1.5 year time-span.

This example shows the added value of collectingticaous and high-frequent
data on influent of a wastewater treatment plargp@ performance assessments,
good modeling of processes as well as correct sicestadies for the improvement
of system operation all require a detailed knowéedfthe wastewater that enters
the treatment plant. This chapter scrutinizes Swnbnths data sets on wastewater
guantity and quality of influent to the wwtp Eindlem from the three contributing
catchment areas. It utilizes the data sets as ateriv chapter 3 (precipitation),
chapter 4 (wastewater quantity) and chapter 5 @waser quality). The objective
of this chapter is to study and quantify the terapand spatial variability of the
amount and composition of wastewater. A distinct®made between dry weather
conditions and wet weather conditions: for the feritihe focus is on the derivation
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of standard dry weather patterns and variationsngnpatterns; for the latter the
focus is on 24-hour peak loadings associated wdttmsevents.

For dry weather conditions relevant time-scalescavenal variations as well as
long-term seasonal and annual variations of medoesa For wet weather
conditions the considered time-scales are mainlid@4# mean loadings. These can
be used to compare wet weather to dry weather salMere short-term mean
loadings (over e.g. 1 hour or 3 hours) are not icened as these are generally of
minor importance to the treatment plant. Obseruwgdadd wet weather values are
confronted with design values of the wwtp Eindhoven paragraph 6.4.
Instantaneoushort-term variations in flow and pollutant loads be of interest to
the operation of specific wet weather infrastruetufor instance, the operation of
the wwtp Eindhoven stormwater storage tank (fillgdin approximately one hour
at the maximum wet weather flow rate) can be op&aiwith information on
short-term fluctuations of pollutant parameterssdilamounts and loadings of
CSO spills are largely determined by short-termatims. In paragraph 6.3 for a
number of storm events short-term flow and pollutaad variations are presented
showing the relation with 24-hour mean values.

Paragraph 6.2 presents the results for dry weathetitions. To start with, section
6.2.1 sets the criteria for the selection of dryather data. Then, in three
consecutive sections results are presented forwdrgther flows (6.2.2), dry
weather pollutantoncentrations(6.2.3) and dry weather pollutalaads (6.2.4).
For flows and pollutant loads daily patterns arevéel as well as pattern variations
across days of the week and long-term variatiomefin values. Day sums of
observed flows are compared to theoretical values differences are assessed.
Day sums of pollutant loads are compared to reqdted on regular composite
sampling at the wwtp. Also, observed time-shiftdl gattern similarities between
flow and pollutant concentrations are considereata§raph 6.3 discusses results
for wet weather conditions. Criteria for wet weatdata are set in section 6.3.1.
An approximate number of 65 events have been seleitr wet weather data
analyses. Of these, three examples are given tioseg3.2: a single large storm
event, a single small storm event without dilutaord a series of storms. For each
example, the behavior of flow and pollutant pararsets studied. For all observed
storm events peak loadings during the event tardegment plant are calculated
and plotted in section 6.3.3. Also, a brief seafoh a relation between the
magnitude of peak load factors and possible expdayaariables is presented. The
paragraph concludes with a presentation of dattherextreme loading event of
May 7", 2007. Paragraph 6.4 discusses results and ghasbnclusions.

Parts of this chapter have been based on work mexben Schilperooret al.
(2008).
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6.2 Dry weather conditions
6.2.1 Selection of data associated with dry weatioeditions

For the analysis of flow and pollutant data assediavith dry weather conditions a
selection has been made from the quantity and tguaine-series as derived in
chapters 4 and 5. The selection comprises datatiegctly represent the targeted
flow condition, i.e. selected data must have beelected at times that any
wastewater arriving at the wwtp Eindhoven has fess of stormwater. Table 6-1
presents per catchment area the system emptyirgwtinich represents the time-
span needed to empty a completely full sewer sysgfigan the maximum WWF
pumping capacity. After a large storm event thahgletely fills up all in-sewer
storage, stormwater can be removed from the systi¢hn 11 hours (Eindhoven
Stad), 12 hours (Nuenen/Son) and 16 hours (Rio@)Zin practice, the emptying
time can often be shorter when in-sewer storageohés been partly filled. In
contrast, values could also be larger in case thWPApumping capacity has
deliberately been reduced by the wwtp operatoralinthe values presented in
Table 6-1 are considered the maximum time-spam aéiesation of precipitation
during which the wwtp Eindhoven influent containgrewwater. It should be noted
that only directly discharged stormwater is consdehere; indirect discharges of
stormwater through for instance groundwater irdtlon are considered to be part
of normal dry weather flow conditions.

Table 6-1: Systememptying times based on total in-sewer storage (efirstorage in
municipal systems, additional storage facilitiesl &ransport systems) and available WWF
pumping capacity (difference between total pummagacity and mean DWF).

Riool-Zuid Eindhoven Stad Nuenen/Son

municipal systens [m? 112,000 124,000 23,000
additional storade [m?] 70,000 - 7,000
transport systerfis [m?] 65,000 - 5,000
total in-sewer storage fin 247,000 124,000 35,000
total pumping capacity [m*/h] 17,710 14,000 3,290
mean DWF [m%h] 1,840 2,330 360
WWF pumping capacity [ffh] 15,870 11,670 2,930
system emptying time [h] 16 11 12

" see appendix C;see paragraph 2-5see Table 4-1" see Table 6-2
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In this paragraph data are analyzed at day-sc@l0®- 23h59). Considering the
system emptying times, the selection of data aaseti with dry weather
conditions has been done using the following dedinifor all three catchments:

if the sum of precipitation of the current and poas day is less than
0.5 mm, the current day can be considered a dnthveealay

For a small number of days data have been disredadde to anomalous (e.qg.
during maintenance or testing of pumps) or missiogy data (> 90% of data is
required). The selection of dry weather data isckemprimarily based on
precipitation data with a subsequent plausibilleak using the flow data sets. For
this, the three areal precipitation data sets aseatkin chapter 3 have been used:
the Riool-Zuid precipitation data set for the setet of Riool-Zuid flow and
pollutant data, the Eindhoven Stad precipitatiotadset for the Eindhoven Stad
data, etc. As a result, the number of dry weatheysdis different for each
catchment area, as can be seen in the next section.

For the dry weather flow analyses presented hemeafesults are only little
sensitive to the values used in the definition afriaweather day. In a sensitivity
analysis, threshold values of 0.1 mm and 1.0 mm anme-spans without
precipitation of 3 and 4 days (the current day #red previous 2, respectively 3
days) have been studied. Results show a largeretiife in thenumberof dry
weather days (for instance, for area Riool-Zuid lHrgest number of dry weather
days equals 211, the smallest 52), but mean flowegaacross the different dry
weather data sets change only marginally (< 1%).petiutant concentration data
sets considered in section 6.2.3 sensitivity ofultesto the used dry weather
definition has not been tested.

6.2.2 Dry weather flow

Dry weather flow patterns

Application of the dry weather definition on the0s8ays areal inflow data sets
from chapter 4 yields a total of 192 (Riool-Zuid);5 (Eindhoven Stad) and 221
(Nuenen/Son) dry weather days. To remove data diesndue to the high-
frequent on/off switching of pumps (section 4.4a)noving average filter with a
span of 31 minutes has been applied on the data fwianalysis. For each 2-
minute interval in a day a set of flow values equwathe humber of dry weather
days is available. For instance, for area RioodZaiiset of 192 dry weather flow
values is available for any 2-minute interval iday. Plotting mean values for all
2-minute intervals in consecutive order yields yally weather flow patterns.
Figure 6-1 presents these patterns for the thriesrm@nt areas as well as for the
total flow into the wwtp Eindhoven; key values gmeesented in Table 6-2. For
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easy comparison, all values are normalized, ivéded by the mean absolute value
of each dry weather data set. The random erroedoh individual measurement
(under DWF conditions) was determined at £0.5% (sstion 4.4.5). According
to Smith (1997) the amount of reduction in randarores equal to the square-root
of the number of points in the average. Hence,airg over a large number of
values (~200), the random error associated withpttesented dry weather flow
patterns becomes negligible.
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Figure 6-1: Flow patterns associated with dry weather forttiree catchment areas and
total flow to the wwtp Eindhoven. Values are norized with respect to mean DWF values.

Table 6-2: Mean dry weather flow and associated minimum angimmam peak factors for
catchments Riool-Zuid, Eindhoven Stad, Nuenen/Sad #otal inflow to the wwtp
Eindhoven.

Riool-Zuid EindhovenNuenen/Son wwtp

Stad Eindhoven
mean dry weather flow [m*/h] 1,840 2,330 360 4,530
peak factor: minimum [-] 0.60 0.68 0.55 0.68
peak factor: maximum [ 1.27 1.20 1.34 1.19

For all three catchments a diurnal variation carolgerved. The derived patterns
are similar in shape to ‘standard’ textbook DWFtgrais (e.g. Metcalf and Eddy,
2003; Butler and Davies, 2004), but somewhat deléydime due to the relatively
long transportation times (compared to the aread us the textbook examples).
The delay becomes larger with increasing wastewat@nsportation times.
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Minimum flows are observed between 06h00 and O9md@imum values are
recorded between 13h00 and 17h00. Despite therrdifferent lay-outs, the
phase-shift between the flow patterns of Riool-Zamt Eindhoven Stad is only
small (2 to 3 hours, or roughly a tenth of the ylaycle). Mean transportation
times from both areas do not largely differ, whaédn be understood considering
the fact that major contributors to the Riool-Zwgstem (Geldrop, Veldhoven,
Aalst) are situated relatively close to the treattr@ant, with transportation times
comparable to those from several Eindhoven Staddss(see Figure 2-4). Due to
this small phase-shift and due to the fact thatoRfmid and Eindhoven Stad
contribute about 90% of wwtp influent, total inflot@ the wwtp also follows a
diurnal variation with minimum values around 08f0®@ maximum values around
16h00 and with similar peak factors, see Table 6-2.

Peak factors reduce with increasing catchment $ize.smallest area (Nuenen/Son)
shows a daily minimum of 55% and a daily maximum184% of mean dry
weather flow whereas values for the largest arewlltiven Stad are 68% and
120%, respectively. This catchment size effectite®rigin in a combination of
factors. Most important factor is the number of mections with their associated
transport times: the larger the catchment, theskattyge number of connections with
a wider range of transport times which leads targdr smoothing of peak values.
Metcalf and Eddy (2003) mention the economic ammiémnakeup of a community
that often changes with its size: smaller commasitiften show a more uniform
discharge pattern whereas in larger cities econcgwciivities with a 24-hour
continuity are not uncommon. Also, longer mean dpamt times in large
catchments allow for a continued dispersion of pfaws. The observed peak
values for the three catchment areas in the Einelih@avea are of the same order as
for catchment areas of similar sizes found in ditere (e.g. CIRIA, 1998; Krebst

al., 1999a).

Comparing DWF mean values with other sources itilshbe noted that values in
Table 6-2 are 24-hour means. Other sources may aadferent definition of
‘mean DWF value’. For instance, van der Graaf ()98&ntions a representative
DWF value of wwtp influent that is calculated diiwig total day sum by 12 or 14,
depending on the catchment size.

Observed vs. theoretical DWF

Mean observed dry weather flows are again presentethble 6-3. As earlier

stated, these values are the arithmetic mean valuédse complete dry weather
data sets. For instance, the Riool-Zuid value ésrttean of a total of 192 x 720
values (respectively the number of selected drytheradays and the number of 2-
minute intervals in a day). The table further presdhe theoretical dry weather
flows. These are based on the number of inhabitantee area plus population

112



Chapter 6. Wwtp Eindhoven influent analysis

equivalents (p.e.) for industrial activities (sg@pendix C). Inhabitants represent
roughly two thirds of the total sum, industrial soes one third. Total p.e. have
been multiplied by the mean drinking water consuompiper inhabitant in the
Netherlands of 0.130 {d-p.e.) (de Moekt al, 2004) and divided by 24 to obtain
values in n¥h. Differences between theoretical and observedFDake roughly
25% (for Riool-Zuid and Nuenen/Son) and 40% (fondkioven Stad) which
results in a 31% difference for the total inflowtbe wwtp Eindhoven.

Table 6-3: Observed mean versus theoretical dry weather flimvghe three catchment
areas and wwtp Eindhoven. See text for calculatietails.

observed mean p.e’ theoretical DWF
DWF!
[m3h] [#] [m?h]
Riool-Zuid 1,840 257,000 1,390 (-24%)
Eindhoven Stad 2,330 268,000 1,450 (-38%)
Nuenen/Son 360 52,000 280 (-23%)
wwtp Eindhoven 4,530 577,000 3,130 (-31%)

" see Table 6-Z see appendix C

The observed differences could be (partly) explhime a discrepancy between the
administrativenumber of population equivalents in the area éonted in Table
6-3) and theactual number of p.e. The latter number is derived usiat from a
data set holding the results of 24-hour flow prdipoal composite samples
collected for 5 randomly selected days each moiitite number of p.e. are
calculated assuming a constant pollutant load peulation equivalent. Samples
are taken from the mixing flume in the influent ming station and hence
represent mean wwitp influent. Of a total of 96 saspfor April I, 2007 -
November I, 2008) a total of 28 samples are associated with veeather
conditions. For each dry weather sample the pojpulagquivalent has been
calculated using (van der Graaf, 1995):

p.e= QCOD+4.57 N, )/13¢€ (6.1)
with:  p.e. = population equivalent [#];
Q = flow [n/d];
COD = chemical oxygen demand [m¢g/;
Nij = Kjeldahl nitrogen [mg N/L];

136 = mean daily total oxygen demand per inhab[ga@./d].

Results show a variation between 400,000 and 786008€. with a mean value of
580,000 p.e. Considering the near-identical aditmatise p.e. value in Table 6-3
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(577,000 p.e. for wwtp Eindhoven) it can be conetlidhat administrative p.e.
values correspond well to actual p.e. values basedKjeldahl and COD
measurements. Hence, the aforementioned discrepanoy apparent and does not
explain the differences between observed and thear®WF.

Another possible explanation for the differencesMeen observed and theoretical
dry weather flows is a larger contribution of wagiéer from industrial sources
than assumed in the calculation of theoretical emlWdministration on industrial
discharges (e.g. discharge permits) generally haiflsrmation on population
equivalents based on pollutant loads instead afbas wastewater quantity. As a
result, theamountof wastewater from these sources can be (muché¢ridahan the
earlier assumed 0.130°tdp.e.). A further explanation is a possible contiitu
of infiltration and inflow (I/1) of groundwater andther water sources in the dry
weather flow. Assuming infiltration and inflow stsnfrom relatively clean water
sources it enlarges wastewater quantity but doeadub pollutant loads to the dry
weather flow arriving at the wwtp. Many studies éahown that a fraction of 20%
to 40% of extraneous flows in dry weather flow @ ancommon (e.g. Wei& al,
2002).

Long-term variations and seasonality of dry weatff@wv

Seasonal variation of mean dry weather flows hasnobeen observed. Metcalf
and Eddy (2003) describe a relation with a changdrinking water consumption
during a holiday season that results inrammeasein wastewater production for e.g.
resort areas. For the same seasodeereasein flows can also be observed
following a decline in residential and industriaitigities. Thackrayet al (1978,
cited in Butler and Davies, 2004) found that WCsHing decreases in summer
whereas bathing and showering increases. Accotdirutler and Davies (2004)
overall summer dry weather flows typically exceddter flows by 10-20% mainly
due to changes in domestic wastewater production.

The Eindhoven area dry weather flow data have bs&tedied for long-term
variations and possible seasonality. Figure 6-Zents the DWF day sums of
wastewater from catchment area Riool-Zuid for tineetspan April ¥, 2007 -
November ¥, 2008, normalized with respect to their mean véué4,000 n¥day).
In Table 6-4 key values can be found: the minimurd maximum values in the
data set as well as the 5% and 95% percentileslattee values are included since
these give a better representation of the variatibaay sums than the former
values. It can be observed that DWF day sums vay the year: minimum values
of roughly 80% to 90% of the yearly mean are mostgerved towards the end of
summer (September/October) and maximum valuesughty 110% to 120% of
the yearly mean are mostly observed towards theoewnihter (March/April).
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Table 6-4: Long-term variation of normalized dry weather flalay sums: the minimum
and maximum values and the 5% and 95% percentlestbe time-span April®} 2007 -
November i, 2008.

Riool-Zuid  Eindhoven Stad Nuenen/Son

number of days in data set 192 175 221
minimum 0.68 0.77 0.70
5% percentile 0.85 0.82 0.77
95% percentile 1.15 1.19 1.22
maximum 1.28 1.29 1.38

groundwater level Geldrop
well B51G0863
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Figure 6-5: Groundwater levels in Geldrop (catchment area Riodd) for well
B51G0863 (TNO, 2010).

The timing of minimum and maximum values hints aelation with groundwater
levels: the graph is somewhat similar to typicaluydwater level variations in the
studied area. Figure 6-5 presents an example éogribundwater level in a well in
Geldrop (in the Riool-Zuid catchment area) withhee comparable to the dry
weather flow data. The association is based omaétien that higher groundwater
levels may lead to an increase in infiltration odundwater into sewer systems, but
only if the groundwater table lies above invertelev Low groundwater levels are
typically found towards the end of summer afterralgnged precipitation deficit
whereas high groundwater tables can be observeatrdsvthe end of winter when a
precipitation surplus has refilled groundwater ksoc

The DWF day sums arriving at the wwtp Eindhovenrfreatchment Nuenen/Son
are presented in Figure 6-4 with key values agaifidble 6-4. Also in this area
winter DWF day sums tend to be larger than themrser equivalents. There are,
however, two differences compared to the Riool-Zeisults in Figure 6-2. Firstly,
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the long-term variation of DWF day sums for Nuetsem is larger than for Riool-

Zuid: the 5% and 95% percentiles are, respectivabgut 8% smaller and 7%

larger than Riool-Zuid values. Again, the smalleatchment area is associated
with the largest peak factors, suggesting thatehoaent size effect is also present
in the long-term variation of dry weather flow dayms. Secondly, during the
summer of 2008 relatively large dry weather day sware recorded instead of
gradually decreasing values. During the summel00f72hese large values are not
observed. The latter phenomenon shows that, beseasonal variations, flow

conditions are also influenced by annual variations
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Figure 6-6: Summer and winter daily DWF patterns of flow valdfer wastewater from
catchment area Eindhoven Stad based on data airid69 DWF days, respectively.

Results for Eindhoven Stad (Figure 6-3) show a ids variation for the
2007/2008 winter values and subsequent 2008 sumahees: a gradual increase
in dry weather day sums in winter and a graduatedese of values in summer. The
2007 summer values, however, deviate from typicathalvior showing larger
values than in the following two seasons. Appayerdlso in this area annual
variations are present in the dry weather flow dBigiding the 2-minute interval
Eindhoven Stad dry weather flow data set into aassbciated with summer days
(March 2 - September 29) and a set associated with winter days, DWF paster
per season can be derived, see Figure 6-6. Sieamthplete time-span of the flow
data sets (April %, 2007 - November®] 2008) comprises roughly two summers
(or 356 summer days) and one winter (or 224 widsts), summer days are better
represented than winter days. The figure preséstaiean values and the Bands
containing roughly 95% of data for both data s#tgan be observed that mean
summer values are larger than mean winter valudschwcan be understood
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considering the relatively large 2007 summer vahresented in Figure 6-4. It can
also be observed that the summer patteshiffedin time compared to its winter
counterpart. Earlier summer peak values suggest rdsadential and industrial
activities have an earlier start in summer.

Weekday variations of dry weather flow patterns

The derived dry weather flow patterns have beedistufor possible variations
across days of the week. The three dry weather satgahave each been divided
into 7 separate sets, each one associated witly afdhe week. The results are
presented in Figure 6-7 (Riool-Zuid), Figure 6-8n@hoven Stad) and Figure 6-9
(Nuenen/Son) and key values are summarized in TébleResults are consistent
across all three catchment areas in terms of sradhtions across weekdays. For
each area two weekdays are plotted associatedtigthargest and smallest peak
factors, spanning the range of values observedvémkdays. For Riool-Zuid and
Nuenen/Son these days are Mondays and ThursdayEjrfdhoven Stad plotted
days are Tuesdays and Fridays. Results are alsistamt in terms of an observed
time-shift for weekend days: in all three figurée increase in flow values in the
morning is delayed on Saturdays and even more sBuoidays, suggesting ditto
domestic activities. On weekdays mean dry weatloer is 1% to 3% larger than
the overall mean value; on Sundays total flow isveen 3% and 8% smaller.
Considering Thackragt al. (1978, cited in Butler and Davies, 2004) and &utl
(1993) who found that domestic wastewater prodaogienerallyincreasesduring
weekends, lower total flow values during the weekare likely due to a reduction
in non-domestic activities. The absence of rejeatewfrom the sludge processing
installation in Mierlo (at a rate of 325%h or roughly 15% of mean DWF) is a
major contributing factor to the reduction in Riahlid flow values on weekend
days. For area Nuenen/Son the DWF peak value amoood increases from 1.33
on weekdays to 1.51 on weekend days suggestiniagede but more concentrated
wastewater production on Saturdays and Sundays.

Table 6-5: Mean DWF and associated minimum and maximum daggkpfactors for the
complete dry weather sets as well as for weekdggijrdays and Sundays only.

Riool-Zuid Eindh. Stad Nuenen/Son

alldays mean DWF [¥h] 1,840 2,330 360
peak factors [min-max] 0.60 - 1.27 0.68-1.20 0.55-1.34
weekdaysmean DWF [MYh] 1,900 (+3%) 2,360 (+1%) 365 (+1%)
peak factors [min-max] 0.61 - 1.29 0.67-1.19 0.55-1.33
Saturdays mean DWF fth] 1,770 (-4%) 2,280 (-2%) 365 (+1%)
peak factors [min-max] 0.55 - 1.24 0.64-1.23 0.53-151
Sundays mean DWF fith] 1,690 (-8%) 2,270 (-3%) 339 (-6%)

peak factors [min-max]0.51 -1.26 0.65-1.23 0.51-151
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Figure 6-7: Dry weather flow patterns of wastewater from cateht area Riool-Zuid:
variation across days of the week.

1.

_ 4
c
@
0
Q
]
<
0
o
=
<

=
N

=
N

| | | |
o ! —ES Q (175 DWF days)
L T~ 7~ 7|—Tuesdays only (24 day§
Saturdays only |—Fridays only (27 days)
R N e —— Saturdays only (29 days
Sundays only; - - -Sundays only (29 days

0
06:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:0C

Figure 6-8: Dry weather flow patterns of wastewater from cateht area Eindhoven Stad:
variation across days of the week.
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Figure 6-9: Dry weather flow patterns of wastewater from catehtmarea Nuenen/Son:
variation across days of the week.
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6.2.3 Dry weather pollutant concentrations

For a proper interpretation of pollutant measuresérshould be kept in mind that
parameter TSS (total suspended solids) describegaiticulate content of the
water which is subject to in-sewer sedimentationl aesuspension processes.
Parameter CODf (filtered or soluble chemical oxydemand) is a measure for the
oxygen consumption related to the presence of argaatter in the water after
filtration over a 0.45um filter. The behavior of this parameter is henbe t
behavior of a dissolved pollutant. As total cherhiweygen demand is associated
with both particulate as well as dissolved matemameter COD (chemical oxygen
demand) combines both characteristics. The suféig indicates equivalent
measurements with an optical UV/VIS sensor instdaghmple laboratory analysis.

Results catchment areas Eindhoven Stad and Nuemwen/S

For the assessment of dry weather pollutant coraetiaris the same dry weather
days as used for the assessment of flows havedtedied. Application of the dry
weather definition on the 580-days UV/VIS data $s&ttds, however, a smaller set
of dry weather data than for flow. Not for all dweather days quality data are
available due to the relatively large data lossfu/VIS data sets after data quality
assessment (see paragraph 5.4). A total of 14®(Riad), 100 (Eindhoven Stad)
and 140 (Nuenen/Son) dry weather days are avaifabldata analyses. Figure 6-
10 presents the normalized mean dry weather flottepes for catchment area
Eindhoven Stad for quality parameters 80D, and CODf, and (for reason
of comparison) Q; key values are summarized in & &kb.
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Figure 6-10: For catchment area Eindhoven Stad normalized gaitierns associated with
dry weather for flow and concentration values afpaeters TSG COD.qand CODf,
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Table 6-6: Mean dry weather values and associated minimumnaedmum peak factors
for parameters Q, TS COD,,and COD{, for catchment Eindhoven Stad.

Eindhoven Stad Q TS CODyq CODfeq
[m?/h] [mg/L] [mg/L] [mg/L]
mean dry weather value 2,330 290 642 197
peak factor: minimum 0.68 0.76 0.84 0.93
peak factor: maximum 1.20 1.18 1.13 1.05

For area Eindhoven Stad, the dry weather pattefnsh® studied pollutant
parameters show a similar diurnal variation asfiimw, but with a time-shift of
approximately one to two hours. Peaks are lessoprweed, i.e. closer to one,
especially for night-flow. CORf shows the least DWF variation over a day with
peak values of 93% and 105% of the mean dry weaibkutant concentration;
TSS, is associated with the largest diurnal variatiagthwalues ranging between
76% and 118%. CO[3 combining the behavior of dissolved and suspended
compounds, shows intermediate values. For catchareatNuenen/Son (Figure 6-
11 and Table 6-7) essentially the same results baem obtained: dry weather
patterns for flow and pollutant concentrations tia similar in shape but shifted
in time. For this area, however, the variation amtjgulate matter (TS9 covers a
larger range (62% - 145%) than for area Eindhovead $76% - 118%). For
dissolved pollutants a larger range of values @veay is also observed, but to a
lesser extent than for T§SAs for flow, peak factors of pollutant dry weathe
patterns increase with decreasing catchment size.
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Figure 6-11: For catchment area Nuenen/Son normalized daibg et associated with dry
weather for flow and concentration values of parenseT S, COD.;and COD{,
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Table 6-7: Mean dry weather values and associated minimumnaedmum peak factors
for parameters Q, T3 COD,, and COD{, for catchment Nuenen/Son.

Nuenen/Son Q TS$ CODyq CODfeq
[m*/h] [mg/L] [mg/L] [mg/L]
mean dry weather value 360 176 416 193
peak factor: minimum 0.55 0.62 0.84 0.87
peak factor: maximum 1.34 1.45 1.17 1.11

Pattern similarity and time-shift

The similarity between dry weather patterns of flamd pollutant concentrations
means that during dry weather conditions low flaws generally associated with
relatively low pollutant concentrations and vicersge The observed diurnal
variation of pollutant parameters can be relateeitber at-source variations in
wastewater quality and/or to one or multiple in-sewrocesses that influence the
pollutograph in between source and observation tilmta Hereafter, both
influencing mechanisms are considered.

For domestic sources, Almeidd al. (1999) have searched for at-source diurnal
variations inconcentrationvalues for a number of pollutant parameters using
elaborate survey data in the UK. Their findingsvghthat no “obvious diurnal
pattern” can be distinguished in the pollutographgparameters TSS and COD.
Other investigations (e.g. US EPA, 1978) confirmaskh results. Therefore, it is
concluded that at-source quality variations frormdstic sources are not likely to
cause the observed variations in the influent pagitaphs at the wwtp Eindhoven.

A number of in-sewer processes are related to liserged variation of pollutant
concentrations in wwtp influent. The first mechamiconsidered here is the
influence of infiltration and inflow (I/I) on polkant concentrations. Assuming that
infiltration of groundwater into sewer systems @nstant over short time-spans
such as a day, thelative contribution of I/l to the total amount of wastdenis
larger for low flows during the night and smaller farge flows during the day.
Hence, night-flows are more diluted by the reldtivelean infiltration water than
day-flows, resulting in lower pollutant concentoativalues.

For suspended compounds a second mechanism ipoftance for the realization
of non-constant dry weather concentration valwestsality between flow value
variations and variations in suspended solids aunatons. An increase in flow
(velocity) often stands at the basis of an incre&ssolids in suspension. For dry
weather conditions, a fraction of suspended saidkeposited in the sewer system
during lower night-flows, resulting in lower TSSra@ntrations at night; during the
day, upon increase of flow velocities, the depasitetter (partly) erodes resulting
in higher TSS concentrations for that time-spamudigns governing this effect are
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for instance Velikanov’'s model and the Ackers-Whitedel (Bertrand-Krajewski
et al, 1993; Ashley and Verbanck, 1996). These essbntelhte suspended solids
concentrations to mean flow velocities (or flow uedd turbulence, i.e. the
‘erosive’ force) and particle sizes (or settlindgogities, i.e. the ‘depositing’ force).
In practice, many examples can be found of catclentdrat indeed show good
correlations between concentrations and flow régas Bertrand-Krajewsleét al,
1993), but also of catchments for which correlatiane less well established (e.g.
CIRIA, 1998; Krebset al, 1999a). For the Eindhoven Stad data presented in
Figure 6-10 it is expected that part of the diuneiation of TS§, concentrations
can be explained by the described phenomenon. Water located in interstitial
spaces in sewer sediments are known to contaimietyaf dissolved pollutants
(e.g. Ashleyet al, 2004). Therefore, upon resuspension of sewemesds an
increase in CODf concentrations is also expected.

Studying Figure 6-10 and Figure 6-11 it can be g¢hat apart from a similarity in
shape, dgime-shiftexists between the dry weather patterns of flovoim& hand and
pollutant concentrations on the other hand. Theeddags behind the variation of
flow values by a humber of hours depending on tiikigant parameter. A possible
explanation for the time-shift oflissolved compoundbes in a phenomenon
described by Krebst al. (1999b) and Huismaet al. (2000): a wave celerity that is
larger than the associated flow velocity. An upmtnevariation in flow values (due
to the onset of a storm event, or in the presene aiue to the diurnal DWF
variation) translates relatively quickly into a dostream variation of flow (as the
process is dictated by the relatively large waverisg), but translates relatively
slowly into a variation of dissolved pollutant centrations (as this process is
dictated by the actual advection of the water baody,the relatively small flow
velocity). As a result, at a downstream locatiofloav increase can be noticed
before the associated pollutant concentration as#eThe fine fraction of TS<
45 um) that generally remains in suspension and heaceact as a dissolved
compound is likely also influenced by this mechami§he observed time-shift for
total suspended solidss unexpected considering the earlier describéatioa
between flow and suspension of particles: the tlEghencentration of particles is
expected to coincide with the highest flow rate awod to lag one to two hours
behindpeak flows. Clemens (1988) describes an adaptafiect in the dynamics
of suspension transport that could (partly) britlgediscrepancy: after a change in
flow rate an adaptation time is required to redqhrtew suspension equilibrium.

Results catchment area Riool-Zuid

For Riool-Zuid deviating dry weather patterns fallptant concentrations can be
distinguished, see Figure 6-12. As earlier presemieFigure 6-1 flow follows a
typical dry weather curve, but the patterns for thelity parameters exhibit a
particular shape. A clear night minimum is lackiagd around noon a sharp
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increase in concentration values is observed t#msts Ifor several hours. Then,
around 18h00 a local minimum is reached. The psattue to the arrival of an
amount of highly polluted reject water from the \wwsludge processing
installation. The installation is located in Mierdd approximately 7 km from the
treatment plant (see Figure 2-4). At the instaltatthe sludge is centrifuged for
dewatering; the centrate is discharged at a meanofaapproximately 325 #h
into the Mierlo sewer system and hence directeét bagards the wwtp Eindhoven.
The installation is in full-time operation, but dmarging centrate to the sewer
system occurs only during working days (Monday tigto Friday) and working
hours (08h00 - 16h00). As a result, every morniragiad 08h00 the night stock of
centrate is spilled, arriving at the wwtp aboutouts later which clearly shows in
the quality parameter patterns. On days withouttrag: discharges (i.e. on
weekend days) no peaks in pollutant concentrattwasobserved, see Figure 6-13
for the example of parameter TGSThe weekend pattern more closely resembles
the quality parameter patterns found for the ottwer catchment areas, except for
the local minimum around 18h00, which is presentboth weekend and week
days. A proper explanation for this reduction im@entrations has not been found.
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Figure 6-12: For catchment area Riool-Zuid normalized dailytgrais associated with dry
weather for flow and concentration values of parenseT S§, COD.;and COD{,

Table 6-8: Mean dry weather values and associated minimumnaedmum peak factors
for parameters Q, TS COD,, and COD{, for catchment Riool-Zuid.

[m?/h] [mg/L] [mg/L] [mg/L]
mean dry weather value 1,840 231 675 258
peak factor: minimum 0.60 0.83 0.90 0.96
peak factor: maximum 1.27 1.33 1.17 1.08
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Figure 6-13: For catchment area Riool-Zuid normalized dailytgrais associated with dry
weather for flow and concentration values of pat@m&SSg, for all DWF days, week days
only and weekend days only.

6.2.4 Dry weather pollutant loads

Dry weather pollutant load patterns

The combination of the (measured) flow data setd émeasured) pollutant
concentrations data sets yields (calculated) pollutbads data sets. The dynamics
of the dry weather patterns of pollutant loads lesce a combination of the
dynamics in the associated flow and pollutant cotre¢ion patterns. Figure 6-14,
Figure 6-15 and Figure 6-16 present, respectielycatchment areas Riool-Zuid,
Eindhoven Stad and Nuenen/Son the normalized digthee daily patterns for
pollutant loads of TS§ COD,q and COD{, as well as for flow. Please note that
the vertical axis in the figure for Nuenen/Son laakarger range than the other
figures to be able to fit all data. Key valuesltd presented graphs can be found in
Table 6-9.

The normalized dry weather variation of pollutarads is consistently larger than
its equivalent for flow values. This, in combinatiwith the (near-)simultaneity of
peak values, leads to the in the previous sectimemed variations in pollutant
concentrations. For quality parameters with limitkdly concentration variations
(such as RZ COLY) load variations are dominated by flow variatiodence, flow
and load patterns are nearly identical. With insmeg variations in concentration
values, however, these become more apparent imdheed load patterns. For
instance, the large T§Sand COR, concentration peaks for Riool-Zuid around
12h00 (see Figure 6-13) are recognizable in the p@dterns, but are not associated
with the maximum daily loads. Peak loads for thisaaare found around 17h00
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when pollutant concentrations are lower than duthmy peak at 12h00, but flow
has increased relatively more.

Dissolved compounds generally show the least DWatran over a day whereas
normalized dry weather variations of suspendedisaie significantly larger than
flow variations. The earlier discussed catchmeme séffect dictates that peak
values in daily DWF patterns increase with decreasiatchment size. The effect
was observed for flow values (section 6.2.2) ad agfor pollutant concentrations
(section 6.2.3). Logically, the phenomenon is al®ible for the observed daily
load patterns, leading to relatively large peakigalfor pollutant loads originating
from the smallest catchment area Nuenen/Son aedveisa.

Table 6-9: Mean dry weather flow, pollutant fluxes and ass@daminimum and
maximum peak factors for catchments Riool-Zuid,dBioven Stad, Nuenen/Son and total
inflow to the wwtp Eindhoven.

Riool-Zuid Eindhoven Nuenen/Son  wwtp

Stad Eindhoven

Q mean DWF [rfh] 1,840 2,330 360 4,530
peak factors [-] 0.60-1.27 0.68-1.20 0.55341. 0.68-1.19

TSS, mean DWF [kg/h] 432 691 69 1,191
peak factors [-] 0.50-1.31 0.52-1.39 0.32851. 0.50-1.34

COD.,, mean DWF [kg/h] 1,247 1,550 156 2,953
peak factors [-] 0.55-1.28 0.58-1.33 0.45511. 0.58 - 1.27

CODf,, mean DWF [kg/h] 473 467 71 1,011

peak factors [-] 059-125 0.64-125 0.5341. 0.61-1.21

Adding the contributions of the three inflows, Figu6-17 presents normalized
daily DWF patterns for flow and pollutant loads ttee wwtp Eindhoven. Key
values can be found in Table 6-9. The variatiototdl flow and pollutant loads to
the wwip is of the same order of magnitude aswts main contributaries Riool-
Zuid and Eindhoven Stad. This is due to the (nsianyltaneity of peaks in flows
and loads from the two catchment areas. Despitentkimg with wastewater from
Eindhoven Stad and Nuenen/Son the peak load dtieetarrival of reject water
from the sludge processing installation can sélidistinguished in the TSraph.
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Figure 6-14: For catchment area Riool-Zuid normalized dailytgrais associated with dry
weather for flow and pollutant loads of parame®$&,, COD,qand COD§,
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Figure 6-15: For catchment area Eindhoven Stad normalized gaifierns associated with
dry weather for flow and pollutant loads of paragns{TSS, COD.qand COD{,
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Figure 6-16: For catchment area Nuenen/Son normalized daibgmet associated with dry
weather for flow and pollutant loads of parame®$&,, COD.,qand CODf,
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Figure 6-17: For total inflow to wwtp Eindhoven normalized dagatterns associated with
dry weather for flow and pollutant loads of paraenetT S§, COD,,and COD{,

Long-term variations and seasonality of dry weatbelfutant loads

The Eindhoven area dry weather pollutant load dats have been studied for
long-term variations and possible seasonality. tha, dry weather day sums of
pollutant loads TS COD.,, and COD{, have been calculated and plotted
chronologically. Figure 6-18, Figure 6-19 and Feguw-20 present results for
parameter TSG results for CODY, can be found in Figure 6-21, Figure 6-22 and
Figure 6-23. Key values can be found in Table 6Al.values are normalized
with respect to their DWF mean values, see Tal8e Bhe 5% and 95% percentile
values are again considered the best representattidme long-term variation of
pollutant load day sums; minimum and maximum valolesach data set are also
given in the table.

All graphs show a long-term variation of dry weatlpsllutant load day sums.
TS§, day loads from Riool-Zuid and Eindhoven Stad Viaeyween roughly 70%

and 150% of their annual mean value. These pemgestare larger than their flow
equivalents (roughly 80% and 120%, respectivelg). Ruenen/Son, the smallest
catchment, the range of values is larger: 40%-160%s suggests that, as
observed for DWF day sums, the long-term variatibpollutant load day sums is
also affected by a catchment size effect. Conti@atize observation for flow values,
the TS, graphs do not show a seasonal pattern: the maignit the pollutant

load day sum does not seem to depend on the selasonhe Eindhoven Stad
results a cluster of relatively large values carobserved in the beginning of the
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data set; possibly, a relation exists with thethetdy long dry period during the
time-span April I 2007 - May 8, 2007.

Results for parameter COREhow a narrower variation: for all catchments ealu
range between approximately 80% and 120-130%. HeDOdf,, variations are
comparable to those associated with long-term flawiations. Especially for the
Eindhoven Stad results a seasonal variation isreppé#or this parameter: smaller
day sums are generally found towards the end ofremvhereas larger day sums
can be found towards the end of winter. This sugggsemperature relation as in-
sewer wastewater temperatures are importantlyenttad by the temperature of
the surrounding soils that reach their maximumhat ¢énd of summer and their
minimum towards the end of winter. Possibly, highestewater temperatures in
summer lead to a larger in-sewer transformatioa astd subsequent lower CODf
concentration in wwtp influent. Further notable fbrs parameter is the fact that
the largest variations aret associated with the smallest catchment area;adste
day sums from Eindhoven Stad show the largest rabge differences among
areas are small.

Table 6-10: Long-term variation of normalized dry weather fl@amd pollutant load day
sums: the minimum and maximum values and the 5%9&8 percentiles over the time-
span April £, 2007 - November®] 2008.

Riool-Zuid Eindhoven Nuenen/Son

Stad
Q number of days in data set 192 175 221
5% percentile (minimum) 0.85(0.68) 0.82 (0.77) 77(0.70)
95% percentile (maximum) 1.15(1.28) 1.19(1.29).221(1.38)
TSS, number of days in data set 142 99 139
5% percentile (minimum) 0.66 (0.46) 0.69 (0.45) 39(0.33)
95% percentile (maximum) 1.55(2.23) 1.45 (1.55).581(2.94)
COD,q; number of days in data set 149 96 140
5% percentile (minimum) 0.75 (0.66) 0.77 (0.67) 700¢(0.62)
95% percentile (maximum) 1.29(1.42) 1.28(1.32).301(1.48)
CODfyq number of days in data set 149 100 139
5% percentile (minimum) 0.81 (0.71) 0.77 (0.72) 83)0.75)

95% percentile (maximum) 1.21(1.43) 1.28(1.38) 2011.30)
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Stad normalized to the mean valeel©,580 kg).
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Figure 6-20: Dry weather TS pollutant load day sums from catchment area Nu&uen
normalized to the mean value 1,660 kg).
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Figure 6-21: Dry weather CODY, pollutant load day sums from catchment area Rraodt
normalized to the mean value 11,350 kg).
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Figure 6-22: Dry weather CODY, pollutant load day sums from catchment area Eimeho
Stad normalized to the mean valeel(l,210 kg).
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Weekday variations of dry weather pollutant loadt¢as

The derived dry weather pollutant load patternsehbeen studied for possible
variations across days of the week. For this, tyewkather data sets have been
divided into 7 separate sets, each one associatedway of the week. The results
for parameter TS$ are presented in Figure 6-24 (Riool-Zuid), Fig-€5
(Eindhoven Stad) and Figure 6-26 (Nuenen/Son).selemte that in Figure 6-24
and Figure 6-26 the range of the vertical axisigér than in other figures to fit all
data. Key values for all parameters are summaiizd@ble 6-11.

For catchment area Riool-Zuid large differences banobserved between the
TS, load patterns for various days of the week. Onrame total loads for
weekdays are roughly 9% larger than the overallrmedue (i.e. the mean of all
dry weather days) whereas total loads for weekemys ére about 15% to 18%
smaller. This is equal to results for flow valuasthis area: weekday flow values
are larger than weekend day flow values, see Té#le In absolute terms, the
difference in pollutant load flux between week amelekend days adds to about
110 kg TS§, per hour or 2,600 kg per day. According to de &o(®009) the
Mierlo sludge processing installation dischargeswaekdays roughly 2,000 kg
TSS per day; the observed difference is hence llargétributable to the
functioning of the Mierlo plant. Differences cas@lbe observed across weekdays.
Mondays generally show the largest values (botieiims of mean loads and peak
factors), Thursdays the smallest and other weels dapw intermediate values.
The large values on Mondays again have a probatdéan with the operation of
the sludge installation in Mierlo: on Mondays th#iee weekend stock of reject
water is discharged whereas on other weekdays thelyight stock is added. A
final observation for the Riool-Zuid data is thelagein onset of the morning
increase in pollutant loads. Similar to flow (segufe 6-7) the increase is delayed
by approximately 1.5 hours on Saturdays and 2 hoarsSundays. Results for
parameters CO[Q and COD{, are similar in terms of differences between week
days and weekend days as well as differences agves& days, but relative
deviations from mean values and peak factors asdlamsee Table 6-11.

For catchment area Eindhoven Stad differences siatags of the week are less
pronounced, see Figure 6-25. Week days do notrdifteeh from weekend days in
terms of mean dry weather loads. Again, this iagreement with results for flow
values for which weekend day values were only nmaifyi smaller than weekday
values. Fridays are the exception to this obseymatin this day mean loads are on
average 9% smaller than the dry weather mean valgain similar to the flow
graphs (see Figure 6-8) for weekend days a time-sebhcurs and peak values
around 14h00 are slightly higher than on other days
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Figure 6-24: Dry weather pollutant load patterns for paramd®g&, of wastewater from
catchment area Riool-Zuid: variation across daythefweek.
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Figure 6-25: Dry weather pollutant load patterns for param@i&, of wastewater from
catchment area Eindhoven Stad: variation across ofthe week.
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Figure 6-26: Dry weather pollutant load patterns for paramd@®g&, of wastewater from
catchment area Nuenen/Son: variation across daye afeek.
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Table 6-11: Mean dry weather pollutant loads and associatednmim and maximum
peak factors per pollutant parameter for the coteptey weather sets as well as for all
weekdays, relevant single weekdays, Saturdays and&ys.

Riool-Zuid
alldays mean load

peak factors

weekdays mean load
peak factors

Mondays mean load
peak factors

Saturdays mean load
peak factors

mean load
peak factors

Eindhoven Stad
alldays mean load
peak factors

Sundays

weekdays mean load
peak factors

mean load
peak factors

Fridays

Saturdays mean load
peak factors

mean load
peak factors

Sundays

Nuenen/Son
alldays mean load
peak factors

weekdays mean load
peak factors

Thursdays mean load
peak factors

Saturdays mean load
peak factors

mean load
peak factors

Sundays

TSS, CODgq CODfyq

[ka/h] 432 1,247 473

[min-max] 0.50 - 1.31 0.55-1.28 0.59-1.25
[kg/h] 471 (+9%) 1,334 (+7%) 497 (+5%)
[min-max] 0.52 - 1.57 0.55-1.39 0.59-1.33
[ka/h] 493 (+14%) 1,365 (+9%) 491 (+4%)
[min-max] 0.46 - 1.76 0.51-1.54 0.52-1.43
[ka/h] 366 (-15%) 1,111(-11%) 438 (-7%)
[min-max] 0.40 - 1.21 0.47-1.19 0.51-1.18

[kg/h] 353 (-18%)

1,072(-14%)14 412%)

[min-max] 0.36 - 1.17 0.41-1.17 0.42-1.19
[ka/h] 691 1,550 467
[min-max] 0.52 - 1.39 0.58-1.33 0.64-1.25
[kg/h] 701 (+1%) 1,570 (+1%) 477 (+2%)
[min-max] 0.51 - 1.36 0.58-1.29 0.65-1.25
[ka/h] 626 (-9%) 1,490 (-4%)  453%0)
[min-max] 0.44 - 1.23 0.55-1.24 0.61-1.20
[kg/h] 680 (-2%) 1,521 (-2%) 449 (-4%)
[min-max] 0.48 - 1.53 0.56 - 1.45 0.60 - 1.27
[ka/h] 669 (-3%) 1,508 (-3%) 9 @4%)
[min-max] 0.48 - 1.52 0.56 - 1.42 0.60 - 1.27
[ka/h] 69 156 71
[min-max] 0.32 - 1.85 0.45-1.51 0.53-1.34
[ka/h] 65 (-6%) 153 (-2%) 70 (-1%)
[min-max] 0.29 - 1.60 0.44-1.41 0.52-1.36
[ka/h] 57 (-17%) 145 (-7%) @94
[min-max] 0.25 - 1.30 0.42-1.36 0.51-1.36
[kg/h] 78 (+13%) 164 (+5%) 75 (+6%)
[min-max] 0.36 - 2.46 0.45-1.82 0.53 - 1.58
[kg/h] 75 (+9%) 157 (+1%) 106)
[min-max] 0.37 - 2.57 0.44-1.89 0.51-1.60
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In terms of mean daily loads results for area No&hen are the opposite of the
Riool-Zuid results: on average, total loads for kvélays are roughly 6%maller
than the overall means whereas total loads for emdklays are 9% to 13krger.
The latter is in disagreement with the observatmrflow values: total flows from
Nuenen/Sordecreaseon Sundays with respect to the dry weather flovamgsee
Table 6-5). Weekend load peak values around 14h®@nauch) larger than their
mean values, which is likely associated with thenxading large weekend peak
flows and the earlier discussed relation betweew fand TSS concentrations.
Consistent with all other flow and pollutant loagsults, weekend patterns show a
delay in onset of the morning increase as well aglay in peak values around
14h00. Differences across week days are also aixdeanalogous to the Riool-
Zuid results Mondays generally show the largestiesl(both in terms of mean
loads and peak factors), Thursdays the smallesotret week days intermediate
values.

DWF day loads: comparison of UV/VIS data versug{tarm sampling

As a final consideration of observed dry weathelupent loads at the wwitp
Eindhoven, the results collected using the UV/VE&sors (as presented in this
chapter) are compared to a distinct source of mé&ion: 24-hour reference
samples. Waterschap De Dommel performs regularewasér sampling at various
locations throughout the wwtp Eindhoven. One ofséhéocations is the mixing
flume in the influent pumping station that assumedublds mean wwtp influent
wastewater. Samples are 24-hour flow proportiorahmosite samples (NEN,
2009) collected at 5 randomly selected days eachtimanalyzed for (among
others) pollutant parameter COD using a standdvdrédory method (tube tests
according to 1ISO, 2002). For the time-span Aptil 2007 - November®] 2008 a
total of 96 samples are available. The results hefs¢ 24-hour samples are
compared to the aggregated high-frequent UV/VI& dets. More specifically, the
pollutant load COD that arrives at the wwtp Eind&ioduring collection of the 24-
hour sample is calculated using the UV/VIS datas Bensor result is compared to
the sample result. Comparison is not possible Hosaanples due to missing data:
during the collection of 71 samples (i.e. 75% ahpkes) at least one of the flow or
UV/VIS data sets lacks more than 10% of data. @frémaining 25 samples 14 are
associated with wet weather conditions. As a resolinparison is possible for 11
dry weather flow samples only. Results are ploitteleigure 6-27.

Results show that DWF day loads of COD based orsadtples are systematically
smallerthan those based on UV/VIS data. Using the lasereference, the mean
difference is 23%, minimum and maximum differencae 10% and 41%,

respectively. Sources of the observed differences lme manifold and can be
associated with systematic errors in sampling, $arsforage, laboratory work

and/or in the UV/VIS data. For instance, the UV/\éhsors have been calibrated
only once during the 19-months time-span for whiah data are considered in this
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analysis (see chapter 5). Variations in wastewaigmposition (i.e. matrix changes)
other than accounted for by the used calibraties &y have occurred during the
observation period, possibly resulting in systematrors in UV/VIS data.

day loads COD arriving at wwtp Eindhoven (x 10,600
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Figure 6-27: Day loads COD arriving at wwtp Eindhoven: compamiof data based on
24-hour flow proportional composite samples vedais based on the UV/VIS data sets.

6.3 Wet weather conditions
6.3.1 Selection of data associated with wet weatbaditions

For the analysis of flow and pollutant data asdediavith wet weather conditions

a selection has been made from the flow and wastevemality time-series as

derived in chapters 4 and 5. The selection compuisga that correctly represent
the targeted flow condition, i.e. data associatétl storm events. The selection of
storm events has been done using the followingfsgiteria:

- flow must be larger than the 97.5% percentile of weather flows for a
duration of at least 2 hours;

- more than 0.5 mm of precipitation must have beeaorded over the
preceding 24 hours;

- data sets must be nearly complete (i.e. > 99%ldov; f> 90% for quality
parameters) directly preceding the event, durirgy ¢kient, and directly
following the event;

- events separated by less than 8 hours are corngittebe part of the same
event.

Similar to the selection of data associated withweather condition, wet weather
data are selected using precipitation and flow data only. It should be noted that
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the selection criteria for dry weather and wet Wweatonditions are such that not
all data are assigned to either one condition; sdata are excluded from both
analyses. The criterion for completeness has beguded to avoid basing results
on incomplete data sets.

6.3.2 Storm events

Application of the storm event criteria on the 586¢s flow and UV/VIS data sets
yields a total of 65 (Riool-Zuid), 60 (Eindhovera8} and 67 (Nuenen/Son) storm
events that can be used for data analysis. Hergdlfte behavior of flow and
pollutant parameters during a number of typicalnéveés presented: a single and
isolated large storm event, a single small storrthout dilution and multiple
storms in series.
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15000 T T T — T
Q N 16.1 mm— . conc. TS%q
DWF limit : . conc. CODeq

—precipitation
precip ~—Q | conc. COD;q.goo

12000~ i A
L event limit !
N ¢ _COD
eq

9000~

[y
o
o
o

[mg/L]

eq

CODf

1600

400

%0 OCW 4

3000~}

]
|
Q DWF upper bound !
1200 00:00 1200

eq

Q [mn]
m
/CDU)
o
e
eq

200

conc. TSS, COD

0 0

Figure 6-28: For catchment area Eindhoven Stad the reactioflosf and pollutant
concentrations of TS$ COD.qand CODf, to a storm on June {2nd 13, 2008.

Single large storm

Figure 6-28 illustrates the short-term fluctuatiomglow and concentration levels
of pollutants in wwtp influent from catchment afe@adhoven Stad as a result of a
storm on June 12and 1%, 2008. The storm event constitutes a single latgem
lasting for approximately 13 hours with a recorgeecipitation depth of 16.1 mm.
In reaction to the storm flow increases by a fabttw 6 surpassing the DWF upper
bound (i.e. the 97.5% percentile of dry weathewfip The moment flow rises
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above DWF levels an initial concentration peak dbrquality parameters can be
observed. Approximately 7 hours into the storm éadinconcentration levels have
reduced by a factor ~ 2 with respect to pre-stoMdFDvalues. After precipitation
ceases, flow values return to DWF values withim@etspan of roughly 6 hours.
Pollutant concentrations, however, recover moraiglao pre-storm DWF levels.
At the end of the event (as defined using the afergioned criteria) TSgand
COD, concentrations are still below normal DWF levelsl @ontinue to recover.
In other words, after the wastewater system has kegptied following a storm
event, it returns to Aydraulic equilibrium associated with dry weather flow, but
the influence of the storm event pollutant concentrations extends beyond the
duration of the event. This phenomenon is likelgoasated with a prolonged
replenishment of sediments in in-sewer storages whaie removed during the
preceding event. At the end of the event conceaatratalues of parameter COLRf
are back at dry weather values as all dilutingnsterater has been removed from
the sewer system.

ES event 49 (12-Jun-2008 08:24 - 13-Jun-2008 13:38)
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Figure 6-29: The reaction of flow and pollutant loads of CQIo the same storm as
presented in Figure 6-28. Values are normalizddWi- means.

The variation of pollutant concentrations in Fig6r&8 is further studied using the
data presented in Figure 6-29. The figure givesrdaetion of flow and CORQ
loadsto the same June "1/23" storm event. Values are normalized to dry weather
flow mean values in order to be able to compare&k pedues. As earlier stated,
flow increases by a factor 5 to 6 and shows limitedation during the time-span
of high flows (i.e. the maximum pumping capacityriaintained throughout nearly
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the entire storm). The arrival of pollutant loadewever, varies over the course of
the storm event. It can be observed that diredtdr ¢he onset of the event CQP
loads briefly increase to roughly 10 times the m&WF load. In combination
with a smaller relative flow increase, this yiettie observed initial concentration
peak. Then, for the remainder of the time-span mitheased flows, supplied loads
reduce to a level of around 3 times the DWF meanth& relative flow increase is
now larger than the relative load increase, aidituin pollutant concentrations can
be observed. Considered at larger time-scales #nmtion of pollutant loads
during storm events is more gradual and peak laatbfs (PLF, i.e. the maximum
attained normalized load during a storm eventharmce smaller. This is illustrated
in the figure with the application of symmetricabmng average filters with spans
of 12 and 24 hours. For parameters GQbis yields a PLE, of 4.8 and a PLE of
3.5. Peak load factors are further discussed iméxé paragraph.
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Figure 6-30: For catchment area Nuenen/Son the reaction of feovd pollutant
concentrations of TS$ COD.qand COD§, to a storm on November £92007.

Single small storm without dilution

Figure 6-30 presents the reaction of flow and paiiti concentrations in wwtp
influent from catchment area Nuenen/Son to a stmmriNovember 19 2007. The
storm event constitutes a single small storm Iggiim approximately 3 hours with
a recorded precipitation depth of 1.5 mm. As altesuthe storm, flow increases
by a factor 2 to 3 surpassing the DWF upper boumdaftime-span of about 6
hours. After the onset of the storm initial concatibn peaks can be discerned that
are possibly the result of resuspension of in-sesegliments. Contrary to the
previous example, however, no subsequent reduatiaroncentrations to below
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DWF values is observed. The increase in flow vathas has proven sufficient for
the sediment resuspension is evidently insuffictentause large-scale dilution of
wastewater. Instead, for the remainder of thexs®vrent, pollutant concentrations
are recorded that atarger than during dry weather conditions. Apparentlye@af
the initial peak phase, the relative increase ittuont loads remains larger than
the relative increase in flow. This effect can lserved in Figure 6-31. For the
duration of the storm event flow values roughly bleuwhereas normalized TS
loads vary between 4 and a peak value of 24. Cerisggithe variation of pollutant
loads during the storm event again at larger ticades, Figure 6-31 presents the
moving average of TS$loads with spans of 12h and 24h. Calculated pead |
factors are 5.8 and 3.3, respectively. These vatuggest that relatively small
storm events are not necessarily associated widl pak load factors.
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Figure 6-31: The reaction of normalized flow and pollutant lsaaf TSS, to the same
storm as presented in Figure 6-30. Please noteéhbatertical axes have different ranges.

Multiple storms in series

Figure 6-32 presents the behavior of flow and GO&ncentrations in wwtp
influent from catchment area Riool-Zuid during arie® of storms between
November 38and December 1"l 2007. The event comprises multiple small and
seven large storm clusters, with the complete ehasting for about 10.5 days and
a total recorded precipitation depth of 69.4 mnr. Rearly the entire event flow
values remain larger than the DWF upper limit. Eatdrm is associated with a
dilution of CO, content in the wastewater, but despite the repettharacter of
the storms concentrations remain larger than 10Q eugall times.
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Figure 6-32; For catchment Riool-Zuid the reaction of flow grallutant concentrations of
CODto a series of storms between Novembét &6d December 1" 2007.
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Figure 6-33: The reaction of flow and pollutant loads of CQIo the same series of
storms as presented in Figure 6-32. Values are alaread to DWF means.
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The explanation for this phenomenon can be foundrigure 6-33. For all
individual storms within the event an initial peiakCOD.,, loadscan be observed
that lasts for roughly 12 to 15 hours, followed dyeduction in supplied loads to
values of around 1. In other words, each stornss®e@ated with a time-span with
pollutant loads arriving at the wwtp larger than BWalues, and - if flow values
continue to be high - a subsequent time-span withutant loads arriving at the
wwtp at a rate about equal to DWF values. Durirgy lHtter time-span minimum
concentration values are reached with dry weatbkutant loads arriving at (near-
maximum) wet weather flow rates.

Figure 6-34 presents on the same scale and faatine event normalized loads for
dissolved COD (COLY). Peak values are smaller than for total GQbut again
peaks have a repetitive character for subsequemninst Hence, each of the
observed peak loads for total CQas a contribution from both the particulate
fraction as well as from the dissolved fractions@\l the repetitive character of
peak loads suggests that the source(s) of thei@ualitoads during wet weather
flow seems ‘inexhaustible’ on the considered tiroals. Even after a number of
(large) storms within a time-span of a few dayseakpin pollutant loads is again
observed for the next storm event. This topic ithier discussed in paragraph 6.4.

The result of application of a 12h moving averaifferfon the COIQ, load data
yields a single global peak load factor (3.8 on éeber 1), but up to 7 local
maximum values, each of which is associated witlindividual storm within the
event, see Figure 6-33. In the analysis in the mextgraph events are only
associated with the global maximum value, whicbfien the first observed peak.
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Figure 6-34: The reaction of flow and pollutant loads of CQPto the same series of
storms as presented in Figure 6-32. Values are alaread to DWF means.
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6.3.3 Peak load factors

A peak load factor (PLF) is the maximum attainedlybant load during a storm

event after application of a moving averaging filtn the load data set and
normalization of values with respect to DWF mealues. It expresses the arriving
pollutant load in one of the three inflows at thety Eindhoven (averaged over the
span of the filter) as a multiple of its mean DWguwalent. PLFs have been
calculated for all storm events in the 19-month&dsets, for each of the three
catchment areas and for each of the three consigmiutant parameters. Filter
lengths of 12 hours (PLE and 24 hours (PLE) have been applied.

Figure 6-35 presents all peak load factors. Resultspresented in a 3x3 matrix
with Riool-Zuid results in the top row (65 stormeens), those for Eindhoven Stad
in the middle row (60 storm events) and Nueneni®salts in the bottom row (67
storm events); results for parameter I3%n be found in the left column, CQP
results in the middle column and CQDPfesults in the right column. Per matrix
cell (i.e. per location/parameter combination) PLfesults are plotted on the left,
PLF,, results on the right. Each dot represents a sesant; the mean value over
all storm events per category is given and itstmosindicated with a horizontal
dash. Please note that vertical axes are the samadl fraphs per location, but are
different across locations. The range of values §% and 95% percentiles) and its
mean are given in Table 6-12 per pollutant paranaatd per catchment area.

Table 6-12: Peak load factors (PLfand PLFE,) per pollutant parameter and per catchment
area: the mean values over all storm events asasdhie 5% and 95% percentiles. The data
are plotted in Figure 6-35.

Riool-Zuid Eindhoven Stad Nuenen/Son

# storm events 65 60 67
TSq, PLF, PLFEs PLFp PLF,, PLF, PLF,

5% percentile 14 1.2 1.0 0.9 11 0.8

mean 3.9 2.9 3.6 2.0 9.8 55

95% percentile 8.1 5.8 6.5 4.1 24.3 12.0
CODgq

5% percentile 1.4 1.2 0.9 0.8 1.4 1.2

mean 2.7 2.2 2.8 1.7 7.5 4.5

95% percentile 4.9 3.9 4.6 3.1 18.8 9.8
CODfq

5% percentile 1.0 0.9 1.2 1.1 1.3 1.1

mean 1.9 1.6 2.5 1.7 2.8 2.0

95% percentile 3.4 2.9 3.6 2.9 5.1 3.3
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Figure 6-35: Peak load factors and their mean values for paesd S§, (left), COD.,
(centre) and COLY (right) of all selected storm events of areas Rifiad (top, 65 storm
events), Eindhoven Stad (middle, 60 storm evems)Nuenen/Son (bottom, 67 events).
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For all three catchment areas and for all threarpaters mean PLFvalues are
larger than one. This means that for a ‘mean stewant’ the arriving pollutant
load over 24 hours from all inflows is systematicédrger than during dry weather.
The magnitude of this ‘mean storm peak load’ vaneh parameter and catchment
area. The largest mean BlLalues are found for T$S(2.0 - 5.5), followed by
parameters COLRQ (1.7 - 4.5) and CODR{ (1.6 - 2.0). This suggests that during wet
weather conditions the additional discharge of sndpd solids is consistently
larger than for dissolved compounds. The smallesthenent area (Nuenen/Son)
shows the largest mean peak factors whereas vataesmaller for Riool-Zuid and
Eindhoven Stad, the largest catchments. This cdictsaearlier research (Kadit
al., 2008) where no significant variability betweestahments of different sizes
could be observed. For parameter CQLCthe catchment size effect is less
pronounced than for parameters Tghd COLR,

All 5% percentile values are equal or close to ém@ther words, for ‘small storm
events’ arriving pollutant loads over 24 hours anethe same order of magnitude
as mean dry weather loadings. For relatively lasggm events (i.e. the 95%
percentile values) 24h loadings can become mugeiahan mean DWF values:
for parameter TSS a factor 4 to 6 for large areas such as Riool-Zamdi
Eindhoven Stad and a factor 12 for area Nuenen/Bonparameters CQPand
CODf,, these values are smaller, but remain much lafygn any dry weather
variation.

All nine graphs show that applying a moving averéiier with a smaller span
yields larger peak load factors. The values of f2lRould be considered with care
for its relation with time of the day. For instander area Riool-Zuid the same
storm event will yield a larger Plfvalue when occurring between 09h00 and
21h00 than between 21h00 and 09h00. For,Pli&dues this restriction does not

apply.

Possible relations between the magnitude of peadt factors and the explanatory
variables ‘total event precipitation depth’, ‘argdent dry weather period’, ‘mean
event precipitation intensity’ and ‘maximum evemegpitation intensity’ have
been studied. Results show that correlations aekwenon-existent. For variables
‘total precipitation depth’ and ‘antecedent dry wea period’ a positive
correlation is observed, suggesting increasing Pwih increasing parameter
values. However, all observed relations are weak wo correlation coefficient
found larger than?r= 0.35, see Figure 6-36. For the variables related
precipitationintensitycorrelations are non-existent. This is likelyiatitable to the
fact that precipitation data sets as derived inptdra3 have been used in the
analysis. In these data sets precipitation data Heeen aggregated into 1 hour
interval data, losing short-term intensity inforioat Others (e.g. Bertrand-
Krajewskiet al, 1993) do have observed relations between pratipmit intensities
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and pollutant loadings. In conclusion, a straightfard relation between individual
variables and averaged pollutant loads arrivinghat treatment plant during a
storm event has not be observed. Possibly, a cattmof factors has a better
predictive value. Also, other variables might péayole in the processes involved.
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Figure 6-36: PLF,, of COD,, for area Eindhoven Stad versus total event pretipn.

The storm event of May"7 2007 (that caused floating sludge layers on all
secondary clarifiers of the wwtp Eindhoven, seeagaaph 6.1) is presented in
Figure 6-37 and Figure 6-38. In the figures, thédweor of flow and pollutant
parameter TS3during (a part of) the event can be observed fastewater from
areas Riool-Zuid and Eindhoven Stad, respectivighg. storm event (that lasted for
several days) has not been included in the repudtsented in Figure 6-35 due to
lacking data towards the end of the event. DatMay 7" and &' however, are
complete and presented in the graphs. The UV/VI&a@efor area Nuenen/Son
was malfunctioning during the event.

The TS$, PLF for Eindhoven Stad adds to 6.0; its equivalentcichment area
Riool-Zuid is 9.0. Considering the range of obsdrALF,4 values of all studied
storm events these are very large values and intlig@clargest observed PiF
values for this parameter over the considered 16thsatime-span, see Table 6-13.
Also for parameters CQRand COD{, the PLk, values on May % 2007 are
larger than any PLE value presented in Figure 6-35. Moreover, the lgetaveen
PLF,, values on May 7 and the PLE, values of other large storm events (i.e. the
95% percentile values) are significant. For instanfor Riool-Zuid parameter
COD.q the difference adds to 2.9 which roughly equatsehtire span of values for
all other observed storm events.
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Combining Riool-Zuid and Eindhoven Stad data yidti$, values of 6.8 (TSS9,

5.5 (COR and 4.3 (COD{). Acknowledging that Nuenen/Son peak load factors
are generally larger than Riool-Zuid and Eindho®tad values and are therefore
likely to somewhat further increase PLF valuestfial wwtp influent, it can be
concluded that on May"7 2007 the wwtp Eindhoven has received a 24-hcad lo
of roughly 7 times the dry weather flow mean faat@suspended solids, roughly 6
times for parameter CQPand roughly 4.5 times for CORf Considering all other
events during the 1.5 year time-span of Apfil 2007 - November®] 2008 this
constitutes an exceptionally large influx of padint loads.
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Table 6-13: PLF,, values for the storm event of MaSV,72007 versus the range of observed
PLF,, values over all storm events in the time-span It 2007 - November®] 2008.

Riool-Zuid Eindhoven Stad RZ + ES

TSS, PLPy PLFy

5% percentile 1.2 0.9

mean 29 2.0

95% percentile 5.8 4.1

event May 7, 2007 9.0 6.0 6.8
CODyq

5% percentile 1.2 0.8

mean 2.2 1.7

95% percentile 3.9 3.1

event May %, 2007 6.8 5.0 5.5
CODfq

5% percentile 0.9 1.1

mean 1.6 1.7

95% percentile 2.9 2.9

event May 7, 2007 5.5 3.6 4.3

6.4 Discussion and conclusions

In this chapter quantity and quality data of wastew arriving at the wwtp
Eindhoven from the three contributing catchmentaar&iool-Zuid, Eindhoven
Stad and Nuenen/Son have been studied. For teigldla sets as earlier derived in
chapter 3 (precipitation data), chapter 4 (wastewqtiantity data) and chapter 5
(wastewater quality data) have been used. A digtimcis made between dry
weather conditions and wet weather conditions.lfedh flow conditions the main
findings are presented and discussed hereafter.

Dry weather conditions

For dry weather conditions wastewafyws have been studied using data of
approximately 200 dry weather days. Firstly, diliraiations have been observed.
Minimum night flows are on the order of 60% of tbeerall dry weather mean
value whereas maximum flows add to roughly 125%o08dly, variations of dry
weather flow patterns across days of the week baea distinguished. Weekdays
do not differ much from each other, but weekend/fi@an be different in terms of
peak factors and timing. Thirdly, a long-term véoa of dry weather flow day
sums has been presented. On an annual basis, oesyvsuy between 80% and
120% of the overall mean. For each of these thagiation types a catchment size
effect has been observed: the smallest catchmeat(&luenen/Son) is associated
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with the largest deviations from mean values wtetba two largest catchments
(Riool-Zuid and Eindhoven Stad) consistently shavaler variations.

Based on data of 100 to 150 dry weather days diypagterns of pollutant
concentrationshave been derived. For pollutant parameters asgaoliwith
suspended solids (TgSand COR) these show large similarities with their flow
equivalents: large flows are generally associatétth welatively high pollutant
concentrations and vice versa. As a result, thebaaation of both into dry weather
patterns for pollutantoads yields diurnal patterns with larger variationsrthar
flow only. For instance, for catchment area Eindho%tad flow varies over a day
from 68% to 120% of the DWF mean whereas GQIDads show a variation
between 58% and 133%. Concentration values of ldsdoCOR, are more
constant; therefore, load variations of CQ[2fver a day are of the same order as
for flow. Long-term variations of pollutant loadydaums show the same tendency:
the variation of values for suspended loads iselatgan for flow values whereas
the variation of dissolved loads is on the samesroaf magnitude. Essentially,
these two observations hint at the same phenomesospended solids
concentrations are significantly influenced by tigkly small flow variations
during dry weather whereas concentration valuegdis$olved COIQ, remain
largely unaffected by such variations in flow vau&he observed catchment size
effect in pollutant loads for parameters Ts&hd COLRy is hence directly related
to the same effect in flow values. As for flow, ihal patterns and day sums for
pollutant loads can vary for different days of theek. For this variation type the
largest differences are site-specific: the dischafgcentrate water from the sludge
treatment facility into the Riool-Zuid sewer systamm weekdays only. Other
observed differences are due to typical week/weskanations.

A survey (STOWA, 2001) among water boards in théhBgands shows that a
wide variety of methods is applied to determine ‘thesign capacity’ of new or
renewed wastewater treatment plants. In generéd, gurrent practice to account
for variation in hydraulic loading but to assumecenstant pollutant loading.
Results in this chapter show that the latter isimaiccordance with observations at
the wwtp Eindhoven influent pumping station. Seas@and weekday variations
are generally acknowledged, but not often incorgatan the design. Reported
percentages for these variations are smaller thares observed in this chapter. A
catchment size effect that was observed for batv find pollutant loads in this
chapter is not reported for any current wwtp design

In the same STOWA (2001) report much attention &@dpto a commonly
encountered problem when (re)designing wwtps: @rejmncy between the
administrativenumber of population equivalents in an area aedgttual number
of p.e. based on measurements. Using the sameaapas in the report (i.e. using
data of 24-hour composite sampling), results irs tbhapter show that this
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discrepancy is non-existent for the wwtp Eindhovw&nhthe same time, however,
comparison between UV/VIS data and composite samgdelts suggest that
systematic errors are present in either one or bath sets. In the survey many
respondents have expressed their doubts on fullpkante with prescribed
sampling and analysis methods of the composite lsagnp

Wet weather conditions

Under wet weather conditions arriving pollutantdsat the wwtp Eindhoven can
be an order of magnitude larger than under dry egatonditions. Using data of
approximately 65 storm events the arriving pollttaads over 24 hours have been
calculated and compared to its dry weather equitglRLF,, value). Results show
that ‘mean storm events’ lead to the arrival ob23ttimes the suspended solids
load for areas Riool-Zuid and Eindhoven Stad aril tbnes the load for area
Nuenen/Son. For parameter CQpPfthese values are 1.6 to 1.7 and 2.0,
respectively. As for dry weather conditions, a batent size effect is observed in
the magnitude of peak loads. Also, the larger gaators for pollutant parameters
associated with suspended solids again expresstriveg relation between these
parameters and flow: large flows during wet weatbenditions cause a much
larger increase in TQgoads than in CORYj loads.

For ‘small storm events’ (i.e. the 5% percentiléuesof all calculated PLE values)
arriving pollutant loads are comparable to normgl weather loads. For ‘large
storm events’ (the 95% percentile value), howepegk loads factors can be large:
roughly 4, 6 and 12 (TS$loads), 3, 4 and 10 (CQPloads) and 3, 3 and 3.5
(CODfyy loads) for areas Eindhoven Stad, Riool-Zuid anderéum/Son,
respectively. The combination of these into valdes total wwtp Eindhoven
influent yields 24-hour peak load factors of royghl(TSS,), 3.5 (CORQy) and 3
(CODf,) for a typical ‘large storm event’. The latter was are (much) larger than
peak factors used in the Eindhoven treatment plasign. For instance, the oxygen
demand in the activated sludge tanks at the wwipllgiven is estimated using a
mean dry weather influent loading, and incorpogatinsubstrate peak factor of 1.5
as well as an overall (wet weather) factor of aulw, 2002). In other words, a
variation of up to 165% of mean dry weather loadm@nticipated in the design.
Despite exceeding this loading during a typicaigiastorm event’, COQCODf,
pollutant concentrations in wwtp Eindhoven efflueare not known to largely
deteriorate and violate effluent standards durengd storms. This confirms the
notion that the removal of oxygen demanding sulttsun wastewater is a robust
process (e.g. Langeveld, 2004) that can handle jmalings beyond its design
value. The robustness is owing to processes such t@porary reduction in
endogeneous respiration and delay of substrateiragep due to prolonged
adsorption instead of direct oxidation of polluganit should be noted that this
observation does not hold for nitrogen removal psses; a peak loading in
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influent is therefore often associated with peakcemtrations in effluent, as is
commonly observed in practice.

For the May ¥, 2007 event, however, the extreme loading in omygemanding
pollutants seems to stand at the basis of the towmaf floating sludge layers on
all secondary clarifiers (see paragraph 6.1). In emaluation Tauw (2007)
concludes that denitrification in the secondaryitiéas is the most likely cause for
the formation of the floating layers. Observed hagimcentration levels of nitrate
in the secondary tanks in combination with a lowgen concentration and the
presence of substrate in the form of CQBdsorbed to sludge particles have
probably led to this delayed denitrification prozdbat should have taken place
earlier in the aeration tanks. The extreme poliutaading at an unaltered wet
weather flow rate caused unusually high pollutamoentrations in inflow into the
aeration tanks, resulting in a prolonged nitrificatprocess and a residence time
‘deficit’ for subsequent denitrification. Retrosgigely, a reduction of flow into the
aeration tanks (i.e. a reduction in inflow of topalllutant loads) or a reduction in
oxygen supply (i.e. limiting the nitrification press) might have prevented the
occurred problems. Naturally, this would have regliin an increased ammonium
load in the wwtp effluent, but might have preventied weeks-long restoration of
normal plant operation.

Origin of additional loads during wet weather flow

An interest in the prevention of such extreme weiather peak loadings to a
wastewater treatment plant starts with a searcthioorigin of additional pollutant
loads. The origin of additional loads has beenistuthy e.g. Krejciet al (1987)
and Gromaireet al (2001). Identified sources of pollutant loadswat weather
flow are, apart from the continued dry weather fldwing the storm event, loads
entering the sewer system via run-off and loadsnfreroded in-sewer stocks
(sometimes divided into sewer sediments and biosfil For the ‘typical large
storm event’ on June 123" 2008 (earlier presented in Figure 6-28) the
contribution of in-sewer stocks to the total Te®ad from catchment area
Eindhoven Stad is derived using a mass-balancdiegquss used by Gromaiet al.
(2001):

MT=M5+ MR+ MD

with: My = total mass of pollutants at catchment outletvtpvinlet [kg]
Ms = mass of pollutants from in-sewer stocks [kg]
Mg = mass of pollutants from run-off [kg]
Mp = mass of pollutants from dry weather flow [kg]
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Figure 6-39: The reaction of flow and pollutant loads of T$® the same storm as
presented in Figure 6-28. Values are normalizedWwi- means.

Figure 6-39 presents the variation of TgBads over the course of the storm event.
The surface area beneath the IS&aph and enclosed by the event limits
represents the totédad of TSG, that arrives at the wwtp Eindhoven during the
storm event (M = 50,000 kg TS&). The DWF load equals the surface area
beneath the ‘normalized load = 1’ line M 14,000 kg TS§ or 28% of total load).
The contribution of run-off is calculated ass® 7,500 kg TSg or 15% of the
total load. To obtain this value total run-off vola & 150,000 mi.e. the volume
larger than the DWF volume) has been multiplied dy assumed pollutant
concentration in run-off equal to mean pollutantnaentrations in Dutch
stormwater as collected in the STOWA stormwatealoase (for TSS 49 mg/L, see
STOWA, 2007a). The resulting mass of pollutantsnfim-sewer stocks is hence
28,500 kg TS&, or 57% of the total arriving load during the stoewent. For the
same storm event total load of parameter ¢@Dnsists of 62% originating from
in-sewer stocks. All derived shares can be foun@able 6-14. Using the same
approach for the ‘extreme loading’ event of Mdy, 2007 the share of in-sewer
stocks in the total pollutant loads Te38nd COLR arriving at the wwtp Eindhoven
has been calculated as 69% and 74%, respectivedythis event the share of run-
off is likely underestimated as a prolonged dryigubis expected to lead to larger
run-off pollutant concentration values than therafieentioned mean value from
the STOWA database. Calculated percentages areacabip to values found in
literature, see Table 6-14. Considering the lalgges of in-sewer stocks it can be
concluded that these are an important source tBptilution load TS&nd COD
arriving at the wwtp Eindhoven during large stoverms.
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Table 6-14: Contributions of dry weather flow loads M run-off loads (M) and in-sewer
stocks loads (M in total observed load (M= 100%) for two (very) large storm events in
the Eindhoven area and literature values.

dry weather run-off (Mg) in-sewer
TSS flow (Mp) stocks (M)
Eindhoven data:
June 1%/13" 2008 ES 28% 15% 57%
May 7", 2007 RZ + ES 18% 13% 69%
literature:
Gromaireet al, 2001 median 21% 15% 64%
10%-90% 4%-43% 9%-25% 40%-81%
Krejciet al, 1987 average 6% 35% 59%
COoD
Eindhoven data:
June 1%/13" 2008 ES 33% 5% 62%
May 7", 2007 RZ + RZ 22% 4% 74%
literature:
Gromaireet al, 2001 median 34% 15% 51%
10%-90% 9%-62% 10%-29% 26%-72%
Krejciet al, 1987 average 20% 22% 58%

For the May ¥, 2007 event the derived TePollutant load from in-sewer stocks
equals roughly 100,000 kg. With an estimated wdk density of around 1200 -
1700 kg/ni (Ashleyet al, 2004) this corresponds to about 78 ah resuspended
in-sewer sediments and biofilms. If (theoreticalipyead out evenly over the 2100
km of sewer pipes in the Eindhoven area this volwomeesponds to a uniform
sediment/slime layer of (for instance) 1mm in héighd 3cm in width. From
multiple observations in the Eindhoven sewer syst@s well as general
observations in many other sewer systems) it ipexisd that the total in-sewer
storage of sediments and biofilms is (much) larggn this calculated load of
eroded sediments. Hence, during the event onlpaidn of total in-sewer stocks
has been eroded and transported towards the wwdpa Aesult, also directly
following a storm event the ‘pollutant reservoir sewer sediments is not depleted
and a subsequent storm event can again be asseititea peak in pollutant loads.
This repetitive character of peak pollutant loadsirdy a series of successive
storms has been observed in Figure 6-33. This wdtsen is in line with research
on the total pollution potential of sewer sedimerRéstenpart (1995, cited in
Ashley et al, 2004) found the pollution potential in terms o®D load in bed
material in a typical sewer pipe to be 29 timesdarghan in the wastewater above
the bed. Naturally, not all these pollutants asmgported to the wwtp during a
storm event as only part of the sediment is ercaiedl part of the remobilized
pollutant load again settles further downstreariésystem.
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With dry weather flow being a continuous contribatito the wastewater system,
the prevention of extreme wet weather peak loadioghe Eindhoven wastewater
treatment plant can be achieved reducing the wathee contributions of run-off
and/or of in-sewer stocks. For this, a number dutems are available that
essentially reduce the availability of pollutanadis at many locations along the
route from precipitation to wwtp inflow. For inst more frequent street
sweeping reduces pollutant loads on impervious sar@aensified gully pot
cleaning ensures less pollutant entrainment byoftirentering the sewer system,
and regular sewer cleaning with e.g. flushing gatewvents the resuspension of
material that was deposited at an earlier stagélefxst al. (2004) present an
overview of approaches that have been applied éwves solids management
showing application and effectiveness. Furtheraesteis required to evaluate the
applicability of each of these techniques in thedBioven area wastewater system.
Besides technical aspects, an important questit»e @nswered concerns the value
of a peak load reduction. Estimating the gain cfléen peak loadings to wwtp and
CSOs (e.g. in terms of improved wwtp and CSO efffiwguality or prevention of
costs associated with a calamity such as the Map@07 event) would allow for
an improved evaluation of the advantages of amgified solids management
program.
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7.1 Introduction

For water quality monitoring, the advantage of gsimtomated sensors instead of
the ‘traditional’ method of manual sampling anddediory analysis lies primarily
in the possibility to generate high-frequent andtewous data sets. Conventional
sampling campaigns typically last for a few hoursualay at intervals of 10 or 60
minutes whereas the UV/VIS spectrometer, as preddntchapter 5, can measure
water quality parameters over time-spans of moathgars with frequencies up to
once per minute. As a result of this differencenitwing with automated sensors
provides an improved insight into the variatiortime of the observed parameters.
Additional knowledge on thepatial variation of the parameters, however, cannot
be generated. A spectrometer installed somewhetkeirwastewater system will
yield, just like grab samples taken at that sanmatlon, data sets representing
water quality at that specific location only.

Distributed temperature sensing (DTS) with fibetiopcables is a measuring
technique that allows monitoring the wastewaterliguparameter ‘temperature’
simultaneouslyat many different locations along a sewer condising a single
instrument. Over the last decades, the techniqgsebkan applied extensively in
other fields, but has hitherto not found its watoisewer systems. This chapter
presents applications of fiber-optic distributednperature sensing in both
combined and stormwater sewer systems.

The objective of this chapter is to introduce tHESDmonitoring technique and to
present results of its application in sewer systefsr this, paragraph 7.2
introduces the technique focusing on sensor setod cable installation,
monitoring principle, and data uncertainty andhoaliion. Paragraph 7.3 describes
the application of DTS in stormwater sewers for thepose of locating illicit
connections. The paragraph introduces illicit catioas in stormwater systems,
describes current techniques to locate these amdaiex why the use of
temperature monitoring can be of added value. Suiesdly, the results of DTS
monitoring in two test sites are presented andudsed. Paragraph 7.4 describes
the application of DTS in a combined sewer systieimtroduces the test location
and discusses data results. Also, a possible uge afata - flow ratio calculations
in part-full pipes - is presented in section 7.4.4

This chapter is based on work earlier presentaddnarticles: Hoe®t al. (2009)
on the application of DTS in stormwater sewers dgeaph 7.3) and Schilperoort
and Clemens (2009) on the application in combiresees systems (paragraph 7.4).
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7.2 Fiber-optic distributed temperature sensing
7.2.1 Introduction

Fiber-optic distributed temperature sensing is aitodng technique developed at
the beginning of the 1980s in the United Kingdong(®akinet al, 1985). The
technique is a spin-off of technology developedtémsting fiber-optic cables that
are installed for telecommunication purposes. Sihee1980s the technique has
found many applications in a wide variety of fieldr instance, DTS has been
used for leakage detection in dams (Johansson,) 189y hydrology of small
streams (Selkeret al, 2006a,b), fire detection in cable trays in b
(Glombitza and Hoff, 2004) and fire detection iradotunnels (e.g. the German
SOLIT-project). The wide application of the techumqg can be understood
considering a number of characteristics the tealmigffers in common system
monitoring situations. For instance, a DTS systenth( power supply and data
storage at a single and easily accessible locatian)replace many point sensors,
hence reducing the effort for power supply and dgtinering at many different
locations. Since the fiber acts as both sensimgei¢ and transmission medium, a
separate data communication system is not requiéena priori knowledge of
sensor placement lacks, the near-continuous spesialution of the DTS system in
combination with the long range of the cable allalisgnosis of small problem
areas within a large observation area. Also, sitheee is no electrical signal in the
fiber-optic cable, placement in an environment thmtsome cases requires
explosion-proof equipment (such as sewers systenpgssible.

7.2.2 Monitoring set-up and cable installation

The application of DTS in sewer systems is perfarméh a fiber-optic cable in
combination with a stand-alone instrument that amst a laser, sensing
optoelectronics and a PC. The fiber-optic cabliit out at the invert of a sewer
pipe. At one end, the cable is connected to thepoten/laser instrument that is
generally stored outside the sewer system in alsoatainer to protect it from
weather and vandalism (see Figure 7-1). For the-saglies presented in this
chapter, fiber-optic cables were used by manufacti€aiphone Technology
(Taiwan). The cables carry two glass fibers, ofchione is used for measurements
and the other provides redundancy. The glass filfisngitimode 50/125um
core/cladding diameter) are embedded in a gel tadadirect stress on the fibers,
as stress influences measurement results. Thesfiaex further protected by
subsequent layers of PBT, stainless steel spirainid fiber, metal braiding and
PE. The laser/computer instrument used is a Hal8 By manufacturer Sensornet
(England).
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Figure 7-1: Set-up of in-sewer DTS monitoring

Installation of the cable in a sewer pipe requpeking a rope from manhole A to
manhole B (see Figure 7-1) by first letting a waetrpropelled sewer flushing
device make its way from B to A and - after attaehtnof the rope - by
mechanically pulling the device back to manholeCBnsequently, the fiber-optic
cable that is attached to the end of the rope eaputied from A to B by hand.
Pulling the cable manually assures that, in cassudfien blockage, no damaging
excessive forces are exerted on the cable. Stepseaeated to advance from
manhole B to manhole C. Following this procedunstallation of a 1300m cable
takes a 5-persons team approximately 4 hours. ddnmsbe improved by using
pulleys to reduce friction in combination with angger hose on the sewer flushing
device to skip manhole B, and start from manhol@&€hds or loops in the cable
with a radius less than 10 cm should be avoidegréwent loss of signal in the
cladding which has a lower refractive index tham tlore of the fiber. Mechanical
and other restrictions to be observed during itedtah and operation of a fiber-
optic cable can be found in EN-IEC (2003).

7.2.3 Monitoring principle

For a measurement, the laser instrument emits @ingulaser light into the fiber-
optic cable through a directional coupler, see fEgi+2. As a result of several
mechanisms light is scattered as the pulse passss the fiber. Density and
composition fluctuations such as microscopic noifieumities in the glass fiber
cause Rayleigh scattering; Raman and Brillouintsgag are due to molecular and
bulk vibrations, respectively (Lopez-Higuera, 2Q@ach scatter type has its effect
on wavelength and intensity of the scattered lighe Figure 7-3. A proportion of
the scattered light is retained in the fiber card &avels back towards the source.
There, the signal is read by the optoelectronickfarther processed.
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The Rayleigh and Raman components of the backseadttéght are used in
combination to create temperature against distapadiles. The Rayleigh
backscatter is the main component of the returigrehband is unshifted from the
launch wavelength. Knowing the speed of light ivefi the distance the light has
travelled down the fiber can be calculated. Heliayleigh backscatter provides
information on thdocation of the reflection along the cable. This processfien
referred to as optical time-domain reflectrometry.

claddin¢
directional _ core
couple fiber cable
------- =7t ---A\ . ey [ N
pulsed laser source ' e e ‘_;? Q,:: Hifm ]
_______ VA B ; (& -
@ lenses scattering

optoelectronics

signal processing

Figure 7-2: Configuration of laser, fiber cable and optoelecits for a DTS measurement
(after Lopez-Higuera, 2002)

The Raman light comprises two elements: the Stakdsanti-Stokes signals which
are shifted in wavelength compared to the Raylsighal and can be filtered from
the dominant constituent of the total backscattégdd. The intensity of the longer
wavelength Stokes light is nearly independent oifpterature whereas the intensity
of the shorter wavelength anti-Stokes light is temapure-dependent. The
temperature at the location of the reflection along the filogtic cable is
determined using the ratio of the anti-Stokes atwkes light intensities. Further
details on the monitoring principle of DTS can barfd in Lépez-Higuera (2002).

The temporal and spatial resolution of the measen¢rman be manually adjusted.
Typical temporal resolutions for in-sewer applioas are 30 seconds up to several
minutes; a typical spatial resolution is 2 metehjol is also the minimum value
for the applied Halo instrument. Programming thassolutions yields a
temperature data set every 30 seconds containingeta&ture values for each 2
meter section of the fiber-optic cable. Essentjaiyl backscattered signals
originating from the targeted section of the cabikeintegrated over the considered
time-span to derive a single temperature valuéhiair section.
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Figure 7-3: Scatter types and their spectral shifts with resfethe emitted laser light
(after Lopez-Higuera, 2002)

7.2.4 Calibration and data uncertainty

A distinction must be made between the absolutaracyg of a DTS measurement
and repeatability or precision. Absolute accuracyhie ability of the DTS system
to accurately measure a temperature value angiisatly referenced to a standard
measurement method in a calibration process (dgrmistors or bi-metal
thermocouples). Hence, the absolute accuracy oT @ Eystem is limited by the
accuracy of the device generating reference valueisig the calibration process.
Calibration of the instrument requires a value tEmperature offset and a slope
parameter that adjusts the offset with distancenftioe computer/laser instrument.
A calibration is ideally carried out by placing thetire cable in an environment of
known constant temperature, attaching the cabl#héoinstrument and taking a
long-time integration measurement (Selkeral, 2006b). Logically, this kind of
calibration must be carried out before installatadrthe cable in a sewer system.
Alternatively, after installation of the cable insawer system or because of any
other logistical difficulty, calibration is possélinserting two well separated
sections of the cable in an environment of knownperature such as an ice-bath.
Recommended lengths of such calibration sectiom®marthe order of 30m or more
(Tyler et al, 2009). This way, calibration of most commercidl®systems against
standard thermometers can yield absolute measuteswenracies up to £0.1°C.
Figure 7-4 gives an example of the calibration ofiezsewer DTS set-up after
installation of the cable in the sewer system. Theference measurements with
0.2°C accurate temperature sensors installed bjineext to the fiber-optic cable at
locations 1 and 2 give an offset and slope parantetealibrate the raw DTS data.
In this example, the two calibration sections wenéy 5m long and could not be
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arranged at the beginning and end of the cablejnst¢ad at locations around
500m and 800m from the instrument. Two referencasmeements should be
sufficient for calibration since the signal attetioi process is in theory purely log-
linear. However, when irregularities such as cotorsoor fusion splices are found
in the cable measuring an offset at more than @libration sections gives a better
understanding of the temperature offset along #isdec(see e.g. Figure 7-17).
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Figure 7-4: Calibration of a DTS measurement using two add#iseference sensors

Repeatability or precision of measurements dessribe closeness of agreement
between the results of successive measurements idedgical conditions. For
DTS systems, repeatability can be divided into wamponents: temporal and
spatial repeatability. In an environment with camsttemperatures in both time and
space temporal repeatability describes closeness agfeement between
measurements over a certain time-span taken atlawmaion whereas spatial
repeatability describes the same for measuremekes tat one moment in time at
multiple locations along the fiber-optic cable.

Tyler et al. (2009) have tested both precision types for varicammercially
available DTS systems, among which the system udsedhe measurements
presented in this chapter. Short-term (~2 hounsipteral repeatability tests show
standard deviations ranging between 0.1°C and 0f@°@ifferent systems. Long-
term effects such as instrument drift are not idetliin these values. For these
effects values of £1°C to 2°C are reported, esfigciar multiday experiments
when the instruments are subjected to significatérhal temperature variations
(which can be the case for in-sewer DTS monitoogagpaigns). Observed values
for standard deviations of spatial repeatabilitgrogable lengths of ~100m range
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between 0.02°C and 0.08°C. Hence, small changemmperature from one cable
section to the other can easily be detected widi & system.

15 seconds

1 minute

temperature resolutiofiq]

5 minutes
15 minutes

Og ‘ ‘ ‘ ‘ ‘ ‘ 60 minutes
0 500 1000 1500 2000 2500 3000 3500 4000
distance [m]
Figure 7-5: For the Sensornet Halo DTS system the temperagsi@ution versus distance
along the fiber-optic cable at different integratitmes. The presented values are for a

spatial resolution of 2m (Sensornet, 2009).

The precision of a DTS measurement is dependenthendistance from the
instrument, the selected temporal resolution, ghecsed spatial resolution, and the
quality of the applied instrument and cables. Inagal, the more reflected laser
pulses can be used for a single temperature reatiiegnore precise the reading is.
In other words, the precision of the measuremetariggates for measurements
taken further away from the instrument, for shortgegration times, for shorter
integration sections and for less quality cable$ @mnectors that generally show
increased signal attenuation. For the Sensorneb Hal'S instrument the
‘temperature resolution’ is given in Figure 7-5aafunction of distance along the
cable and programmed resolutions. Temperatureuttsolis defined by Sensornet
(2009) as “the standard deviation of the measueedpérature with respect to
distance” (i.e. spatial repeatability), and shaudd be confused with the minimum
resolvable step change that can be detected lsystem.

For DTS applications in stormwater sewers, absaotracy of measurement is
not of the utmost importance. Locating illicit camtions requires the ability to
observe temperaturdifferencesalong the cable instead of generating accurate
temperature values. Therefore, spatial and temgaveadision are more important
than an accurate calibration procedure. A calibragirogram has not been deemed
necessary for this specific application. For theligption in a combined sewer
system, however, knowledge of accurate temperatgkies is important.
Therefore, for this application a calibration pragrwas performed.
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7.3 Distributed temperature sensing in stormwater sewers
7.3.1 Introduction

Ever since the introduction of separate sewer Byst®/stem managers have been
faced with illicit connections. These illicit corst®ns are generally unintended
cross-connections that connect foul water outletsnfresidential or industrial
premises to the stormwater system and/or stormwaidets to the foul water
system. For locating stormwater outlets that amneneoted to the sanitary sewer
system, a reliable, inexpensive, and often prdtficieasible method exists:
introducing smoke in the sanitary sewer and seagclior stormwater outlets
through which smoke is released (see e.g. US EPB4)2 Such a simple and
straightforward method does not exist for the lmratof foul water outlets
connected to stormwater systems. Most currentiiegpsearching techniques
come with disadvantages that reduce reliabilitgrease costs or make the method
difficult to implement.

The DTS monitoring system offers a new methodoldgy locating illicit
connections in stormwater sewers. In this paragtaphmethod is explained and
examples of application are presented. lllicit amstions are introduced in section
7.3.2 reporting on occurrence, effects on receiviragers and current detection
techniques. Then, in section 7.3.3 the concepsigutemperature differences and
variations for the location of illicit connections discussed. The two locations
where the method has been tested are introducegdtion 7.3.4. Finally, test
results are presented in section 7.3.5 and disguss®ction 7.3.6.

7.3.2 lllicit connections in stormwater systems

Definition

In the Netherlands separate sewer systems havewdely introduced since the

early 1970s to circumvent the drawbacks of combseser systems. Since then, it
has become clear that separate sewer systems ais® with disadvantages. A

major drawback is the occurrence of illicit conmeas. For stormwater systems the
term ‘illicit connection’ has many meanings in régions, literature and practice.

The strictest definitions consider an ‘illicit caution’ a connection with a

discharge that is not entirely composed of storrawafThe United States

Environmental Protection Agency (US EPA, 2004), beer, considers discharges
to stormwater systems to be illicit only if a flosuring dry-weather conditions

contains pollutants and/or pathogens. By this dtedim discharges of for instance
groundwater (if unpolluted) are not considered iomgr. On the other hand,

intended or accidental spills on paved areas ofdgsuch as oil, grease, paint or
car wash water that enter the stormwater systeer aftrface run-off through a
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storm drain inlet are considered illicit dischargest are not the result of an illicit
connection. In the context of this paragraph, itlliconnections to stormwater
systems are defined as unintended sewer cross@iome that connect
wastewater outlets from residential or industri@mises to the stormwater system.
The majority of these connections are due to pawnbing during construction or
renovation of a property when outlets are connetidtie closest available sewer
pipe, which is not necessarily the designated s@iper. Infiltration and inflow of
e.g. groundwater or drain water are not considelledt discharges, but are
referred to as extraneous flows.

Occurrence and effects

lllicit connections to stormwater systems are comnfchmidt and Spencer (1986)
report that more than one third of over 300 inspadiuildings in a drainage basin
in Ann Arbor (Michigan, USA) discharged wastewat®rthe stormwater system.
An extensive study in the Boston area (MassachyjsgA) revealed a smaller
percentage: 3% of nearly 5700 inspected buildingsevfound to have an illicit
connection (Jewell, 2001). Other studies in thetéthBtates (US EPA, 2004) show
similar percentages of illicit connections to stamer systems. Many of these
detection programs are initiated upon water qualitthlems at beaches and lakes
(Boyd et al, 2004; Dickersonet al, 2007). lllicit connections lead to direct
transport of raw wastewater through storm draingéeiving waters. At the outfall
of a storm drain there is often no treatment oy dintited treatment in the form of
a settling basin or plate separator. As a redlittiticonnections can represent a
major source of pollution to receiving waters. Aften extensive monitoring
program, van Sluist al (1991) concluded for the Netherlands that malidgause
of illicit connections the average annual pollutimad discharged to receiving
waters from stormwater systems can be on the sader of magnitude as the
pollution load discharged from combined sewer swysteln other words, the
anticipated pollution reduction by building a mesgensive separate sewer system
can be largely annulled by the presence of ilécibnections. Logically, repairing
illicit connections has a beneficial effect on rgoey water. Taylor and Wong
(2002) present the effects of illicit dischargaréliation programs in various large
cities. In one example, the changes of in-sewenstater quality before and after
an elimination program were measured and analyzeshguevent mean
concentrations averaged over 4-year intervals. rfésealts include a reduction in
event mean concentrations of 13% for total suspknstdids, 17% for total
phosphate and 8% for total Kjeldahl nitrogen.

Present searching techniques
Current searching techniques to locate illicit certions to stormwater sewers
include (Jewell, 2001; Tuomari and Thompson, 2Q08;EPA, 2004):
- Visual inspection and progressive sampling at mbashorhe goal is to
isolate the illicit discharge between two storminlirmanholes for which
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visual inspection results (e.g. presence of flowors, deposits) or
indicator sampling results (e.g. ammonia/potassitatio, surfactants,
caffeine) differ significantly.

- Dye testing. The introduction of a non-toxic dyeoirtoilets, sinks, shop
drains and other plumbing fixtures and the subssigdiscovery of dye in
the storm drain suggest the existence of an ilioitnection to the storm
sewer and pinpoints to the specific source.

- Video reconnaissance. Guiding a mobile video carttfemt@ugh the storm
drain pipes allows a visual inspection of sewerepipand reveals
connections that discharge during dry weather ¢mmsi.

However widely applied, these techniques come wdibadvantages. Visual
inspection of manholes is subjective (Dirkstral, 2011) and not all water quality
changes can be visually perceived. Progressive |Isagngt manholes requires a
large number of laboratory analyses, while resalanot exactly locate illicit

connections in-between manholes. For dye testimgnbed to enter premises
makes application in some areas practically infdasiMoreover, the method is
laborious with often many plumbing fixtures per neantion. Observation of an
intermittent domestic wastewater flow from an itliconnection with video

reconnaissance is difficult as an average houselodnection discharges
wastewater only during ~30 minutes per person pgr(Butleret al, 1995). Hence,

video testing mainly depends on visual observatiforesidues such as toilet paper.

7.3.3 Method: searching anomalous in-sewer tempegatand variations

For the detection of illicit connections in stormesasewers the parameter ‘in-
sewer temperature’ is considered. Temperature ovdmit for the detection of
extraneous flows has previously been used in otirsewer applications (e.g.
Wirahadikusumalet al, 1998). For dry weather conditions, in-sewer terapges
in a stormwater system without illicit connectics® determined by surrounding
air and soil temperatures (Durrenmatt and Wann@dg8p, see Figure 7-6. In the
Netherlands, values for soil temperatures at 1nihdeary between roughly 5°C
(winter) and 15°C (summer); average air temperatuaage from approximately
3°C for winter conditions to 17°C for summer coradis (KNMI, 2008). Within
these ranges, air and soil temperatures are phynsgrbject to daily and seasonal
variations. In case of a (partially) submergedmtoater system (i.e. when surface
water levels are higher than sewer invert levedsit lexchange is also possible with
receiving waters. Receiving water temperatures aadations therein are
comparable to soil temperatures. Considering thepéeature characteristics of
these two (or three) influencing entities, it cam deduced that ‘expected’ dry
weather in-sewer temperatures for a stormwateesystithout illicit connections
are within the same range of values showing tenperaariations only on a daily
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and seasonal basis. Any deviant temperature valndfor deviant temperature
variations constitute an anomaly from the descridgdweather conditions and
suggest an additional ‘influencing factor’. Resultisthe next section show that
such irregularities in in-sewer temperatures asgjdently related to an illicit
connection.

The DTS technique provides a means to study teryeraalues in stormwater
sewers. Data results give a detailed view of ineset@mperatures and variations
therein in both time and space. Hence, resultsvalearching for anomalous
temperatures and temperature variations that ptmng disruption of usual

conditions inside the stormwater system.

_|

) \Q b sanitary syster]
/l stormwater syster

Figure 7-6: Heat exchange of a ‘perfect’ stormwater systenty aith surrounding soils
(‘A"), outside air (‘B") and receiving waters (‘C’)

7.3.4 Test areas: Korendijk and Groningen

The DTS method has been applied in the municipalitof Korendijk and

Groningen in the Netherlands. Preparatory visusppaéations of sewers as well as
residents’ complaints inventories had already rkgeahe presence of illicit

connections in the selected areas. Their exactitasahowever, were unknown.
Table 7-1 presents area characteristics and maorgtoparameters for each
catchment area. The areas differ in type whichnalstudying both domestic and
industrial/commercial discharges. The Korendijk eewection services a number
of streets with 102 bungalows and terraced housherems the Groningen
stormwater sewer is situated in a street with t@elduildings each one housing
multiple companies and industries. Data sets froth hreas include data collected
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during storm events. This opens up the possibiiitystudy the influence of
precipitation on DTS measurements in stormwatetesys. Groningen data have
been gathered under both submerged and empty smnditions, which allows
observation of the differences in data resultsth@ context of this paragraph
‘submerged’ indicates that a large amount of wegtqrresent in the sewer system
due to which the fiber-optic cable at the inverttad pipe is completely submerged
and measures water temperatures only. ‘Empty’, fen dther hand, does not
suggest that the system is completely free of watstead, ‘empty’ systems will
hold small amounts of water (wastewater spillsugdwater infiltration, etc.) that
could still (partially) cover the fiber-optic cabded hence influence measurements.
The main difference lies in the water mass: thepenature of the small water mass
in an ‘empty’ sewer is more easily influenced byeeral heat sources than the
large water mass in a ‘submerged’ storm drain. Kdijk data are collected in an
‘empty’ system. Further discussions on this tope@esented in section 7.3.6.

For both areas a temporal resolution of 30s andatiad resolution of 2m were
programmed. Using the Halo instrument and the atdd cable lengths, the
measurements have a precision of approximatelyC0.4&e Figure 7-5. In both
areas, no instrument calibration has taken placeesiabsolute accuracy of
temperature values are not important for this @pgbn of DTS monitoring.

Table 7-1: Characteristics of test areas Korendijk and Grgein

Korendijk Groningen
Type of area residential commercial / industrial
Length of fiber-optic cable [m] 1264 1160
Premises along studied sewer 102 bungalows and 11 large multiple
section terraced houses company buildings
Empty or submerged storm  empty empty and submerged
drains
Precipitation during yes yes
monitoring
7.3.5 Results
Korendijk

Figure 7-7 presents the results for the Korendgicloment area. The horizontal
axis represents the length along the cable from =@t the Halo instrument to
x=1264m at the end of the cable; the vertical ag@esents a time-span of 21
hours: from Thursday Octobef" A8h00 until Friday October £015h00. The

figure consists of 632 x 2520 pixels (respectivEdp4m divided by the 2m spatial
resolution and 21 hours divided by the 30s tempm@sdlution) that each represent
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a measured temperature value. The pixels are cbkweording to the color map
on the right hand side of the graph: values of A6.&nd lower are colored white,
values of 19°C and higher are colored black and iatgrmediate values are a
shade of gray. For this graph the range of predestaperatures has been adjusted
to accentuate values other than predominant in1stmperatures. In appendix L
(Figure L-1) the original full-color graph can beuhd. A longitudinal profile of
the storm drains is given directly above the terapee graph. The numbers (1-26)
represent manholes that vertically corresponddations in the temperature graph.
Side-connections to other storm drains are indichtecircles.

The in-sewer predominant temperature is around 1@%Csix locations (‘a’
through ‘f) anomalous temperatures above the dantitemperature are observed.
High-temperature plumes have a distinct shapeagpslpstream temperature rise
during a certain time-span with energy transfer disdipation in the downstream
direction. Note that the downstream direction d#fper location. For instance, at
location ‘c’ the slope of the sewer is from leftright whereas at location ‘d’ the
slope of the sewer is from right to left. Betweeanmoles 22 and 24 at locations
‘e’ and ‘f temperatures well over 19°C are intettently recorded. The majority of
these recordings are concentrated during early imgpiand evening hours, whereas
almost no temperature increases occur between O0CQo@d 06h00. The
interpretation of results is presented in secti®6/
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Figure 7-7: DTS monitoring results for Korendijk, Octobef-20", 2008. In appendix L
(Figure L-1) the original full-color graph is presed.
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Figure 7-8: DTS monitoring results for Groningen, Juneé"19July 4", 2008. The first
monitoring campaign (upper graph) took place iragiglly submerged stormwater system;
the second campaign (lower graph) took place iaraptied system. The original full-color
graph can be found in appendix L (Figure L-2).

Groningen

In the Groningen catchment area normal receivinggmlavels exceed storm drain
invert levels. As a result, a layer of water (~30)ds present in the stormwater
sewers also under dry weather conditions. In tlaidigdly filled system, a first
monitoring campaign was set-up (Jun&-28" 2008) during which the fiber-optic
cable was submerged in the water layer. A secompamn was held from June
26" until July 4", 2008 after separating the storm drains from #oeiving waters
and emptying the drains for the duration of the maign. During the latter
campaign monitoring result represent ‘empty’ in-seveonditions. Results are
presented in Figure 7-8 and in appendix L (Figw2)LThe first 27m section of
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the fiber-optic cable was not in the sewer systeh laence recorded outside air
temperatures. Predominant in-sewer temperaturéer ddr both graphs. In-sewer
water temperatures in the partially submerged systenge between 15°C and
17°C whereas air/water temperatures in the emgiedn drains vary between
17°C and 19°C. In both graphs at locations ‘A’ (X83n) and ‘B’ (x=500 m) high-
temperature plumes are visible for working dayg, imt during weekends (21-22
and 28-29 June). The plumes have distinct charatbs: in partially filled
situations temperature differences with the predami values are small (0.5°C)
and plumes are spread out in time and space wherageerature differences in
empty systems are larger (1.5°C) and more condedtra time and space.

7.3.6 Discussion

Predominant in-sewer temperatures and temperatariations

For both the Korendijk and the Groningen cases,d@renant in-sewer
temperatures are presented in Figure 7-9. Thecdaistitute in-sewer temperatures
for three consecutive dry-weather days at locatiateng the studied sewer
sections for which no anomalies in temperature inggd have been recorded
(Korendijk x=500 m; Groningen x=880 m). Korendijkn-sewer air/water
temperatures in an ‘empty’ sewer system show andluvariation with values
ranging between approximately 9°C and 10°C. Thisrdil cycle can be attributed
to variations in outside air temperatures in corabon with heat exchange via
storm drain inlets, manhole covers and outfallspe8unposed on this diurnal
variation is a high-frequent variation (~1 cycle peur) with an amplitude around
0.4°C. The origin of the latter has not been fouimgt may be associated with
instrument noise.
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Lo I e e s e et s e Ao el
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Figure 7-9: In-sewer temperature variations for three conseeudry weather days in
Korendijk and Groningen for locations without obhgst temperature anomalies.
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In Groningen, in-sewer water/air temperatures ireaupty storm sewer also show
a diurnal variation with values varying between@&nd 19°C. Compared to the
Korendijk data, in-sewer temperatures in Groningenhigher due to a change in
season: Groningen data were recorded in summere vWurendijk data were

collected in early spring. When partially submergdatle same Groningen
stormwater system shows in-sewer water temperataresnd 16°C without a

clearly distinguishable diurnal variation. Appatgnthe large water mass in a
water-filled storm drain prevents relatively quidiurnal temperature variations
whereas the limited air/water mass in empty seugeraore easily influenced by
outside temperature variations. For the same reasess ‘C’ in Figure 7-8 are
distinguishable for the emptied sewer system butfoiothe submerged system.
The results in Figure 7-9 confirm the notion preednn section 7.3.3 that in-sewer
temperatures for a stormwater system (section)owtthlicit connections are in the

same range as soil, air and receiving water tertyrexa with (large) variations

only on daily and seasonal basis.

Anomalous in-sewer temperatures and temperatur@tans

The Korendijk and Groningen results in Figure Md &igure 7-8 include multiple
locations for which temperatures and temperaturéatians have been recorded
that deviate from predominant in-sewer temperabafgavior. As an example, in
Korendijk at x=1124m (location ‘e’ in Figure 7-8rperatures well above normal
values are intermittently recorded, see Figure .700ring the night in-sewer
temperatures are relatively stable at a value pfagmately 12°C, but during day
and evening hours temperatures can rise up to 27%€an be argued that these
temperature increases are due to domestic wastediatdharges spilled into the
stormwater system. First of all, water is the lkbkarer of the energy that causes
the temperature rise since peaks always move dowamstalong the considered
sewer section (see Figure 7-7 for an overview agdré 7-11 for the presentation
of a warm water plume in detail). Secondly, the reoaf the day (and for the
industrial/commercial Groningen area also the dajsthe week) for which
temperature peaks occur, coincide with peaks in dmmctivities. Human
involvement in the spills is further confirmed thetabsolute temperature values of
the spills, for in the Netherlands no natural searare known that produce water
over ~20°C. Raw domestic wastewater, however, @rfntuch) warmer. Over
60% of all consumed domestic water is heated irwshg baths and household
appliances (Achttienribbe, 1993; Butler et al., 39Nater temperatures can rise
to ~40°C for baths and showers or to 30°C - 90%Chéusehold appliances. Before
water is discharged into the sewer system, temp@stdrop as energy is lost
during transport through house drains. Nevertheless house connection
intermittently discharges wastewater that is likelgrmer than ~20°C. Finally, the
intermittent character as well as the duratiorhefpieaks corresponds well with the
characteristics of normal use of household appiarsuch as showers, laundry
machines, etc.
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Figure 7-10: DTS monitoring results for Korendijk, April"810", 2008 at x=1124m
(location ‘e’ in Figure 7-7)
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Figure 7-11: DTS monitoring results for Korendijk, zoom on warmater plume

discharged at x=1124m for October 102008 around 08h00. Warm water moves

downstream the sewer pipe (which is from left gitiin this figure).

Although these four arguments make domestic waséswisgscharges thegrobable
source for the observed anomalous in-sewer tempestthey do not prove
causality Conclusive evidence linking observed temperapgaks to domestic
wastewater discharges was found during on-sitefieation of results by
excavation and testing. For the Korendijk area afigation of results was
performed opening warm water taps at suspectedigesmesulting in either visual
or auditive confirmation of water entering the stodrains. Also, monitoring
results showed increasing temperature values. dmi@gen excavation work at the
location of observed high-temperature plumes comd the existence of illicit
connections.
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Empty versus submerged stormwater systems

In many areas in the Netherlands stormwater seamrsubmerged due to high
water levels in receiving waters. A (partially) sudrged sewer pipe contains an
amount of water which means that a fiber-optic eabstalled at the invert of that

pipe is completely covered by a water layer andsmess water temperatures. The
water layer acts as a ‘buffer’ diluting dischargésvarm wastewater. As a result,
the fiber-optic cable will not measure the tempa®bf the discharge itself, but a
‘mean value’ of the mixture of the discharge anelwhater layer in the sewer pipe.
For this mixture the temperature increase afteraamwwater discharge will be

(much) lower than for the original discharge, apgtong the detection limit of the

DTS system. The question arises which dischargestihine detected by a fiber-

optic cable at the invert of a submerged stormwsaésver. This can be roughly

estimated using a simple theoretical approach pteden Figure 7-12.

house connection
V2 Tz

‘ discharge from

fib}ar-optic cable | V., T,

before after

Figure 7-12: A discharge of volum¥, and temperatur€, into a partially submerged
stormwater sewer with volumé@ and temperatur€;. The mixture has volumé; and
temperaturds.

Assuming that a discharge with volurive and temperaturd, mixes fully and
instantaneously with water volum@ of temperaturd’; in the sewer system, the
mixture has a volume df; and temperaturé&;. Combining conservation of mass
(V1 + Vo, = V3), conservation of energw(T; + V,T, = V3T3) and the in-sewer
wastewater temperature change=Ts - T; it can be derived that:

AT

(L-1)-aT .

Vo _

Vl
As (nearly) the same cable section is monitoiip@ndT; the temporal precision
of the DTS system determines which observed in-séamperature changaT) is

significant and not due to random variation. Aslieapresented in section 7.2.4
this depends on the type of DTS system, the promesnresolutions and the
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distance to the instrument. Given a certain precisithe ability to detect a

discharge is determined by the ratio of volunvgsand V, and the temperature

difference. For instance, with a 0.1°C precisiadiszharge that is 5°C warmer than
the in-sewer wastewater can only be discerneceifvtilume of the discharg®/)

is larger than 1/490f the in-sewer volume that is influenced by tigedarge Y,).

In practice, the ability to detect a warm waterctarge will depend on many more
factors such as the exact location of the dischapgee geometry, the temporal
resolution of the measurement, the mixing progesssible flow in the sewer pipe,

etc. Currently (2011), tests are carried out ineaperimental set-up to study the
detection limit of the DTS system under normaleuver conditions.

In the Groningen case study the same sewer seudisrbeen tested for empty as
well as for submerged conditions. Results revealmnwavater plumes for both
conditions for the same two locations (Figure &8x=378m and x=500 m). The
plumes however have different characters. For tienerged system, temperature
variations are slower and spread out in time anacespwhereas temperature
variations for the empty system are faster witltltisged water remaining closer
to its origin and cooling down more quickly. Thssillustrated in Figure 7-13.
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Figure 7-13: DTS monitoring results for Groningen. Results foree consecutive dry
weather days at x=500m (illicit connection) and &8/ (normal conditions, no illicit
connection) for both an emptied and a partiallyseiged stormwater system.
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The graph presents temperature variations for blathempty and submerged
systems during a three-day dry weather period ab whistinct locations.
Measurements at x=880m represent normal in-sewewpdrture variations,
namely a diurnal pattern for the empty system amealy constant temperature
value for the submerged system (compare with theevaresented in Figure 7-9).
Measurements at x=500 m, however, show deviatimm these standard patterns.
In the emptied system, anomalies (area ‘A’) take shape of relatively quick
variations that cause slightly higher temperatufe9.5°C) than expected
considering the data for x=880 m. Areas ‘B’, ‘C'daiD’ show that anomalies in a
submerged system take a different form with gradaaiations over the day that
cannot be observed for locations without illicinoections. Despite their different
appearances, anomalies in temperatures and tenmgekariations are detectable
for both types of systems. In this case studyitilischarges can be detected using
the DTS-monitoring system in both empty and subergtormwater systems.
Hence, in this case emptying the partially filledrswater system is not required
for DTS-monitoring to be successful.

10

5-6 April 2008

00:00 =T - - : 5

length along fiber-optic cable [m]
Figure 7-14: DTS data results for Korendijk, Apri'sand 6", 2008. The temperature range
of the color bar next to the graph has been adjusteaccentuate values associated with
precipitation in the early hours of April"6 As a result, not all locations with illicit
discharges are visible.

Influence of precipitation

During the monitoring campaigns in both KorendifkdaGroningen precipitation
influenced some of the results. For Korendijk, st@avents have been recorded for
April 6™ 01h00 ¢ 5 mm) and 03h00%(3 mm). Relatively cold stormwater run-off
entering the storm drains causes a temperaturetiedwver parts of the cable, see
Figure 7-14. Temperature reductions are inhomogesigadistributed over the
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cable possibly due to differences in run-off suelaand an unbalanced run-off of
stormwater to available storm drain inlets. Figurel5 demonstrates that
temperature variations due to precipitation (ardas'B’ and ‘C’) can have the
same characteristics as temperature variationgailbcit discharges (e.g. areas
‘D’ and ‘E’): a sudden temperature change withirnmés with a recovery to
normal temperatures within hours. For the Korendggults, temperature changes
due to precipitation (area ‘C’) can be identifiexlsuch since precipitation causes
temperature reductions whereas (llicit dischargesse temperature increases
(areas ‘D’ and ‘'E").

26

T T I T T T T
| | —Korendijk 5-6 April 2008, x = 1124m |
24— ~ |~ Groningen empty 2-3 July 2008, x = 200m !
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Figure 7-15: DTS monitoring results for Groningen (x=200m, Jak and 3, 2008) and
Korendijk (x=1124m, April 8 and &', 2008). The influence of precipitation on monitayi
results can be observed in areas ‘A’, ‘B’ and ‘Béaks ‘D’ and ‘E’ are due to discharges
from illicit connections.

The Groningen results, however, show that predipitacan also cause a
temperatureincrease in a stormwater sewer. A small storm event hasnbee
recorded for July '3 00h15 € 2 mm), followed later that day by a larger storm
event € 14 mm) between 16h00 and 23h00 (areas ‘A’ andnBrigure 7-15 and
area ‘D’ in Figure 7-8) During run-off, stormwates warmed up over heated
asphalt surfaces after relatively warm days withximam temperatures around
34°C. Again, only parts of the cable see this eff@ther parts of the storm drain
may have received no stormwater or stormwater fidferent surfaces. Since the
characteristics of in-sewer temperature variatemesthe same, the effects of illicit
discharges on in-sewer temperatures can no longedistinguished from the
effects of precipitation. Hence, when searching illigit connections, a correct
interpretation of DTS-monitoring results requiresng dry weather data only.
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7.3.7 Conclusions

Fiber-optic distributed temperature sensing is weytul tool to search for illicit
connections in stormwater systems. Its near-coatisuemperature monitoring in
both time and space allows recording dischargewaier with temperatures or
temperature variations that differ from ‘normaloshwater system temperature
characteristics. Normal characteristics for theeesisdies presented in this
paragraph constitute temperature values betweamxépgately 5°C and 20°C and
temperature variations only on a daily and seasbaals. Domestic wastewater
flows often show much higher temperatures withiicstvariation patterns (‘warm
water plumes’) and can hence be distinguished fiormal situations. Excavation
work and other verification efforts have confirmdde presence of illicit
connections at the locations where warm water ptuhm/e been observed with
the DTS system.

In practice, precipitation can largely influencenitoring results. The case studies
have shown both temperature rises as well as tanperreductions as a result of
inflowing stormwater run-off. Hence, only dry-weathresults should be used for
illicit connection detection. Warm water dischargas more easily be detected in
near-empty stormwater sewers, but monitoring datdected in a partially
submerged system have demonstrated that illicthdigyes can still be observed
when the fiber-optic cable is situated in a statjdayer of water. For this, the
volume and/or temperature of the discharge neée tsufficiently large to cause a
temperature increase that is beyond the detedtiaih ¢f the DTS system. Other
factors (such as the exact location of the calaesiple pollution around the cable,
the mixing process of both flows etc.) will alsayla role, the details of which are
as yet not sufficiently studied. To maximize chanad# observing an illicit
discharge it is recommended to empty the stormwatstem before performing
DTS measurements.

In all, the use of a single instrument that perfortime measurements and logs the
data in an easy accessible and safe location atdcé#m monitor up to several
hundreds of monitoring locations at the same time @ a high frequency makes
the DTS set-up very user-friendly and effective pamed to other in-sewer
monitoring devices.
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7.4 Distributed temper ature sensing in combined sewers
7.4.1 Introduction

Wastewater in combined sewer systems contains siderable amount of thermal
energy. This energy can be recovered from the seystem by means of a heat
exchanger and can subsequently be used to prodyicelectricity or warm water.
With increasing prices for energy from ‘traditionsburces, an increasing number
of such sewer energy recovery projects can be wbdernstallation of heat
recovery devices in a combined sewer system rexjaiseeful consideration of a
suitable location. An important limitation is thiie anticipated energy consumers
should be located close to the heat recovery Iaital. Also, to optimize the
amount of recoverable energy two conflicting mecsas are to be considered: it
increases with larger flows (i.e. further downstneia the sewer system), but also
with higher wastewater temperatures that are eggdeict more upstream sections
of a combined sewer system, as results in thisteh@@monstrate. A concern for
wastewater treatment plant operators is that heabvery from in-sewer
wastewater could result in lower influent temperasu This could lead to a
reduction in the efficiency of a nitrifying treatmteplant (Wanneet al, 2005). In
response to this concern models have been develmpéd able to study the
dynamic behavior of in-sewer wastewater temperatarel to quantify the effect
of the installation of heat recovery facilities dar instance wwtp influent
temperatures (Durrenmatt and Wanner, 2008). Addilty with these models is a
lack of data that can be used for calibration aalédation. Data sets that describe
wastewater temperatures in combined sewer systenssifficient detail in both
time and space are rare. Distributed temperatunsirsg with fiber-optic cables
seems the appropriate tool to generate exactly datdh sets. Application of DTS
monitoring in combined sewer systems could theectme of added value in the
development of wastewater temperature models.

The objective of this paragraph is to study thesifghty of DTS application in
combined sewer systems and to present and disatesseasults collected with this
monitoring system. For this, section 7.4.2 intragBithe catchment area in which
the application has been tested. Section 7.4.3eptesand discusses DTS
monitoring results. Finally, section 7.4.4 considampossible other use of DTS data
collected in combined sewer systems: the calculaifdlow ratios at confluences.

7.4.2 Test area: Ede

Distributed temperature sensing has been set uperRietkampen area in the
municipality of Ede, the Netherlands. A fiber-optiable was introduced in a
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combined sewer system over a length of approximdt®@b0 meters. The studied
sewer section drains an area of about Z kith predominantly a residential

function (~15,000 inhabitants), some commerciacfioms (shops, cinema) and a
hospital, see Figure 7-16. The Halo DTS instrumesis connected to the
downstream end of the cable and stored outsidesdlneer system in a small
container. Approximately 200 m downstream from tado instrument a pumping

station pumps all wastewater from the area to abyesastewater treatment plant.
The lower graph of Figure 7-16 shows a longitudipedfile of the considered

sewer section. Over the first 850 meters the séwarcollector sewer without any
individual house-connections. Along this sectiomenside-connections contribute
wastewater to the collector sewer, in the grapicatdd by circles.
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residential area
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direction

A of flow
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Figure 7-16: (upper graph) Rietkampen area in the municipalftfede with location of
Halo instrument and fiber-optic cable. Residentmdmmercial and hospital areas are
indicated; (lower graph) Longitudinal profile ofrobined sewer section in which the fiber-
optic cable is installed. Vertical dashed linesrespnt the locations of manholes; any side-
connections are indicated by circles.
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Between x=850 m and x=1250 m the sewer is a trahdipe that carries the
wastewater underneath a main road without any Rooiseide-connections. A
combined sewer overflow can be found at x=1280 umther upstream, the cable is
situated in a ‘normal’ sewer system with many imdiinal house-connections and
contributary connections. Normal dry weather flofn@m the studied catchment
area are on the order of 200/m Flow decreases in the upstream direction; the
most upstream sections can be without flow at masenthout any domestic
discharges.

A monitoring campaign was conducted Decembéf-2%’, 2008. Programmed
temporal and spatial resolutions were 30 second<2ameters, respectively. Data
collected at the most upstream section of the cdidee a precision of
approximately 0.15°C. For measurements closerddthlo instrument this value
further improves. To enhance the absolute accuohdjpe temperature values a
calibration procedure was performed prior to thenitwwing campaign. At 5
locations along the cable the temperature of amrbatk was measured with
approximately 8m of fiber-optic cable as well ashW.1°C accurate thermometers.
Figure 7-17 presents per location the observectreifice between thermometer
value and DTS value, i.e. the offset. A lineanfith the y-intersect at an offset of
0°C at x=0 m (which is an internal measurementiwithe Halo instrument) yields
a model for the offset of all locations along tladble. Using the model, data results
have been corrected for the offset. Observed éiffezs between model and
observations (up to 0.6°C) could be due to theively short lengths of the tested
cables or due to imperfections in the cable cauaistep-wise temperature change.
Also, errors with reference measurements in théaths are possible.
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Figure 7-17: Calibration of DTS monitoring set-up in Ede, Reatkpen. At 5 locations
along the fiber-optic cable reference temperatueasurements give an offset for the DTS
system.
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7.4.3 Presentation and discussion of monitoringiitss

An overview of all results collected during the &yd monitoring campaign (in
full-color) can be found in appendix M (Figure M-IHigure 7-18 presents the
results for a typical dry weather day. The horiabraxis represents the length
along the cable from x=20 m where the cable entersewer system to x=1854m
at the end of the cable; the vertical axis reprissariime-span of a day (December
18" 2008). In total, the figure presents about 2.8ioni individual temperature
measurements by means of 917 x 2880 pixels (ragpbci834m divided by the
2m spatial resolution and one day divided by the &bnporal resolution), which
are colored according to the color map on the rigiitd side of the graph: values
of 12°C and lower are colored white, values of 2@%¥d higher are colored black
and any intermediate values are a shade of grag.ldmgitudinal profile of the
sewer section (as earlier presented in Figure 7id&)iven directly above the
temperature graph. Figure 7-19 presents the tetyperaariation along the fiber-
optic cable for a single moment in time (Decemt®d;, D9h15).
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Figure 7-18: Results of DTS monitoring on a typical dry weatldary in the combined
sewer system of the Ede Rietkampen area, Decer8fie2008
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The results show a distinction between on one tlaadlownstream two thirds of
the cable (between x=0 m and2200 m) and on the other hand the upstream one
third (between x1200 m and x=1854 m). For the former in-sewer teatpees are
fairly constant in time and space and range roudkelyveen 12°C and 14°C; for
the latter (and especially in the upper 300m) temipees show a much larger
temporal and spatial variation and values can deowuéside the temperature range
observed in the lower two thirds of the cable. ldéex, a number of characteristics
in the data results are discussed.
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Figure 7-19: DTS monitoring results in the Ede Rietkampen abesember 18, 09h15

Cable lifted from wastewater

Relatively low and constant temperature valuesraddil°C to 12°C (the ‘vertical
white lines’ in Figure 7-18 and the sharp tempematrops indicated with ‘a’ in
Figure 7-19) are often associated with locationsn&tthe cable is being lifted (just)
above wastewater level, see Figure 7-20. This eawrdused by an invert level
difference in two pipes connected to the same mlanlvbere the cable ‘travels’
from one level to the other via the shortest rdubeering over the wastewater
instead of following the z-shaped course of thetaaater. Also, at a number of
sharp bends in the sewer line the cable was puwtledtaut during installation,
causing the cable to move up the circular conqoaies to the widest part of the
pipe and hence being lifted from the wastewaterth&se locations relatively low
in-sewerair temperatures instead whstewatetemperatures are recorded.
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- fiber-optic cable

Figure 7-20: Locations where the fiber-optic cable is just aboxastewater level due to an
invert level difference (left picture) and due twetcable being pulled too taut around a
sharp bend (right picture).

House connection discharges

Sharp and sudden temperature increases such as‘@eiak Figure 7-19 are
associated with individual discharges from houseections. Figure 7-21 presents
the temperature data for a location (x=1818 m) ihatispected to be near a house
connection. In the figure, temperatures intermttyeimcrease up to 26°C. At other
locations temperatures up to 35°C have been redotamgically corresponding to
domestic use, temperatures rises occur mainly guriarning and evening hours
whereas hardly any warm water discharges are oddehuring the night. The low
temperatures in the early hours of Decembérar@l 28 (areas ‘a’ in Figure 7-21)
are due to the same phenomenon that causes thergveratures over the last 30
meters of cable in Figure 7-19 (indicated with !dip wastewater present in the
sewer. Again, at these moments and locations iresawtemperatures rather than
wastewater temperatures are recorded.

Discharges from individual house connections candiséinguished using DTS
monitoring results, but only for the upstream 20@inthe cable, see Figure 7-22.
Over this sewer section in-sewer flow is limitednat present, allowing the cable
to register individual discharges. Peak temperatatees are observed over short
distances only. As the wastewater moves downstrglamg the (nearly empty)
sewer pipe it cools down quickly: most dischargas oo longer be recognized as
such within 50 meters after the discharge locatB®iween x=1250 m and=2600

m household connections are also present, butrtioai@t of energy in individual
discharges proves to be too limited compared toetiergy content of the main
flow to be noticed by the DTS system. Further ddvaasn the discharge of
relatively warm wastewater from a side-connectioix=430m can be noticed: it
causes a step-wise temperature increase in thefloair{in Figure 7-19 indicated
by ‘b’). The apparently large amounts of warm weadee suspected to originate
from the nearby hospital.
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Figure 7-21: DTS monitoring results at x=1818 m for Decembéf-26", 2008
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Figure 7-22: DTS monitoring results for December™ 2008 between 06h00 and 12h00,
zoom on sewer section between x=1550 m and x=185Chmoriginal full-color graph can
be found in appendix M (Figure M-2).
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Similar to the observation for stormwater sewerssecttion 7.3.6 results for
combined sewer systems also show that dischargearof water from individual
house connections can be detected without diffidali{nearly) empty sewer pipes.
For (partially) submerged pipes, however, detechiecomes less straightforward.
Again, the question arises as to under which canmditthe DTS system is still able
to detect discharges from house or side-connectibhe same approach as in
section 7.3.6 is used but there are a number frdrices, see Figure 7-23.

discharge from
house connection
Vo T,

V, T, fowdiection fber-opiigcable v, T,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

before after

Figure 7-23: Discharge from a house or side-connection (volMneith temperaturd’,)
into an upstream in-sewer volumg with temperaturel;. The combined flows have
volumeV; and temperaturés.

The water layer in a partially submerggdrmwatersewer is often stagnant under
dry weather conditions; water in a partially subgeet combined sewer, however,
is flowing. As a result, discharge volurie will mix with an upstream volumg;
and combine into downstream volurdg Again assuming full and instantaneous
mixing and combining conservation of ma¥s € V. = V3), conservation of energy
(V1T + VT, = V3T3) and the in-sewer wastewater temperature chaige Ts - Ty

it can be derived that (see equation 7.1):

Voo AT (7.2)

In-sewer temperature§, and T; are now observed by different sections of the
fiber-optic cable. Hence, it is trspatial precision of the DTS system that in this
case determines the minimum in-sewer temperatuaegehAT) that is significant
and not due to random variation. For example, asgura 0.1°C precision and
estimating T - T1) = 10°C from Figure 7-21 yields a volume ratigV, ~ 100. For
equal flow rates this ratio suggests that - théwaky - after the collection of
wastewater from approximately 100 households the Ineuse connection can no
longer be distinguished by the DTS system.
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Inflow of stormwater run-off

The effect on in-sewer temperatures of stormwataraff entering the combined
sewer system can be observed in Figure 7-24. Duhi@gparly hours of December
19" (02h40 - 03h40) and December™2@3h30 - 02h00) respectively 1.3 mm and
1.8 mm of rain is observed at a nearby precipitatimnitoring station. Prior to the
events predominant in-sewer temperatures are owrter of 14°C. Then, upon
infow of relatively cold stormwater run-off, lowein-sewer temperatures of
around 11°C are recorded, but primarily over thpeud 000 m of the cable. Over
this cable section, the temperature decline issmotilitaneous: the more upstream,
the earlier the temperature reduction is obserVai is likely associated with the
same mixing phenomenon as earlier described: lessewer wastewater in
upstream sewer sections allows quicker in-sewer péeature variations.
Downstream of x=850m almost no reaction to thenstevent can be observed
apart from lower temperatures at a few isolateatioas that correspond to large
side-connections. This non-reaction is likely dodhte presence of flow-reduction
weirs in the manholes at x=20m and x=430m (seer€&igtl6). During the storm
event, total flow is probably larger than the maxmflow through the weirs,
causing a backwater effect in the sections direaghgtream from the weirs.
Unfortunately, no water level measurements are laai to confirm this
assumption. The amount of wastewater in theseosectargely increases, creating
pools of nearly stagnant wastewater inhibiting (floe observed storm events)
temperature changes due to the inflow of stormwdtbe inflow of stormwater
from large side-connections remains visible, but tlu the stagnant character of
the wastewater, the temperature variation remalasad phenomenon.
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Figure 7-24: DTS monitoring results for December "Land 2¢', 2008 including two
precipitation events. The original full-color graphin be found in appendix M (Figure M-3).
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7.4.4 Flow measurements in part-full pipes base®®8 data

In-sewer flow monitoring in part-full pipes is a alenging task. As earlier
described in section 1.3.2 common monitoring egeipim(e.g. ultrasonic and
electromagnetic sensors) suffers from uncertairapds that are an order of
magnitude larger than for full pipe measurements weported errors up to 50%
(Watt and Jefferies, 1996; Smigt al, 2007). As an alternative approach, this
section considers the use of DTS data to deterfiomes in part-full pipes. More
specifically, flow monitoring is considered in aed flow sewer section as
presented in Figure 7-25: a confluence of flows &id ‘B’ into a flow ‘C’. For
flow ‘C’ an existing (full pipe) flow monitoring déce is present at locatign a
distancex from the confluence manhole. The presented layisud common
situation in a branched sewer network in which, ifstance, the existing flow
monitoring at locationp is situated in a pumping station and flow ‘A’ is a
contributary flow into the main flow ‘B’-‘C’. The lgjective of this section is to
present an idea on the possible use of DTS datietermine flow values in free
flow pipes A and B using the data from the existilagv monitoring at locatiorp.

In other words, it considers the possibility ofngsthe ‘high quality’ full-pipe flow
monitoring at locatiorp to derive good quality flow values further upstreay
means of continuous in-sewer temperature data.idd®eis presented, but cannot
be verified due to lack of measurement data. Fpromf-of-principle additional
testing will be required.

existing flow monitoring A
0/ ¢
< 5 X
X

B

Figure 7-25: Confluence of flows A and B into flow C. For thetter flow monitoring is
present at a distanedrom the confluence manhole.

In the Ede Rietkampen area a sewer configuratiqoresented in Figure 7-25 can
be found at a manhole near x=430m. At this manhdkmperature increase in the
main sewer line (‘B’-‘C’) can be observed in Figutd9 (indicated with ‘b’). This
is due to the inflow of relatively warm wastewafssm a large side-connection
(8700 mm diameter, see Figure 7-16). Apart frompeenatures in the main sewer,
temperatures of wastewater in the side-connectie lalso been monitored by the
DTS system by means of a loop in the cable. Aithehole, instead of continuing
directly into the next part of the main sewer, table has been inserted into the
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contributary sewer pipe in a loop of approximatelymeters, see Figure 7-26 and
Figure 7-27. The cable has been attached to a @3Zand-filled PVC pipe that

holds the cable in place at the invert of the dbatary sewer pipe. This cable
configuration allows simultaneous monitoring of vteagater temperatures in the
main sewer (locations ‘B’ and ‘C’) as well as iretbontributary sewer pipe (‘A").

minimum radius— |
=10 cm

10 meter

flow direction

1N

sand-filled PVC pipe—

flow direction

A | contributary
sewer

flow direction

C fiber-optic cable

B

main sewer

manhole

main sewer

Figure 7-26: Lay out of the fiber-optic cable configurationnadnhole x=430m.

g
thble ;

47

main sejver

Figure 7-27: (left picture) Sand-filed PVC-pipe with fiber-optcable attached; (right

B %

picture) cable loop inserted in a contributary sefdéferent manhole than in Figure 7-26).
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Figure 7-28: DTS data for the cable loop at x=430m: section r&resents wastewater
temperatures upstream the confluence in the maimersesection ‘A’ wastewater
temperatures in the contributary sewer and sectiBh wastewater temperatures
downstream the confluence.

Figure 7-28 presents DTS data for the cable loapetx=430m manhole (notice
that due to the presence of loops in the cabldetiigth along the fiber-optic cable
is unequal to in-sewer length presented in eafiigmes). Section ‘B’ represents
wastewater temperatures upstream the confluenpe gin Figure 7-26), section
‘A’ represents wastewater temperatures in the dmorary sewer (pipe A) and
section ‘C’ wastewater temperatures downstream ahefluence (pipe C). In

between sections the fiber-optic cable travels fygipe to pipe through air and
hence measures in-sewer air temperatures (possthignced by wastewater that
might be flowing along the cable). The data in Fé&gd-28 confirm that wastewater
in the side-connection is warmer than wastewaterth@ main sewer line:

wastewater temperatures upstream the confluena®agaly 14.0°C, downstream
the confluence around 14.5°C and in the contrilyugawer about 19.2°C.

Figure 7-29 shows the same data as in Figure D8for two consecutive dry
weather days. Each presented temperature valugumeF7-29 is the mean value
over a 10 meter cable section: for section ‘B’ ew x=512m and x=522m, for
section ‘A’ between x=487m and x=497m and for sectiC’ between x=460m
and x=470m (see Figure 7-28). In Figure 7-29 it bannoted that wastewater
temperatures directly downstream the manhole aceitab.5-1.0°C higher than
temperatures directly upstream the manhole. Wastewamperatures from the
contributary sewer are on average several degigksrithan in the main collector.
All three temperature graphs show a diurnal vamatwith relatively high
temperatures during the day and relatively low terafures during the night.
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Figure 7-29: DTS monitoring results for December™and 18, 2008 in the direct vicinity
of the manhole at x=430m: upstream the conflueti®§, downstream the confluence (‘C’)
and in the contributary sewer pipe (‘A).

Wanneret al. (2004) show that - in undisturbed flow of abou®10s - wastewater
temperature variations due to energy exchange iwiteurroundings over lengths
of 1 km are on the order of 0.1°C. Hence, over tskistances (10m in each
direction in this case) wastewater energy losstsosurroundings is considered
negligible. Therefore, for normal dry weather floanditions and for a small time-
span (<1 minute), the energy contained by the wasdts directly downstream the
confluence of flows should be the sum of energyta@ioed by wastewater directly
upstream the manhole plus any energy in the canénp flow. In other words,
wastewater temperatures in pipe C should be the-flmportional average of
wastewater temperatures at A and B. Using condervaff flow and energy the
upstream flows @, andQg) can be expressed as a percentage of the downstrea
flow (Qc) using the measured temperature values:

(=T ang 0= (=T

O, (T-T)

Q (7.3)

It should be noted that these equations only applgn all flow directions are as
indicated in Figure 7-26. In situations that anthg conservation of flow and
energy over the three locations (such as backveditects after a storm event) the
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equations cannot be used. Applying equation (7m8}he data of December 17
and 18, 2008 (Figure 7-29) yields the relative flow cdmation for Qs (10-50%)
and Qg (50-90%) toQc, see Figure 7-30. With measured valuesQerrelative
contributions can be transferred to absolute flaues forQ, andQg.

o
©
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relative contribution to (9
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[N}
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00:00 1
December 17 and 1§1, 2008
Figure 7-30: The relative contribution dP, andQg to Q¢ for December 1%- 18" 2008.

The derived relative contributions for the Ede Kagtpen case seem to be
plausible considering the catchment areaQ,04ndQ; (See Figure 7-16). However,
no reference data sets @ andQg are available that can be used to validate the
results presented in Figure 7-30. As a result, mality assessment of calculated
values can be made and no proof-of-principle of dhggested flow monitoring
method using DTS data can be given in this secflasting in (for instance) a
laboratory set-up with known flow values is reqdite verify whether the method
can work in practice. Additional tests should aleafy whether:

- the temperature as measured by the fiber-optieaatithe bottom of the sewer
pipe correctly represents the mean temperaturieeofvaistewater column above
it;

- the cable lengths of 10 meter directly upstream dodnstream the manhole
are appropriate lengths that yield representatiateies for local wastewater
temperatures;

- only negligible energy loss occurs in the direcinity of the manhole and

- (large-scale) pollution around the fiber-optic @alhhas an effect on the
measurements.

Finally, for the method to be applicable a temperadifference must be present
between the two upstream flows. For the Ede Rigfieamcase study this has
proven to be the case, but the consistency ofdbservation for other in-sewer
confluences needs to be investigated.
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7.4.5 Discussion and conclusions

Distributed temperature sensing in a combined sewstem provides a means to
study a number of in-sewer processes with a leveletail that has hitherto been
impossible with conventional sensors. A data seinfra one-week monitoring
campaign in an 1850m sewer section shows this Ewedtail with which in-sewer
processes that affect in-sewer (wastewater) teriyresacan be studied.

Discharges from individual house connections cadistinguished using DTS data,
but only for (nearly) empty sewer pipes that areegally found upstream in a
sewer network. For winter conditions (December 2@&erved peak temperature
values from house-connections are within a rang206€ to 35°C. These values
are observed over short distances only. As the emager moves downstream
along the sewer line it cools down quickly: mossatiarges can no longer be
recognized as such within 50 meters after the digghlocation. For (partially)
submerged sewer pipes individual discharges calomger be distinguished; in-
sewer temperatures in such pipes are fairly cohgtatime and space and range
roughly between 12°C and 14°C. The ability of thdSDsystem to detect
individual discharges depends on its precision thiedvolume and temperature of
the discharged wastewater in relation to the voluanel temperature of the
receiving water. In practice, other factors (sushte exact location of the cable,
possible pollution around the cable, the mixingcess of both flows etc.) will also
play a role.

Using DTS results the process of stormwater runeotiering a combined sewer

system can be observed in detail. For two (smtdhsevents a strong temperature
reduction is observed over specific sections ofdhlele. After the storm events,

temperatures gradually restore back to normal galiide question arises as to
which extent the temperature variation during @af) the storm event is related

to the dilution of wastewater. If during (a par} tfe event wastewater temperature
and pollutant concentrations prove to be well-datesl, the DTS measurements
could provide insight into the in-sewer dilutionopess of pollutant parameters
during the event.

The collected data set may be used as a data séordde calibration and
validation of wastewater temperature models (semiose 7.4.1). Also, with a
dedicated cable configuration the confluence oftevaater flows can be observed
with a potential to derive the relative contribuioof contributary flows to a total
flow. This application has been considered in thamly; no reference data sets
are (as yet) available to provide a proof-of-pnuhei For the method to work a
temperature difference is required between bothritatary flows as well as free
flow conditions around the confluence manhole.
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In all, fiber-optic distributed temperature sensiaga powerful tool to study the
water quality parameter ‘temperature’ in combinesver systems The use of a
single instrument that performs the measurementsl@gs the data in an easy
accessible and safe location and that can moniportou several hundreds of
monitoring locations simultaneously makes the DESup very user-friendly

compared to other in-sewer monitoring devices.
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8.1 Introduction

Restating, the objective of this thesis has beafdld. The first objective has been
the further development of in-sewer wastewater ohagy. Specific discussions
and conclusions on all applied monitoring techngy(gecipitation, flow, UV/VIS
and distributed temperature sensing) can be foantheé respective chapters. In
paragraph 8.2 a more general discussion is presemehe development of in-
sewer wastewater metrology. A large part of theuwdision is on data loss. The
monitoring techniques addressed in this thesisnaegly all associated with data
loss or with a significant effort to arrive at usleflata sets. The reasons behind the
data loss, however, are different but rather exargpior the challenges faced in
collecting proper data sets from wastewater systartiee Netherlands. The second
objective has been the assessment of in-sewer waste quality dynamics.
Paragraph 8.3 summarizes in-sewer processes thatbeen found to have an
effect on the observed dynamics of wwtp Eindhowafiuent. It also considers
whether the observed phenomena have been repostedthers in distinct
catchment areas, in which case a degree of gevelidity can be assigned to the
observation. Then, the paragraph briefly considewgential improvements in
wastewater system operation using the acquired letum® on wastewater quality
dynamics of wwtp Eindhoven influent. Finally, thetreme loading event of May
7™ 2007 is once more discussed regarding the ocmeref such events in relation
to a foreseen change in climatic conditions. Thepbér concludes with a
paragraph on privacy considerations when generdtighly-detailed in-sewer
measurements. The newly applied DTS techniqueffer possibility to study in-
sewer processes to a level of individual house ectnons. With such detailed data
sets, certain aspects of residents’ behavior carstbéied with a potential of
unintended use of the data.

8.2 Advancements and obstaclesfor in-sewer wastewater metr ology

For the UV/VIS as well as the DTS monitoring tecius it can be concluded that
the application in sewer systems is feasible. Fth Isensor types installation set-
ups have been conceived of which descriptions canfdond in this thesis.

Associated research question on sensor calibratata uncertainty and data
guality have been reflected on in chapters 5 andegpectively. Making these
sensors available for in-sewer applications cantstit an important development in
the collection of data on in-sewer wastewater tygarameters. The temporal
(UV/IVIS) and spatial (DTS) resolutions with whichuajity parameters can be
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observed, improve significantly compared to coniral monitoring approaches.
The availability of high-resolution data sets altothe study of wastewater system
dynamics the assessment of in-sewer processes with (mamh)er characteristic
time and space scales than has hitherto been f@ssibg data sets collected with
conventional methods. Also, the repetitive obséowabf phenomena (e.g. the
multitude of observed dry weather days and storemesvin chapter 6, observation
of an illicit connection over a number of days ogeks in chapter 7) allows the
evaluation of (variations around) typical obsenkeehavior. Hence, the use of
UV/VIS and DTS data opens up new possibilities floe analysis of system
behavior and performance.

It should be noted that the application of botthtegues in the Netherlands is still
in its infancy. As yet, the wwtp Eindhoven is onefew wastewater treatment
plants where UV/VIS sensing is applied for detaidddervation of influent quality.
A wider application is expected with the increasangilability of off-the-shelf
knowledge on installation requirements (see appeBdiand data validation (see
paragraph 5.4) as well as with proven added valwetailed influent monitoring.
A true in-sewerapplication of a UV/VIS sensor in the Netherlanides presently
not exist. The DTS technique gradually gains aeueg among Dutch
practitioners as a ‘standard’ method for the lagatof illicit connections in
stormwater sewers. The number of municipalitiesviich the method has been
applied is, however, still limited. Also, in someojects the DTS technique has
been tested for other applications such as extten#fow detection in combined
sewer systems and the verification of the functlignaf a stormwater separating
manifold (Langeveldt al, submitted).

It is stated with emphasis that any sensor apphieshd around wastewater systems
is generally not of the plug-and-play type as mqfrently encountered in daily
practice. Sensors as well as resulting data setsreeconstant and proper attention
to guarantee an adequate description of the tafgetecess. This is illustrated in
the current study by the large effort required dtiect the precipitation, flow and
wastewater quality data sets as well as by the &t in the subsequent data
guality assessments. The effort and data loss @qrected for the application of a
relatively new sensor type such as the UV/VIS sendeor the precipitation and
flow data sets, however, effort and data loss viemger than expected and - to a
certain extent - avoidable. For the DTS monitoriaghnique data loss is not an
issue. Hereafter, for each of the considered sétedar types this is further
considered.

For a correct installation, operation and mainteeaof raingauges ‘off-the-shelf’
knowledge is widely available as is shown by theplenreferences provided in
chapter 3. Also, the design and implementation opraperly and reliably

functioning data communication system have beenesasful in many comparable
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monitoring programs. Unfortunately, this knowleddas insufficiently been

searched for and applied during the installatiod aee of the new monitoring
network in the Eindhoven area. As a result, ertage been introduced in the
network such as improper sensor installations, itackalibrations, decreasingly
stringent cleaning strategies over time and a fatly hampering data

communication system. This has led to a relatidalge data loss (46%, see
paragraph 3.7) as well as to biased data setanlbe concluded that this type of
data loss is not due to lack of (technical) knowkadout due to the non-application
of existing knowledge as a result ofganizational shortcomings. Measures to
prevent the considered data loss include the setfup proper organizational
structure around the monitoring project that ernstine search for and inclusion of
existing knowledge as early as the preparatoryeléshe project considering at
an early stage all requirements for installatialibcation, operation, maintenance,
logistics and data handling.

For the wastewater quantity data sets considerazhapter 4 the quality of raw
data is good. Strictly speaking, data loss for éhefata sets is negligible.
Nevertheless, a challenge for this data type hasggprto be the transition from raw
data to useful time-series (i.e. the flow time-seffrom the three catchment areas).
Elaborate study within the context of this thesas shown that a number of data
operations are required to arrive at accurate aneécd time-series that can be used
for the data analyses presented in chapter 6. Andlalw time-series are also
available from a WDD database that contains mang-term data sets collected at
the wwtp Eindhoven. Comparison of data from thisadase and the time-series
generated in chapter 4 shows a number of discrgmnéssessment of the
differences reveals that corrections for the naww-amseline and foQoren (S€E
sections 4.3.4 and 4.4.2, respectively) are cuyemdt included in the data
handling in the WDD database. It can be concludhed the existing data source
(i.e. the WDD database) has some flaws and shonlg loe used with care.
Consultation with experts in this field (e.g. Kargi 2010) confirms that the above
observation is not uncommon when using monitoriatgadrom existing databases
or from sensors that are part of previously insthlwastewater monitoring
programs. Whenever assessing the potential toxistng data sources (instead of
installing a new sensor or using raw data setshauld be appreciated that those
sources have often been compiled to meet diffesbjectives and data needs than
those of the newly started program. Therefore, aotigh examination of the
origin of data as well as any data modificationsmio presentation of the data is
deemed necessary when using existing sources tewet®r monitoring programs.

Data loss associated with the UV/VIS data sets &oldetween 25% and 50% of
the studied 19-months data sets. This is on thes sader as for the precipitation
data sets, but is not comparable: the installaiwh application of UV/VIS sensors
is no ‘off-the-shelf’ knowledge (yet). An amount dfata loss was therefore
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anticipated during the development of a proper tooimg installation (as
described in appendix G) and maintenance stratdggn closer consideration, the
observed data loss in UV/VIS data sets is primaggociated with data gaps and
with auto-cleaning system failure, see Table 548e Tormer are mainly due to
absent sensors that were removed for repairs anldttier are primarily associated
with a malfunctioning compressor. Retrospectivelypart of the data loss could
have been prevented if a back-up would have bearaale for one or both of
these systems. With a spare UV/VIS sensor and/@additional compressor at the
wwtp Eindhoven that could replace the original cliseupon detection of system
failure, data loss could have been limited. Costs duch back-ups are non-
negligible (roughly25,000 for a UV/VIS sensor ai,000 for a compressor), but
should be considered in relation to total coststii@ monitoring program. These
add for the UV/VIS monitoring installation that hasen used to collect the data as
presented in this thesis to rough00,000 (Verschoor, 2010). Costs include
investment costs for the sensors and (multipleimessof) the by-pass installations
as well as personnel costs for installation anchteaince. With a mean data yield
of about 63% (see Table 5-8) it can be derived ¢vatry percent of useful data
represents an investment €200,000 / 63 =€3,200. Subsequently, it could be
argued that any improvement to the monitoring gethat increases data yield by
1% and costg§3,200 or less is a good investment. In other wafdee availability

of an additional compressor would have resultednnmprovement in data yield
of at least €2,000£€3,200) = 0.6%, the investment would have reducesl th
investment-to-data-yield ratio. For an additionM/VIS sensor this percentage is
7.8%. Considering the data loss associated with eathese failure mechanisms,
it can be concluded, retrospectively, that it woligle been advantageous to have
both back-up systems available.

It should be stressed in this context that the rageelability of back-up systems
will not improve data yield; such can only be agbig in combination with a
proper organizational structure. Essentially, befononitoring commences, an
organization needs to be ready to receive and Vfewdata, to diagnose data
anomalies and to resolve any detected problemgeProsualization tools as well
asa priori knowledge on studied parameters are required @s 89 monitoring
commences to be able to directly detect anomalates élaving detected incorrect
data, the organization needs to be able to reghl@eproblem. In this context,
resolving problems consists of (1) providing a fiolah to discuss and decide on a
solution to the problem, (2) solution implementatiby communicating the
conceived solution to a responsible field unit, ¢8ntral registration of metadata
on the findings in, changes to or work carried @muthe actual monitoring network
and (4) verification whether the problem has adyubéen solved after solution
implementation. As a monitoring program progressgscal failure mechanisms
and their associated solutions will be progresgikelown, reducing the need for
extensive discussions.
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8.3 Dynamicsin wwtp influent flows and pollutant loads

An understanding of the variability of treatmenam influent flows and pollutant
loads has been created studying the charactersfitise observed dry and wet
weather hydrographs and pollutographs of the wwipdiioven. Moreover,

processes have been distinguished that influerecstthpe of both types of graphs.

For dry weatheflows typical diurnal, weekday and long-term variatitrvasre been
observed that are in line with the ‘supply’ of date and industrial wastewater
and possible contributions from extraneous sourPesterns are comparable to
observations in many other areas. For dry weatb#utpgraphs a distinction is
made between suspended (TSS) and dissolved (CQidipaunds. The former
show a pollutograph that is rather similar in shapenpared to its associated
hydrograph; the latter show much less variatioadncentration values over a day.
Thesimilarity in shape for parameter TSS is not due to a diwtmahge in ‘supply’,
but is attributed to sedimentation and resuspensiocesses of in-sewer sediments
upon variations of flow. This similarity has beebserved by a number of other
authors as well, but examples of catchment areabowti well established
correlations between flow and TSS values can asimind in literature. The latter
can be caused by a site-specific factor: for anealRZuid the discharge of highly
polluted reject water from a sludge processingaifegion largely influences the
shape of the observed pollutograph. A varying nedatontribution of infiltration
and inflow to total flow over the day attributes ttee diurnal variation of both
suspended and dissolved pollutants. Apart from ehsimilarity a time-shift
between hydrograph and pollutographs has beenwauserhe variation in quality
parameters lags behind flow variations by a numtiethours. For dissolved
compounds this has been attributed in literature wave celerity that is larger
than the associated flow velocity. The same phenomdor suspended solids has
not often been noticed or described for other angassibly, an adaptation effect in
the dynamics of suspended solids transport playdea Finally, for dry weather
flows as well as for dry weather pollutant loadsasgchment size effect has been
observed: the smallest catchment area is assoeidttethe largest deviations from
mean values and vice versa. This is in line withuanber of observations from
other areas.

The foremost processes during wet weather are thditi@nal supply of

(storm)water and associated pollutants to the sesystem and the following
increase in the release of pollutants from sedirtay@rs and biofiims. As a result
of both processes, at the wwtp Eindhoven for egtoym event influent pollutant
loads have been observed that are larger than dheiweather equivalents. Wet
weather loads for parameter TSS are larger thapdoameter CODf. Again, this
expresses the relation between suspended solidertmations and the variation of
flow values. The smallest catchment area (Nuenem/Sthows the relatively
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largest wet weather peak loads whereas valuesmaadles for Riool-Zuid and
Eindhoven, the largest catchment areas. This adintsaresearch from other areas
where relative peak load magnitudes could not bate@ to catchment size.
Calculated shares of the source of additional lahdaehg wet weather flow (i.e.
from run-off or from in-sewer stocks) are compaestal literature sources. Run-off
generally contributes roughly 5-20%, in-sewer ssoagproximately 50-80%. The
repetitive character of load peaks for successivens events suggests that
contributing sewer systems are not flushed ‘clehming a storm event, but that
the ‘pollutant reservoir’ is only partially depléteSimilar (literature) observations
on the repeatability of peak loads during wet weattave not been found.

Flow and pollutant loadings into the wwtp Eindhovsimow a more dynamic
behavior than currently taken into account in thgeration of the plant and
contributing sewer system. The observed dynamicinfluent loading can be
employed to conceive improvements to system omaratFor instance, the
operation of the stormwater storage tank at thatrirent plant can be optimized
with information on fluctuations in pollutant paraters during large storm events.
Also, short-term peaks in influent pollutant loadwler dry weather conditions are
detected, as is shown for e.g. suspended solidseotmations in Riool-Zuid
influent in Figure 6-12 and for nitrate concenwas in Nuenen/Son influent in
Figure 1-2. Some of these peaks can be associatieg@int discharges (such as
the Mierlo sludge processing installation) and detacted. A search for relatively
‘clean’ wastewater (i.e. wastewater diluted withrstwater arriving at the wwtp or
CSO with pollutant concentrations lower than wwffluentstandards that might
be discharged directly onto receiving waters withtoeatment) shows that no such
wastewater is found for ‘normal’ large storm evemts an illustration, the event
presented in Figure 6-28 shows a minimum conceoirdével COR, of around
250 mg/L whereas the wwtp effluent standard ish28L (see Table 2-1). For the
studied series of storm events, however, concémrd¢vels decrease to a level
nearing wwtp effluent standards for parameter {presented in Figure 6-32)
and TS, (not presented). Much lower concentration levedsrat to be expected:
the maximum dilution of wastewater is determinedhsy (continuing) dry weather
pollutant load arriving at the maximum wet weathew rate. Other improvements
to plant (and wastewater system) operation aresntlyr being studied within the
context of the Kallisto-project (see section 1.3u8)ng a wwtp model that can
handle short-term fluctuations of influent paramete

The extreme wet weather loading event of M8y 2007 (that was discussed in
chapter 6, see Figures 6-37, 6-38 and Table 6-1tB)it8 clear adverse effects on
wwtp operation has been presented in this thes@agceptionalexample of the
dynamics in wet weather loadings to the wwtp Eingimo However, current
developments in climatic conditions might resulaimore frequent occurrence of
similar influent loadings. The problems at the wMaimdhoven were attributed to
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the arrival of an extreme pollutant loading whichturn was attributed to the
combined occurrence of a long dry period (causimyaonged accumulation of
pollutants on street surfaces, in gully pots andewer pipes) and a subsequent
storm event that was sufficiently large and inteftseremobilization of the build-
up pollutant layers and subsequent transport tomlvgp. Considering the KNMI
climate change scenarios (Huekt al, 2006), it is expected that the combined
occurrence of exactly these conditions will inceeaser the next decades in the
Netherlands. As a result, extreme wwtp loading$ Wieir adverse effects are also
expected to occur more often. Considering climdtange and its effect on an
urban wastewater system should therefore includesideration of the effect of
extreme pollutant loadings on wastewater systerfopeance. Both the effects on
the treatment plant operation as well as on CS{ spke to be taken into account.
A study should investigate possibilities to prevertreme loadings (e.g. remove
in-sewer stocks prior to the event), to equip thetpvwith a form of advanced
dynamic process control (e.g. temporarily reductutant load influx into the
biological treatment by by-passing a part of thetmvimfluent), and/or to mitigate
the effects (e.g. have a readily available calaipliy).

8.4 Highly detailed in-sewer measurements:. privacy considerations

The objective of data collection and analysis - thbein wastewater systems or in
other fields - is often to improve understandingydtem behavior and to facilitate
the search for possible improvements to the sydbarta can also be misused when
deployed for purposes other than the monitoringvagk was intended for. In this
paragraph possible abuse of the DTS data as peelsenthapter 7 is considered.
Subsequently, as DTS data sets might prove toée@rdcursor of highly detailed
in-sewer data sets on other quality parametersgcaohection of such data sets is
further elaborated on.

The results of in-sewer distributed temperaturesisgnshow the level of detail
with which in-sewer processes that affect (wastewyatemperatures can be
monitored. With possible temporal and spatial nesohs on the order of,
respectively, 30 seconds and 1 meter individuathdisgges of wastewater can be
detected originating from single house connectiofsis detailed observation
allows the owner of the data set to derive a “tgpaischarge pattern” for each
observed house connection. Having established sysattern, any deviation from
the pattern can be simply detected. Also, the pg#d absence of spills can be
noticed, which is likely associated with the absend residents during e.g. a
holiday period. Especially the latter informatioancbe of interest to people
intending to use it primarily to their own advargagCareful consideration is
therefore required before allowing (online) puldicailability of such data sets. It
should be noted that the detection of individuatHbarges from house connections
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is only possible under specific conditions thaatelto the minimum detection limit
of DTS monitoring systems. Considerations on minimdetection limits are
presented in chapter 7.

A data set of the quality parameter ‘temperatufevastewater originating from a
house connection basically holds information onabeurrenceof discharges from
that house connection. Other water quality pararsetan provide additional
information on thecontentsof the discharge. For instance, measurements of
parameters COD and Kjeldahl nitrogen can be rel&tethe number of people
equivalents discharging to the location of measergm(see equation 6.1).
Measurements of prescription drugs, pharmaceuteads personal care products
(PPCPs) and illicit drugs (of all of which remnaate present in wastewater, see
Ternes, 1998; Daughton and Ternes, 1999) can mramidrmation on the use of
such substances in the observed household. Edsertrey substance that is found
in either urine or faeces and that can be detdaotethstewater can be related to
residents’ behavior and being. Monitoring of thesestewater quality parameters
at the same temporal and spatial scale as withDi® technique is not (yet)
feasible. Some parameters can be observed onlimedlays of rather substantial
probes (e.g. COD with UV/VIS sensing as presentechapter 5) whereas others
still require sampling and subsequent laboratorglyesns (e.g. PPCPs and illicit
drugs, see for instance Zuccatoal, 2008; Ortet al, 2010). Efforts are ongoing,
however, to develop measurement techniques thatbicemthe easy data
transmission and collection associated with fibeties and miniature sensors
along or at the tip of fiber-optics. For instanasing this approach, measurements
of dissolved oxygen along fiber-optic cables in evabhas been proven feasible
(Wang et al, 1999). Also, fiber-optic sensors for pH monitgyimre already
available on the market.

With these developments it is conceivable that iwithtime-span of one or more
decades it will become possible to generate déseceenparable to the temperature
DTS data sets presented in this thesis for mangrotjuality parameters and
constituents in wastewater. Such highly detailedewer data sets will assist in
further development of knowledge on a variety ofgasses in and outside the
sewer system. Misuse of the data, however, might &le possible. Careful
consideration will be required before allowing (pcpavailability of such data
sets as questions about privacy may be raisednAesxample, testing wastewater
for illicit drugs has hitherto only been allowedcammunity-scale (Zuccatet al,
2008). This way, findings cannot be tracked to iaayvidual or specific location.
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Appendix A. Monitoring network in wastewater
system of wwtp Eindhoven

location sensor parameter(s) in
thesis?
wwip influent pumping station s::can UV/VIS ~ -TSS, COD, CODf, NO3Y
inflow Riool-Zuid spectro::lyzer

wwtp influent pumping station pt100/preas 411  -temperature -
inflow Riool-Zuid

wwip influent pumping station s::can UV/VIS ~ -TSS, COD, CODf, NO3Y
inflow Eindhoven Stad spectro::lyzer

wwtp influent pumping station pt100/preas 411  -temperature -
inflow Eindhoven Stad

wwtp influent pumping station Evita Insitu 4100 -NH4 -
inflow Eindhoven Stad

wwip influent pumping station s::can UV/VIS ~ -TSS, COD, CODf, NO3Y
inflow Nuenen/Son spectro::lyzer

wwtp influent pumping station pt100/preas 411  -temperature -
inflow Nuenen/Son

wwtp influent pumping station Danfoss -flow in full pipes \
influent pumps 1 -9 MAG3100

wwtp intermediary pumping s::can UV/VIS  -TSS, COD, CODf, NO3-
station spectro::lyzer

wwtp intermediary pumping Evita Insitu 4100 -NH4 / PO4 -
station

22 locations (see also figure 3Rain-Ger tipping- -precipitation V
bucket gauges
7 locations: Flo-Tote 3 -flow in part-full pipes -
Aalst, Bergeijk, Geldrop, Son electromagnetic (velocity + level)
Luijksgestel, Valkenswaard, pt100 -temperature
Veldhoven
12 locations: various types -flow in full pipes -

Aalst, Duizel, Eersel, Heeze-
Leende, Knegsel, Nuenen L.,
Son, Steensel, Sterksel,
Weebosch, Westerh., Wintelre

3 locations: bubblers - water levels -
cs Valkenswaard, cs rwazi,
cs de Meeren
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Veldhoven

Son Nuenen
Noord
1 Nuenen
Industrie e I ®| Larikslaan
Ekkersrijt  [7777
om Nuenen
Nuenen/Son 2uid
Eindhoven a Industrie Mierlo Mierlo
Stad = WWTP Nuenen || sludge proc.
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Figure A-1: The WDD monitoring network in the wastewater systaf wwtp Eindhoven.
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Locations of raingauges can be found in Figurei3-dhapter 3.

Flow measurements (full pipe)

Flow measurements (part-full pipes)
Flow measurements (Archimedes’ screw)
Water level measurements
UV/VIS sensor
temperature sensor
NH4 sensor
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Appendix B. Characteristics of municipal sewer
systems discharging wastewater to the wwtp
Eindhoven

Municipality ~ Inhabitants' Industry’ Total Receiving |mpermeable
area’  waters' area’
[#] [pe] [km? [km?] [km?]
Bergeijk 18,094 7,721 101.79 0.74 2.16
Eersel 18,041 9,010 83.28 0.87 1.45
Eindhoven 209,699 68,800 88.84 1.14 20.82
Geldrop-Mierlo 37,823 30,250 31.39 0.36 2.69
Heeze-Leende 15,153 4,490 105.12 1.14 1.18
Nuenen 22,692 600 34.11 0.23 2.46
Son en Breugel 15,306 13,260 26.49 0.56 2.19
Valkenswaard 30,908 7,230 56.44 1.47 2.96
Veldhoven 43,284 6,330 31.92 0.19 3.60
Waalre 16,521 2,000 22.71 0.28 1.42
Total 427,521 149,691 582.09 6.98 40.93
M unicipality Total length Combined® Separate’  CSOS’
sewer system®
[km] [%] [%] [#]
Bergeijk 133 97 3 17
Eersel 153 95 5 6
Eindhoven 1143 71 29 30
Geldrop-Mierlo 190 84 16 16
Heeze-Leende 81 96 4 22
Nuenen 122 79 21 26
Son en Breugel 120 79 21 13
Valkenswaard 144 83 17 15
Veldhoven 250 71 29 33
Waalre 91 98 2 4
Total 2,427 78 22 182

"source: CBS, 2007 (reference date Janudrgdo?)

2 source: WDD, 2005
3 source: WDD, 2011
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Appendix C. Characteristics of connections to
Riool-Zuid, Eindhoven Stad and Nuenen/Son

(]

) % <

o € o N Bm

z 8 - 2 gy 5%

E8 I &y ¢ 8¢ =%

S £ 2 £ 5 e S T O
Connection Z .= - - O =9 <9

Type’ [#] [pe] [km3 [m¥h]  [m’] [mm] [m°] [mm]

Bergeijk ff 10,743 1,400 1.35 982 4,898 3.612,116 9.0
Luijksgestel wv 2,943 811 0.29 273 1,910 6.6 3,700 12.8
Riethoven ps 2,403 5,030 0.19 226 980 5.2 46 0.2
Westerhoven ps 2,005 480 0.33 219 1,123 3.4 2,050 6.2
Eersel ps 15,115 7,570 1.30 1,100 8,024 6.211,210 8.6
Steensel ps 2,926 1,440 0.15 125 1,272 8.5 - -
G.Ontginningas 8,697 1,500 1.34 1,660 8,777 6.6 - -
Geldrop ff 34,787 5,090 1.89 1,930 15,948 8.412,700 6.7
Mierlo ps 3,036 - 0.41 972 2,017 49 380 0.9
Industrie ps - 4,160 0.39 125 449 1.2 - -
Nuenen
Mierlo sludgeff - 21,000 - 3% - - - -
processing
Heeze ps 13,385 4,490 1.05 952 8,674 8.3 3,567 3.4
Nieuwendijk
Heeze ps 1,768 - 0.13 110 106 0.8 2,360 18.2
Engelse Tuin
Valkenswaardf 30,908 7,230 296 2,679 24,439 8.3 2,592 0.9
Veldhoven  ff 43,284 6,330 3.60 4,145 21,555 6.0 5,447 1.5
Aalst v 10,736 2,000 0.97 804 8,892 9.212,660 13.1
Waalre ps 5,785 - 0.45 250 3,087 6.9 780 1.7
Total RZ 188,521 68,531 16.80 16,772112,151 6.769,608 4.1

! source: CBS, 2007 (reference date Janu#rgao7)

2 source: WDD, 2007 (reference date Janudn2@07)

3 ff = free-flow; vv = vortex valve; ps = pumpingasion; as = Archimedean screw

*in case of free-flow connection: agreed guaranteed (agreement between municipality
and WDD); in case of pumping station and Archimedsarew: installed capacity; in case
of vortex valve: capacity to which flow is limitdxy the valve

®in settling tanks, retention ponds, helophytefi etc.

® only on weekdays during operating hours (08h06h0D)

Characteristics of municipal sewer systems thathdige to other sewer systems
are included in the characteristics of the recgi\awer system.
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“ o
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Connection Z .= —= - ® © -9 <9
Type’ [#] [p.e.] km?  [m%h] [m°] [mm] [m’] [mm]
Nuenen/Son
Nuenen ff 2,425 - 0.32 600 2,552 8.0 - -
Noord
Nuenen ff 16,614 600 1.78 964 6,945 3.9 4,931 2.8
Zuid
Nuenen ps 3,653 - 0.36 300 2,148 6.0 - -
Lariksl.
Son ps 15,306 750 1.07 815 7,457 7.0 1,748 1.6
Industrie  ps - 12,510 1.12 175 4,277 3.8 -
Ekkersrijt
Total NS 37,998 13,860 465 2,854 23,379 5.0 6679 14
Eindhoven Stad
Eindh. Stadff 201,002 67,300 19.48 15,819124,046 6.4 - -
Total of 3 427,521 149,691 40.93 35,445 259,576 6.376,287 1.9

catchment areas
(RZ,ESand NS

! source: CBS, 2007 (reference date Janu#rgao?)

2 source: WDD, 2007 (reference date Janu&r2007)

3 ff = free-flow; vv = vortex valve; ps = pumpingasion; as = Archimedean screw

*in case of free-flow connection: agreed guarantesd (agreement between municipality
and WDD); in case of pumping station and Archimedsearew: installed capacity; in case
of vortex valve: capacity to which flow is limitdxy the valve

® in settling tanks, retention ponds, helophytefdt etc.

Characteristics of municipal sewer systems thathdisge to other sewer systems
are included in the characteristics of the recgi@awer system.
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Appendix D. Automatic cross-check of WDD tip-
ping bucket raingauge results

Upton and Rahimi (2003) developed an automated glasdity assessment for a
TBRG network in the United Kingdom. The UK raingaugetwork largely
resembles that in the Eindhoven area: respectR&lgnd 25 TBRGs in an area of
25x30 km and 23x28 km. In both areas sensors &@ringeneously distributed
over both rural and urban areas. It is thereforesiciered appropriate to apply their
procedure - in somewhat adapted form - on the Eweih data. The total
procedure comprises three single-gauge tests amddsts that can be applied to
compare TBRGs in a network. In this study only theee most useful network
tests are used. The three tests compare preapitddipth per event (test statisip
and time between tips during an evenyfdndz). The objective of the statistics is
to indicate that a specific sequence of tips omeweay not be representing the
precipitation process correctly; a subsequent marnoirpretation remains
necessary. Initially, boundary values as usedHerUK network are used; later a
sensitivity analysis demonstrates the effect ofngireg boundary values on the
results for the Eindhoven data.

In Upton and Rahimi (2003) an event is defined asiray period between two dry
periods that are each at least 2 hours long. Apdriod is a period in which none
of the gauges in the entire network tipped. Thayaeriod may contain any
number of short dry periods, providing that eadtddess than 2 hours. Using this
definition on the Eindhoven data a total of 901reégénave been identified over the
period July i, 2007 - November®] 2008. Of these, 377 events have a length of 1
minute during which a single gauge tipped only onceawice. For another 283
events the maximum of all sensor depths duringettemt does not exceed 0.5 mm.
These pseudo-events are not further evaluatedgireglthe number of ‘real’ events
to 241. Fifty percent of these have a length ug.®hours; another forty percent
has a length between 2.5 and 24 hours; the twoekingvents lasted 5.5 and 9.5
days. This definition of an event is only usedtfe data quality assessment in this
appendix; it differs from the definition of a stoewent used in chapter 6.

To allow for possible spatial variability over tt6®0 knf area, a single WDD
TBRG data set is not compared to all other WDD TB&RdEa sets; instead, each
sensor is only compared to the seven nearest galigeguarantee comparison
with at least three nearly always properly funatigrnraingauges, the results of the
three NM gauges (>99% data yield, see Table 3d)abvays included for thg-
statistic. Additionally, for this test statistit\é four closest neighboring sensors are
added to make a total of seven. Forzhandz-statistics the use of NM results is
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not possible due to the 0.2 mm resolution of NMggm) for these statistics the
seven nearest neighboring WDD sensors have beédn use

Test statistia,

For comparison of precipitation depths, the numifetips () at the considered
WDD gauge during the considered event is used. mhisber is compared to
Ny,Ny,...,N7, the number of tips recorded during the same elvembur neighboring
WDD gauges and the three NM gauges, sorted in dsagrder. The statistig,
is given by:

0 fom - <n <n+ |
z, = . (D.1)
(ng - mn)/ M, otherwige
with  m, =n, or median of neighboring values;
My = median absolute deviation (MAD) from the median

In case the number of tips at the considered géagevithin the extended range
(by 4 on either side) of neighboring valugsequals zero; if not, the statistic is a
measure for the deviation of with respect tay, throughn;. For the method to be

less sensitive to outliers caused by malfunctiomeigihboring sensors, the median
and MAD values are used as robust alternativeedperctively the mean value and
standard deviation of neighboring values. Gauga dlabuld be carefully inspected
if boundary values for, are either

i Z,> 10 or
ii. z, < -5.

Hence, an event is considered suspicious if the tmimber of tips exceeds the
range of neighboring sensors by 4 and if the riegutleviate becomes too large or
too small. The upper and lower boundaries are agtnizal since the distribution
is skewed: tips have a finite lower bound of zewdg bo upper bound. The
boundary values as presented here are developkgtoy and Rahimi (2003) for
their UK data set. Hereafter, a sensitivity anay®r boundary values of test
statistics is performed for the Eindhoven data.

Test statisticg,,and z;

A comparison based on inter-tip times searcheariasual long inter-tip times that
might point to a partially blocked sensor. For tiwgo parameters are usegl, the
median inter-tip time and,s the shortest inter-tip time of the consideredggau
during the considered event. These are comparegte; ,..., T7m andryg, 72g,---,
775 the corresponding values for seven neighboringDAd2nsors. The statistics
are given by:

222



Appendix D.

B 0 forr, <7, ST, 0.2)
m (rg’m - mm)/ M, otherwis '
with  my, =14m Or median of neighboring values;
Mm = median absolute deviation (MAD) from the medap
and
B 0 forr, < TysSTys 0.3
“ (rg]S - ms)/ M. otherwis '
with  m =145 Or median of neighboring values;
M = median absolute deviation (MAD) from the median

Gauge data should be carefully inspected if
Zn> 10 orzs > 10.

Hence, an event is considered suspicious if theianeor shortest inter-tip time

exceeds the range of neighboring sensors and ifethdting deviate becomes too
large. Large negative values of the deviate arenofound to coincide with

localized heavy rain.

Automated test results

The results of application of the three test diatisto the 20 WDD data sets are
presented in Figure D-1. For comparison, the mayueajected data are included
in the figure (i.e. grey areas in Figure 3-10 &® $ame as grey areas in Figure D-
1). In total, 325 tip sequences have been idedttfiat may not be representing the
precipitation process correctly, see Table D-1.tlfse, approximately 50% lie
within a manually rejected sequence, the other ha¢f not been identified in the
manual assessment (i.e. false positive resulthefititomated procedure). Of the
137 manually rejected sequences, 81 (or 59%) comtialeast one automatically
detected doubtful tip sequence. The other 56 mantgjkected sequences are not
detected by the automated procedure and henceitatmgalse negative results.
The results of the sensitivity analysis in Tablel Bshow that results of the
automated detection are only little sensitive toiateon in critical values of test
statistics.

Finding 59% of the manually rejected sequencespénmrmance of the automatic
tests on the Eindhoven data is poor compared t®@é obtained by Upton and
Rahimi (2003). Also, the number of false positii@significant for the Eindhoven
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data. Upon closer consideration of false positiand false negatives it is found
that the general poor performance of the Eindhaaémgauge network stands at
the basis of many false identifications. A freqlenthampering data
communication, an incomplete or incorrect metadégéaand prolonged (partial)
blockages of multiple gauges makes the applicatfoan automated data quality
assessment less straightforward. Closer considaratso revealed that some false
positives are actually true positives: some inadgrisequences were overlooked
during the manual assessment. Hereafter, some piegr@ocausing false positives
and false negatives are considered in more detail.

Aalst | I _ [ N I \

Bergeijk 1 \ I Ll [ |
Borkel| | il TN _m \ 111 _
Duizel| | 0N I r [T |
Eersel | | 1] [

Gerwen| [ | \ ] ' Il [ 1 [ I \

Heeze NN Il ml \

\

|

Knegsel 1 i I 11 Tl T
Ieende I’ | [T | 1 TR T 0T I
Mierlo dorp | 11T | | Ll
Mierlo SVI| [T 1 T T
Nuenen [ I | 11 ARl NI
Ricthoven || B || | ] | [ I
Son| | I I | o W | | |
Steensel| | [ 1 ] _ [ i T
Valkensw.| |11 Il _ I I | m 11 |
Veldh. SGK/| [ I 1] |
Weebosch I [T T I [
Westerh. T | | 1 Wil [ 1 11
Wintelre| | Wi I f nimna |l [ e I

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Figure D-1: Manually rejected data (in grey) and automaticaltected doubtful tip
sequences (in black) of 20 WDD TBRG data sets far time-span July %] 2007 -
November 1, 2008.

False negatives
A false negative result of the automatic procedimestitutes a non-response to a
sequence that has been rejected during the massegdsament. Examples are:

(1) All data during sensor cleaning (as reported by rttetadata file) have
been manually rejected since cleaning often resul& large number of
tips not associated with precipitation. Howevenneoreported cleaning
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activities do not show in the data sets (which$elf suggests an incorrect

metadata file), and are hence not detected byutuereated procedure.
(2) A partially blocked sensor can continuously ‘leadtormwater to the
tipping bucket. As a result, in some cases, ncsgefls over 2 hours can be
found and individual storm events are lumped inte @rolonged event.
Lumping events, the characteristics and anomalfegdividual storm
events are largely lost inhibiting the automateacpdure to detect
anomalous behavior.
In case one or more of the neighboring sensorsailunctioning, thez,-
statistic (precipitation depth) can yield false atdges. A malfunctioning
neighboring sensor introduces a relatively largsmall value in the range
of ny,ny,...,N7. As a result, considering the equation, a suspétyolarge or
small precipitation depth of the considered gaugeses the automatic
detection because the considered depth lies witl@nexpanded range of
neighboring values.

(3)

Table D-1: Automatically detected versus manually rejectegieaces with false positives
and false negatives; sensitivity analysis for caitivalues of test statistics.

automatically detected sequences manually rejesstquences

total within outside total noticed by unnoticed by

manually manually automatic automatic

rejected rejected detection detection

sequence  sequence (false negative)

(false positive)

U&Rvalues 325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)
z,>0 390 179 (46%) 211 (54%) 137 83 (61%) 54 (39%)
z,>5 351 173 (49%) 178 (51%) 137 81 (59%) 56 (41%)
z,>10 325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)
z,> 15 316 167 (53%) 149 (47%) 137 80 (58%) 57 (42%)
z,> 20 313 165 (53%) 148 (47%) 137 78 (57%) 59 (43%)
z,<0 399 184 (46%) 215 (54%) 137 87 (64%) 50 (36%)
z,<-5 325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)
Z,<-10 292 158 (54%) 134 (46%) 137 76 (55%) 61 (45%)
Zn>0 402 180 (45%) 222 (55%) 137 83 (61%) 54 (39%)
Zn>5 357 172 (48%) 185 (52%) 137 81 (59%) 56 (41%)
Zn > 10 325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)
Zn> 15 311 164 (53%) 147 (47%) 137 77 (56%) 60 (44%)
Zn> 20 304 162 (53%) 142 (47%) 137 75 (55%) 62 (45%)
z>0 396 185 (47%) 211 (53%) 137 84 (61%) 53 (39%)
z>5 363 179 (49%) 184 (51%) 137 82 (60%) 55 (40%)
z>10 325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)
z>15 330 170 (52%) 160 (48%) 137 81 (59%) 56 (41%)
z>20 325 169 (52%) 156 (48%) 137 81 (59%) 56 (41%)
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False positives
The automatic procedure yields a false positiveltakit considers a tip sequence
suspicious whereas the manual assessment hageutedethe event. Examples are:

(1) A malfunctioning data communication during a stawent causes a data
gap and hence a zero precipitation depth for teas@. Thez,-statistic
detects the anomalous zero depth if values of soding gauges are
significant. Since data gaps are not included & ‘thanually rejected
sequences’ (only the grey areas from Figure 3-0gaey areas in Figure
D-1), the test result is strictly considered adgisitive. However, the test
results can be interpreted as a detection of a gipa Inclusion of data
gaps in the manually rejected sequences would esthgcnumber of false
positives, but would at the same time increase rihenber of false
negatives (e.g. data gaps without any precipitation

(2) In case at least 4 out of 7 of the neighboring @ensnalfunction, the
median and MAD values in all three equations arterddgned by a
misreporting sensor. As a result, an adequatelyatipg sensor could be
falsely regarded suspicious compared to the mistiegosensors.

(3) Several false positives are actually true positigeme incorrect sequences
were overlooked during the manual assessment. Edgeenanual
detection of erroneous data during small eventsn(® at the beginning
of a clogging process, proofs to be difficult. Tesatisticsz, and z,
however, react to the increasing inter-tip timesrdysuch events. These
incorrect sequences were removed from the data sets

Conclusions

An automated data quality assessment of TBRG @dsab®comes more successful
as the quality of the data increases. Using thetphd Rahimi (2003) procedure,
it is relatively easy to detect an anomaly amidsdtdydata. However, confronted
with a hampering data communication, incompleteaahata files and blockages of
multiple gauges in the Eindhoven data the succatss falls, introducing many
false negatives. Only applying this automated pdooe would leave
approximately 40% of all erroneous data unnotic@d.the other hand, studying
false positives reported by the automated procebthads to the identification of
doubtful sequences that were overlooked duringrthrual assessment. Therefore,
the application of an automated procedure is ugefabmplement the results of a
manual data assessment.
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Appendix E. Comparison of WDD and NM data
to KNMI gauge results

After the cross-check of TBRG results presentedaragraph 3.4 the second step
in the data quality assessment of WDD gauges isdhgparison of WDD TBRG
results with KNMI Hellmann gauge results. The objex of this assessment is to
search for and explain the sources of any structiff@rences between both data
sources. Also, where possible, WDD data sets areated for biases. Preferably,
precipitation sums are compared over a long timegge.g. a year) to reduce as
much as possible the influence of temporal andiapaariation of rainfall.
However, the longer the time-span considered,atget the chance that data gaps
and/or malfunctioning sensors influence the totah ©over the considered time-
span. In this appendix, sensor results are compareda year (using equivalent
sums) and over time-spans of a month (using actosérved sums). Section E.1
first describes the calculation (and conditions foalculation) of hourly
precipitation depths from the 1-minute interval TBRBata sets. The hourly depths
are used as the basis for further lumping predipitainto annual and monthly
values. Also, the hourly values are used in pagi26 as the basis for areal
precipitation calculations. In section E.2, anne@iivalent sums are derived and
compared to KNMI Hellmann data. In section E.3 slaene is done for monthly
observed precipitation. The origin of differenceween WDD data and KNMI
data is the focus of section E.4. Finally, in smattE.5 the correction of WDD data
sets based on calculated biases is explained.

E.1 Calculation of hourly precipitation depths

A comparison of precipitation depths is only selesii these are based on
complete and correct data sets. WDD data sets, J@weontain many data gaps,
the number of which has increased after removatmieous data in paragraph 3.4.
For such data sets summation over a time-span ezmh to underestimation of
precipitation in case of rainfall during the dai@pg. Considering this issue, this
section describes the calculation of hourly preéatmn sums and the conditions
under which these values may be calculated to ml§tearly) correct values. The
hourly depths are used as the basis for furthepilgnprecipitation into annual
and monthly values. The (conditions for) calculasi@f annual and monthly values
are discussed in the next sections.

A correct calculation of precipitation depths pesuh is defined here as the
summing of 60 values (1-minute interval data fdrolr) for which a maximum of
5% (or 3 values) may be missing. Naturally, howestdct this condition, it leaves
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a chance that during those missing 3 minutes anuamaof precipitation is not
added to the sum. The mean recorded rainfall iittenser all WDD gauges is
0.14 mm/min. Hence, the expected missing deptfage ©f 3 minutes data loss in
an hourly summation (during rainfall) would be de brder of 0.5 mm.

E.2 Calculation of annual equivalent sums and carspa to KNMI data
Annual equivalent sums of precipitation are caltadausing the total precipitation

sum of the 1-hour interval data sets and interpmator extrapolating) to a 365-
day equivalent:

365
D365 = L_ Dtotal (El)
days
with Dy = total precipitation sum in data set [mm];
Dsss = 365-day equivalent sum [mm];

Laays = length of data set [days].
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Figure E-1: Annual equivalent sums of precipitatiddsfs) of 12 WDD, 3 NM and 6
KNMI raingauges.

Figure E-1 presents the calculated annual equivalems. It can be observed that
WDD gauges systematically underestimate precipitasums compared to NM
and KNMI gauges by, on average, approximately 30%& 6 KNMI Hellmann
gauges show annual equivalent sums between 784 mdn840 mm with a mean
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value of 817 mm. NM gauges show a slightly higheamsum of 851 mm. WDD
gauges report an average sum of 594 mm, whichadyn80% below the KNMI

mean value. WDD equivalent sums range between 5h4(Riethoven) and 692
mm (Bergeijk), which means that the largest sumafdVDD raingauge is more

than 10% smaller than the smallest precipitatigtidéor any NM or KNMI gauge
(784 mm, KNMI Oirschot).

Interpolation of incomplete precipitation data sasspresented in this section can
only yield reliable estimates of annual precipaatsums if the fraction of missing
or discarded data in the total data set is equathto fraction of the total
precipitation sum that was excluded from the caltoh of Dyy,. In other words,
for a correct interpolation, if for instance 20%tbé data is rejected (i.e. 20% of
the time stampss rejected) also 20% of the recordprecipitation should be
missing from the data set. If the missing and diked data cover a relatively large
fraction of wet-weather data (e.g. if storm evemtsnehow cause the sensor
malfunctioning), the interpolated value underest@adhe total precipitation depth;
if discarded and missing data have been mosthectt during dry weather, the

interpolated value overestimates precipitation llepor the WDD TBRG data sets
this relation is considered in Table E-1.

Table E-1: Discarded and missing data at WDD gauges andhéosame time-spans, the
corresponding rainfall at NM gauges.
discarded and missing during same time-spans, at NM gauges
data in WDD data sets observed precipitation sum as
as percentage of precipitation sum percentage of total
489-day total data set observed sum

(over 489-day time-span)

WDD gauges [%0] [mm] [%]
Aalst 19 235 21
Bergeijk 40 430 39
Borkel 38 408 36
Duizel 18 246 22
Eersel 26 288 26
Gerwen 29 347 31
Nuenen 36 409 37
Riethoven 28 393 35
Son 29 338 30
Steensel 29 363 32
Weebosch 33 449 40
Westerhoven 27 301 27

Missing data in WDD data sets naturally cannot glewnformation on the amount
of precipitation that was not measured; instead, MM data sets are used as

229



Appendix E.

reference ‘true’ values. For all time-spans for ethiWDD data is missing or
discarded, the corresponding precipitation sumrdmbat NM gauges is expressed
as a percentage of the total sum recorded at NMeagauAs an example, 19% of
the 489-day Aalst data set is missing. During tkecesame time-spans for which
Aalst data is missing, NM gauges have recorded 2fi%eir total sum recorded
during the same 489-day time-span as the Aalsteyabgr most gauges near
identical percentages indicate that interpolatibthe incomplete data sets can be
done without resulting in large over- or undereations. For the Riethoven and
Weebosch gauges differences are largest (7%) wittlagively large fraction of
discarded wet weather data; interpolated valuesttiese gauges are likely to
underestimate the total precipitation sum recotetiese gauges. In line with this
conclusion it can be noted that the Riethoven arekhdsch gauges report the
smallest equivalent annual sunixds) of all WDD gauges in Figure E-1.

Based on equivalent annual sums it can be concltidat] as a group, WDD
TBRGs systematically underestimate precipitatioomsucompared to KNMI
gauges by approximately 30%. Exclusion of the pu&ted values of the
Riethoven and Weebosch gauges results in a meamastithation of roughly 25%.

E.3 Calculation of observed monthly sums and commparto KNMI data

For comparison of actual recorded values (instelh@quivalent sums) over a
relatively long time interval, precipitation sumsrpmonth have been calculated.
To assess the performance of WDD gauges, resulé KWRMI Hellmann type
gauges are used as reference values. Figure Esenpsefor the considered 19-
months time-span the monthly precipitation deptirskiNMI gauges. April 2007
was an extremely dry month: recorded precipitatguals (almost) zero for all
gauges. As expected, differences among KNMI gaagesgenerally smaller for
winter months and larger for summer months dueifferdnces in storm types.
Also, generally speaking, summer sees more pratiqit than winter.

Analogous to the calculation of hourly sums, mopntsbms have only been
calculated if a minimum amount of data is availaldecorrect summation for
precipitation depths per month is defined here haes summing of 720 hourly
precipitation values (for 30 day months) for wha&maximum of 4 values(0.5%)
may be lacking. This maximum number has been sslgutagmatically: it is the
smallest possible number for which for all 12 WDBuges at least 2 monthly
values could be calculated. However small the numibdeaves a chance that
during these missing hours an amount of precipiais not added to the sum. The
mean recorded precipitation depth per hour (if darthan zero) over all WDD
gauges is 0.68 mm/hour. Hence, the expected miskipth in case of 4 hours of
lacking data in a monthly summation would be of ¢hder of 2.5 mm. To make
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sure no hourly values with high-intensity precipda were excluded from
monthly sums, all missing values have been verifigidg NM results as reference
values. Most have been recorded during dry weathells and only few during
wet weather situations; a maximum depth of 1.7 nam ot been included in the
monthly precipitation sum.
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Figure E-2: Monthly precipitation depths for 6 KNMI Hellmann gaugestie Eindhoven
area for the time-span April 2007 - November 2038i(ce: KNMI, 2009)

Using the aforementioned criterion, for the major@éf months no monthly
precipitation sum could be calculated. For only @4 of 192 months a total
rainfall sum has been derived. For the other 158th®at least 5 hours of data
were missing from the data sets. The 34 monthlysshave been recorded during 5
specific months: October, November and December7280d February and
September 2008. Especially the absence of large c@nmunication problems
during these months yields near-complete data Beefsre E-3 presents the relative
deviation of calculated WDD monthly sums from theam KNMI value. Mean
KNMI values are plotted in gray squares; whiskdrstsh to the minimum and
maximum KNMI value per month (see Figure E-2). BaBl-2 summarizes the
position of the plotted WDD values with respeckKtdM| mean and range. Only 2
sums are larger than KNMI mean values, the othesuds are below mean KNMI
values. Two thirds of sums are outside (i.e. belth&)range of observed values of
KNMI gauges; one third is inside the range, but thyas the lower whisker.

Results are inconsistent. For instance the Berggdjige shows for November
2007 and February 2008 only minor deviations frone tKNMI mean of

respectively +5% and -3%. For December 2007, omther hand, the difference is
-23%. For this same month all 8 WDD sums are lunpggther between -15%
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and -40%, well outside the relatively small ranff&NMI values. The next month,
however, 6 out of 9 sums are within the KNMI rargee 3 are well outside. Hence,
since only 34 monthly sums are available and resate too inconsistent, no
conclusions can be drawn about operation of a 8pesgnsor or about operating
conditions during a specific month. Neverthelesg tesults in Figure E-3 and
Table E-2 seem to confirm the conclusion from seck.2 that, on average, WDD
gauges underestimate precipitation compared to Kigsliges. Based on annual
equivalent sums the underestimation yielded 25%08&; the 34 WDD monthly
sums are on average approximately 20% smallerkiNivil mean values.
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Figure E-3: Comparison of monthly precipitation depths betwé@nWDD gauges and
mean results of 6 KNMI gauges. For KNMI data theygsquares represent the mean value
of the 6 gauges; the whiskers indicate the assatiatinimum and maximum values. For
WDD gauges only months with less than 5 hours @king data have been plotted.

Table E-2: Number and orientation with respect to KNMI mean aange of calculated
monthly precipitation sums of WDD gauges

Oct 07 Nov 07 Dec 07 Feb 08 Sep 08 total

number of calc. monthly sums 5 8 8 9 4 34
of which > KNMI mean 0 1 0 1 0 2
< KNMI mean 5 7 8 8 4 32

of which within KNMI range 3 1 0 6 1 11
outside KNMI range 2 7 8 3 3 23

E.4 Underestimation by WDD gauges assessed

In the previous two sections it was concluded ttet WDD tipping-bucket
raingauges systematically underestimate precipitasums when compared to the
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Hellmann type KNMI raingauges. Based on equivalemnual sums the
underestimation was determined at 25%; using mgnphécipitation sums the
average underestimation was set at approximatetg. ZDhe objective of this
section is to search for (partial) explanationshef observed underestimation. The
first factor considered is an initial lack of calition of WDD gauges. Second, the
contributions of random errors and systematic imséntation and observation
errors are studied.

Important in this context is to note that the afoe@tioned percentages are
underestimations of WDD tipping-bucket raingauggutiescompared to Hellmann
gauge resultsand not compared to ‘true’ precipitation. Whersessing these
differences and their possible explanations, iessential to keep in mind this
‘triangle’ of data: tipping-bucket results versugllifhann gauge results and their
respective relation with ‘true’ precipitation, aarker described in paragraph 3.3.
Generally, differences between Hellmann gauge tesuld ‘true’ precipitation are
smaller than differences between TBRG results trmé’ precipitation.

Calibration of WDD gauges

Calibration of raingauges is comparing sensor perdmce with ‘true’
precipitation by subjecting the sensor to a knowmardity of imitated rainfall.
After installation in July 2007 the WDD tipping-ttet raingauges weraot
calibrated. After it became apparent that WDD TBRGults differed significantly
from Hellmann gauge results (as presented in pusvéections) a calibration was
performed in September 2009. The sensor calibrawomprised pouring a volume
of water into the sensor at a constant rate of B0hmand recording the number of
tips, see Table E-3. For most sensors 50 ml wasepowvhich, with a bucket
resolution of 0.1 mm and a funnel area of 206, @hould equal 25 tips. The actual
number of tips is smaller than 25 for all sensmdicating that all 12 WDD gauges
underestimate precipitation depths. The corredidator expresses the fraction of
the actual number of tips over the expected nurabéps. For 9 out of 11 sensors
the correction factor ranges between 0.88 and n@Rating roughly 10%
underestimation of WDD gauge results versus ‘tprecipitation. For the Son and
Steensel gauges this percentage increases to atélmand 25%, respectively.

This type of static calibration (subjecting the smnto one specific rainfall
intensity) basically describes the deviation betwtee nominal bucket volume (as
stated by the manufacturer) and the true bucketirwel This can be a true
volumetric difference, but the true bucket volunaa @lso change due to e.g. the
growth of biofilms on bucket walls. Also, the trbacket volume can ‘include’ any
rainwater that is lost (i.e. spilled) during thevament of the bucket. This amount
increases non-linearly with rainfall intensity. @ able to quantify this ‘non-
linearity’-effect, however, a dynamic calibratios riequired: subjecting the sensor
to multiple rainfall intensities.
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Table E-3: Static calibration of WDD tipping-bucket raingasge

volume of water actual number of tips correction factor
poured

WDD gauges [mi] [#] [
Aalst 50 22 0,88
Bergeijk 50 23 0,92
Borkel - - -
Duizel 50 22 0,88
Eersel 50 22 0,88
Gerwen 50 22 0,88
Nuenen 50 23 0,92
Riethoven 50 22 0,88
Son 50 21 0,84
Steensel 100 37 0,74
Weebosch 50 22 0,88
Westerhoven 50 22 0,88
mean 0,87

" the Borkel raingauge was removed for renovatiorke/@rior to calibration

The calibration of WDD gauges shows that approxetyahalf of the observed
underestimation by WDD gauges can be attributeadléaking initial calibration of
sensors. The other half of the underestimation, dvew is not explained.
Additional sources of uncertainty that may leaddifferences in data results
between Hellmann gauges and TBRGs are studiectindht section.

Random and systematic errors in TBRG data results

Sources of uncertainty in raingauge data resulte baen described and quantified
extensively in literature. Data errors are oftevidi#id into random and systematic
errors. Random errors can be observed if two idehtigauges (same
instrumentation errors) at the same location (saimgervation conditions) give
different results. Often mentioned examples of ocanderrors in TBRG
measurements are: mechanical and electrical datods of the gauge, data
transmitting errors and clogging of the tipping kefc In terms okeffectson data
results, clogging is not a true random error: a lmmewal disturbance such as
random variations in the force required to set tipping bucket in motion
(Marsalek, 1981) gives a random error (i.e. botthéi and lower values about an
unchanged mean value) whereas partial clogging offBRG results in
predominantlylower precipitation depths, hence biasing results. freetve of
definition, for WDD TBRG data sets erroneous resudtie to clogging have
already been removed in previous sections; anmhdurtandom errors do - by
definition - not influence mean values of WDD TBRlata sets. Hence, random
errors do not contribute to the observed systentdifferences between KNMI
Hellmann gauges and WDD tipping-bucket raingauges.
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Systematic errors of tipping-bucket raingauges galydead to underestimation of
precipitation volumes. The origin of systematicoesrcan generally be traced to
instrumentation errors or to observation conditiddisservation conditionsan be
influenced by a local wind effect: due to the preseof the elevated raingauge the
wind field above the gauge is distorted and espigdighter precipitation particles
are lost for the measurement. Also, sensors ndarilding or tree might suffer
from wind shade: objects intercepting precipitatituming specific wind conditions.
Examples ofnstrumentation errorgre:

(1) initial wetting of sensor walls after a dry period,

(2) initial inertia of the tipping mechanism;

(3) evaporation of accumulated water in the sensor;

(4) splashing (i.e. water reflected from the gaugetdumpact with the funnel
wall);

(5) sensor calibration errors (deviation of bucket wudy non-linearity not
considered, wrong static calibration);

(6) improper leveling of a sensor and

(7) sensor ageing (e.g. changing bucket volume dueirface oxidation and
contamination of bucket walls).

WDD TBRGs have not been fitted with siphons; henoacertainties typically
associated with siphons (Maksimét al, 1991; Overgaarét al, 1998) do not
need consideration. Table E-4 presents measureéstimiated losses due to both
instrumentation errors and observation conditions.

Searching for errors that may explain underestonatf precipitation by WDD
gauges non-linearity is considered first. Fankha(E@98) states that non-linearity
has only little influence on the long-term totatoeded rainfall depth since high-
intensity precipitation is relatively rare. Luyclkend Berlamont (2001) show that
for intensities up to 30 mm/h (or 0.5 mm/min) namehrity is not an issue. For
intensities up to 180 mm/h (or 3 mm/min, the highetensity in the WDD TBRG
data sets) the error due to non-linearity graduiadyeases to around 20%. In the
Eindhoven area data, approximately 99% of wet waratlata remains below the
0.5 mm/min threshold. The remaining 1% of highnsiey data corresponds to
approximately 7% of total recorded precipitationhieh needs an estimated
correction of around 5%. Hence, the influence afi-ioearity on total recorded
rainfall in the WDD data sets can be estimatedratirad 0,35% and is therefore
indeed negligible.

The second considered error is the local wind effeevruk (1996) concludes that
the local wind effect does play an important roleexplaining differences between
Hellmann gauge results and TBRG results. Due tferdifices in sensor design
(mainly the shape of the gauge body and thicknéskeoorifice rim) the wind-
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fields directly above the gauges are affected stirtit ways, but predominantly so
that TBRGs systematically yield lower precipitatidepths than Hellmann gauges.
In the study, for two gauges at the same locatiba, mean annual difference
amounts to 14%. Differences are attributed to fivsl wind effect as well as to

random errors. In the Eindhoven area no tippingkbtigauge has been placed in
the direct vicinity of a Hellmann gauge; thereform assessment of long-term
differences in data results between the two setypers can be made.

Table E-4: Main causes obkystematic errors in TBRG precipitation measuresemtd
their reported losses (after Rawgtal, 1998).

Error caused by Range of reported  Source
losses
Instrumentation errors
Wetting of funnel and/or [2-10] % Marsalek, 1981; Sevruk, 1982,
bucket walls cited in Rauclet al, 1998

[0.02 -0.09]mm  Niemczynowicz, 1986;
Fankhauser, 1998

Inertia of tipping mechanism “unexpectedly  Jgrgensemt al, 1998

after dry period high”

Evaporation [0-4]% Sevruk, 1982, cited in Raeth
al., 1998

[0.001-0.004] mm/h Fankhauser, 1998

Splashing [1-2]% Sevruk, 1982, cited in Raeth
al., 1998

Sensor calibration errors, [-10 - 20] % Marsalek, 1981; Niemczynowicz,

tipping bucket movement 1986; Maksimovicet al, 1991;

(non-linearity) Fankhauser, 1998; Luyckx and
Berlamont, 2001

Leveling “several percent” Marsalek, 1981

Ageing -4 % Marsalek, 1981

Observation conditions

Local wind effect [2-15]% Neff, 1977, cited imptdn and
Rahimi, 2003; Hanna, 1995;
Sevruk, 1996

Wind shade “disastrous effect” Upton and RahimD20

Overall systematic error [5-10] % Schilling, 1991

A third considered error source is wind shade. WIBRGs have been installed at
or nearby WDD property (pumping stations, contrtdtiens) throughout the
Eindhoven area. At many locations gauges have imstalled in the lee of trees,
buildings or other obstacles. Obstructions in tiread vicinity of raingauges can
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cause wind shade and can consequently have antanpeaffect on precipitation
measurements. Upton and Rahimi (2003) report thahg their experiments “one
gauge was fixed for a time on the wall of a buigdinith disastrous effects on its
accuracy”. A widely quoted rule (for instance in rida, 1995) is that any
surrounding objects of heightshould be situated at a distanbef at least B from
the gauge (i.e. thi/d-ratio should be smaller than 0.5). At shorteratises the
rainfall in the gauge is influenced by air flow @etions around the obstacles. In
Table E-5 theén/d-ratios for all obstructions found near WDD and Nysluges are
presented. For all WDD but the Bergeijk raingaubstiuctions are reported with a
ratio larger than 0.5. Also, many obstructions farend in the south-western wind
direction, which is predominant in the NetherlagdsIMI, 2009). It is interesting
to notice that the gauge with the lowdwti-ratio (Bergeijk) records the largest
annual equivalent sum, see Figure E-1. Consideting large number and
orientation of obstructions close to WDD gaugese#ms justified to conclude that
wind shade has seriously affected the results oDMBRGs. Quantification of
the effect is however not possible since no contparsests have been performed.

Table E-5: For 12 WDD and 3 NM gauges théd-ratios for multiple obstructions around
the sensors

gauge h/d-ratios gauge h/d-ratios

Aalst 1.3 Son 1.0;1.2
Bergeijk 0.5 Steensel 1.0;11

Borkel 0.7 Weebosch 0.6 ;8.0

Duizel 0.8;1.7 Westerhoven 1.3;3.8
Eersel 1.3;6.0

Gerwen 0.4;0.8;1.0 NMO1 no obstructions
Nuenen 0.8;1.0;1.3 NMO02 no obstructions
Riethoven 1.0;4.0;25 NMO03 0.4
Conclusions

WDD tipping-bucket raingauges systematically undtingate precipitation sums
when compared to the Hellmann type KNMI raingaupgs20% to 25%. A
calibration performed on WDD gauges (two yearsraftstallation) has shown that
approximately half of the underestimation could éalbeen prevented by
calibrating the sensors directly after installatidhe other half may be explained
mainly by observation conditions. Intrinsic diffaces in wind-induced errors exist
between Hellmann gauges and TBRGs and a poorlatgtal of WDD gauges has
caused large-scale wind shading.

E.5 Correcting WDD data sets for quantified systeéererrors

Correction of data sets for systematic errors caninplemented if systematic
errors have been accurately quantified. Of theesyatic errors described in the
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previous section, only the error due to a missiifcation has been quantified per
gauge. For the other errors omjyalitative assessments are available that are of no
use for data correction. Hence, WDD TBRG data Isat® only been corrected for
calibration errors using the correction factorsspreed in Table E-3. Figure E-4
presents the results. Application of the correcfactors increases total recorded
precipitation depths for all WDD sensors. As a leshe mean annual equivalent
sum increases from 594 mm before to 683 mm aftiibraion. The difference
with the same value for KNMI gauges (817 mm) redufcem 30% to 15%.
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= [ ]WDD gauges: before correction B78 Box I
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Figure E-4: Annual equivalent sums of NM and KNMI gauges anbefore and after
correction - of WDD gauges. For the applied coioecffactors, see Table E-3. For the
Borkel gauge a mean correction factor of 0.87 ssiaed.
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Appendix F. Calculation ofQopen

At the influent pumping station of wwtp Eindhovencancrete wall divides the
Eindhoven Stad and Riool-Zuid influent chambers.ofening in that wall allows
wastewater to flow from one chamber into the otfidére opening is rectangular
with width w,= 1.50 m and height, = 0.70 m. The thickness of the wall or crest
length isl, = 0.45 m with a crest level at +13.30 mMNAP, sapifé F-1.

influent chamber E influent chamber RZ

*1 +14,00 MNAP

hes = hESchamberls,\?)O ‘ 7
':4 -Thrz = hrzchamber 13,30

heschamber
hRrzchamber

+9,40 mNAP

(RZ) influent chambers at the influent pumpingistabf the wwtp Eindhoven

If the water level in one or both influent chambersceeds +13.30 mNAP
wastewater flows from one chamber to the others Tloiwv is referred to aQopen

The flow is defined positive from the influent chiaen of Eindhoven Stad to that of
Riool-Zuid. The parametetk; andhgs are defined as the differences between the
crest level of the opening and the water levelthainfluent chambers of Riool-
Zuid and Eindhoven Stad, respectively. Per comlinadf water levels different
flow conditions occur. All described situations s thathzs exceeddigz. If hgz
exceeddhgs all values forQopen Should be multiplied by -1. The following five
situations can be distinguished (Brouwer, 2000;Wnk2003).
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1. Water levels in both influent chambers are beloastievel or equal to each
other:

(hes<0 & hg,<0) or (hee= hg) (F.1)
Then:

QOPEN = O (F 2)

2. Free-flow (non-submerged) conditions over a wetuodf (i) hes rises above
crest level but remains below one and a half tithesheight of the opening
and (ii) hgz remains below critical depth:

2
O<hg< g h, & hg,< 5 hee (F.3)
Then:
QOPEN = Cw fWoHE/SZ) (F4)
with:
Cus = weir coefficient for free flow conditions

The value ofC,s depends on the type of weir. hfs < 4. the weir can be
characterized as a broad-crested weir with a coexfiiC,,= 1.7 m's. If hes
> 14, the opening is a sharp-crested weir with coeffio®,;s= 1.9 nt'¥s.

3. Submerged conditions over a weir occur ifiy rises above crest level but
remains below one and a half times the height efojening and (iihs; rises
above critical depth, but remains below the hegjtihe opening:

O<hESS§h0 & 2hES< hRZ< h4 (F5)
2 3
Then:
QOPEN = Cw sWohEs,/ 2 g( hES_ hR) (F.6)
with:

Cus = weir coefficient for submerged conditions
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RIONED (2004) advises a weir coefficient &,s = 0.8 for submerged
conditions. Nikolovet al. (1978) present a different approach to calcudate
submerged broad-crested weir, but with similar ltesu

4. Free orifice flow occurs if (ihes rises above one and a half times the height of
the opening and (iijzz remains below the height of the opening:

hES>gh0 & hyg,<h, (F.7)
Then:
QOPEN = /JhoWo\/ 2 g( hES_ M h<) (F.8)
with:

i = contraction coefficient
The value foin depends on the ratio bf/hes, see Table F-1.

Table F-1: Contraction coefficients for variolng/hes ratios (Brouwer, 2000)

ho/hes 0,1 0,2 0,3 0,4 0,5 0,6
u 0,61 0,62 0,63 0,65 0,68 0,72

5. Submerged orifice flow occurs if botizs andhg; rise above the height of the
opening:

hES > ho & h RZ> hc (Fg)
Then:
QOPEN = thowo 2 ghES (FlO)
with:
Cq = discharge coefficient for submerged orifice flow

Ankum (2003) gives an estimate f@y for realistic ratios ohegdh, < 2 and
hrZho < 2 in the influent chambersy€ 0.15.
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Appendix G. Designing monitoring stations for
UV/VIS sensors

The design of monitoring stations for the UV/VIShisers at the influent pumping

station of the wwtp Eindhoven has been a step-priseess. The monitoring set-up
that has been used to generate the data sets tgesenchapter 5 is the third

version of the design. Two earlier designs havenbmegected for a variety of

reasons. This appendix presents the design prottessejected designs and the
reasons for rejection.

At the onset of the design process, the posséslifor sensor installation were
restricted by a number of considerations. Firsalhfit was decided to monitor
flows at the wwtp influent pumping station and @aotthe downstream end of the
contributing sewer systems. Catchment area Eindho8tad transports its
wastewater to the wwtp in two separate pipes, asing the number of required
UV/VIS sensors from three to four. Also, at theatreent plant, requirements for
monitoring stations such as electricity and maiate@ personnel could more
easily be met. Within the influent pumping statiompnitoring should take place
before the three influent flows are mixed in theing flume to be able to monitor
each inflow to the wwtp separately.

A second consideration was the choice betweenliane installation (i.e. installing
the sensor directly in the process) anoygpassinstallation (i.e. diverting a small
fraction of the targeted wastewater to a dedicatedisurement environment in
which the sensor is installed). Both installatigpes have been previously used in
monitoring stations for UV/VIS sensors. Each saolathas its distinct advantages
and disadvantages (see Grubeeal, 2006). For the influent pumping station at the
wwtp Eindhoven it was decided that an inline serigstallation was not feasible
for three reasons:

- any support structures for an inline installatierg( cables suspended from
a floating pontoon or supports of a fixed structweuld not be attached to
the walls of the influent chambers since theselinesl with a coating to
protect the concrete against corrosive gases;

- support structures that are (1) only suspended ftioen ceiling of the
influent chambers, (2) moveable for easy mainteaaucess to the sensor
and (3) able to withstand the large drag forcestedeon the sensor by the
wastewater especially during wet weather flow, weljected for reasons
of costs;
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- asensor installed 7 m below ground level doesahotv close observation
during measurements which reduces the possibilafediagnosis for a
malfunctioning sensor.

Consequently, it was decided to use by-pass iafitalls for the UV/VIS
monitoring stations.

The first design of the UV/VIS monitoring statiom presented in Figure G-1. A
non-shredding pump (6 L/s for a normal dry weathead difference of 8m)
suspended from a vertical truss construction puwgsstewater from the pumping
station influent chambers into a hollow pipe in thess and subsequently into the
by-pass installation. The by-pass consists of tvesaltel @10cm pipes: one
containing the UV/VIS sensor and one serving akigadn case the first pipe
needs to be removed for sensor maintenance anurgea

UV/VIS
Sensor

measurement
envelope

outflow

truss top plate

7m truss

e 25l =1 L
Figure G-1: (top left) first design of the monitoring set-upttwtwo parallel pipes; (top
right) one pipe contains the UV/VIS sensor; (bottiefi) the 7m truss feeding the by-pass
installation; (bottom right) the pump at the bottamthe truss feeding wastewater into a
hollow section of the truss construction
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Problems encountered with this first design correget] on clogging of the pipe
containing the UV/VIS sensor. After only a few hewf operation the pipe would
be clogged mainly with tissues, sanitary producis ether coarse materials from
the wastewater that would get stuck behind themess a result, wastewater
would be transported through the parallel pipe andld not be observed by the
UV/VIS sensor.

In a second design, the pipe containing the sengas replaced by two
measurement vessels in series, see Figure G-2.\[easkl is fed with wastewater
near the bottom of the vessel and the outflows @esigned as overflow
constructions near the top of the vessel. This sagyt-circuit flows that would
leave the sensor in stagnant water are preventesl.vé@ssels have a diameter of
0.75 m with a water column of ~0.50 m between infend outflow level. Holding

a total of approximately 350 L the wastewater icheaessel is fully renewed
within one minute. In the first vessel the UV/VI8nsor is installed half way
between the inflow and outflow levels. The secoedsel allows for additional
Sensors.

pressurized /

mflow ___, ‘

outﬂov\ . data uable

, / outflow__
UV/VIS sensor

Iinﬂow
UV/IVIS
Sensor

Figure G-2: (left picture) by-pass installation W|th two meemment vessels in series and a
parallel pipe; (right picture) inside the first gesthe UV/VIS sensor is installed

Problems encountered with the second design camatedton clogging of the
(non-shredding) pumps that feed the by-pass iasi@afls. After a few days of
operation, the pump suction mouths would get cldgggain mainly with tissues,
sanitary products and other coarse materials, sped=G-3. The sensitivity for
clogging varied largely between the influent flowlse pump in influent chamber
Riool-Zuid could clog after a few hours of operati@ready whereas the pump in
influent chamber Nuenen/Son would last one to threeks before clogging would
occur. The gradual obstruction of the suction meuéd to a gradual decrease of
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flow through the by-pass installations, ultimatebsulting in a zero flow and
stagnant water in the vessels.

Replacement of the non-shredding pumps with shngdgiumps (of the same
capacity) did not yield better results. Also, tlenstruction of protective devices
around the suctions mouths (such as large cagepitinaent coarse materials to
reach the suction mouths) did not improve the uptifithe pumps.

Figure G-3: (left picture) pollution around a by-pass pumpoaserved directly after the
truss construction has been lifted from the wastesyédmiddle picture) the suction mouth
of the pump obstructed by a ball of tissue matenim other coarse materials; (right picture)
the obstruction after removal from the suction rhout

The main improvement introduced in the third desgthe relocation of the by-
pass pumps from the influent chambers to the pumsian chambers. The latter
chambers are located behind the 25mm bar screeesfFigure G-4. The bar
screens remove the majority of materials that cabhsepumps to clog, hence
largely reducing the frequency of this phenomer@imce no lift installation is
available near the pump suction chambers, thedsusave not been used; instead,
simple chains are used to suspend the pumps frerohimber ceiling. Also in the
third design, the parallel pipes have been rema®dhey no longer served a
purpose.

The UV/VIS data considered in chapter 5 has beererg¢ed using this third
monitoring station design. The presented set-up, hasvever, an important
drawback: sediment gathers on the bottom of theelessee Figure G-5. The flow
velocity in the vessels is too low to transportcarse particles in the wastewater
to the outflow level, resulting in the gradual lokilp of a sediment layer on the
bottom of the vessel. In case of resuspensioneob#idiment, measurements in the
vessel can be influenced, resulting in erroneoua. déo annul this error source
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from the measurements, a fourth monitoring set-agp lieen implemented in 2009
(hence after the collection of data sets presented in this rap

location of .

trusses in  \NIets of by-passes

1st& 2nd  for quality monitoring

design in 3rd design flow sensors

contributary, |

Nuenen/Son i ffgf%l 77@ iqumplg N

QNS ——8—— ——@ qump2§ e

EgA E?B
contributary \ -
Eindhoveg **%—% ff® QPU p N
Stad QES B 77@7% pumpE 4

B ——@ Q"”““"E N

\ \ ! to primary
| | E?E clarifiers
| [+QoPEN | I
e L
\ | -QoPEN |
L >
!
contributary N < 77@ qump7
Riool- de qump
Qrz’| B —Ee B 0 E‘ 7
I **@4 pumpg@ -
influent  25mm  pump pumps émm  mixing
chambers  bar  suction bar flume

screens chambers screens

Figure G-4: Schematic lay-out of the influent pumping statiah wwtp Eindhoven.
Wastewater flows from left to right. In the firsha second designs of the UV/VIS
monitoring set-up pumps were suspended from trosstauctions attached to the ceiling of
the influent chambers; in the third design pumpseweelocated to the pump suction
chambers behind the 25 mm bar screens and susp&odethe ceiling by simple chains.
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{f

Figure G-5: Formation of sediment layers on the bottom ofrtieasurement vessel
In the fourth design the plastic vessels have lveplaced by non-corrosive steal
flumes with a flat, ~15 cm wide invert and neartioad side walls, see Figure G-6.
The UV/VIS sensors are installed parallel to tlwvfdirection, at approximately 3
cm from the invert. With this set-up it was expéldte create an improved through-
flow of wastewater and better entrainment of solittss wasnot the case. As can
be seen in Figure G-6 sediment layers were stiboled, sometimes already after
just a few hours of operation. Occasionally, theeta would grow to a depth that
nearly the complete sensor would be buried.

P & 4 e
Figure G-6: (left picture) steal flumes replacing the plastessels in the fourth design of
the set-up; (middle and right picture) sedimenetayin the steal flumes
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ae— overtlows

{/ outflow

3 i i e (% 1WA A
Figure G-7: (left and middle picture) the installation of budabtubes at the invert of the
flume; (right picture) the outflow/overflow constiion at the downstream end of the flume

A

To prevent the formation of sediment layers bublldres were installed in the
flumes, see Figure G-7. These consist of @lcm stigals positioned along the
length of the flume at invert level. Small openirigghe pipe are directed towards
the bottom of the flume. The pipes are connectethé same compressed air
installation as used for the regular cleaning ef th//VIS sensor. This way, with

each sensor cleaning a volume of air is blown th® flume and (assumedly)
resuspends any sediments in the flume. After ilagtah of the tubes the formation
of sediment layers in the by-pass installation|hegely ceased. With this set-up it
has proven necessary to increase the compressedl@ne that is available per
cleaning cycle. As a part of the air volume is nosed in the flume, a smaller
volume is available for sensor cleaning. It hasnbeleserved that the remaining
volume proved too small resulting in a gradual aombation of the measurement
envelop.

In the first months of 2011 again a new designhef monitoring set-up will be
implemented. The main improvement introduced irs tfifth design is the
relocation of the by-pass installations to a deédacabinoutside the influent
pumping station. The conditions in the pumpingistet have proved to be too
hostile for successful long-term monitoring. Despiaborate protective devices
corrosive gases have damaged electronics (e.thdatata communication system)
and compressors on numerous occasions. Also, amaar of occasions entry into
the pumping station has not been possible dueet@pithsence of hazardous gases
rendering maintenance on the sensors impossibieetimes for weeks on end). A
final argument for relocation of the flumes is thatcabin provides improved
hygienic working conditions compared to the influpamping station.
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Appendix H. Results of dry weather sampling
campaign

This appendix presents per inflow and per paranibteresults of the dry weather
sampling campaign in two graphs. In the upper gtamirly laboratory results are
set out against 2-minute interval results of thél @lobally calibrated) UV/VIS
sensors. In the lower graph the absolute (senske vainus lab value), and
relative (idem, with respect to lab value) differes between the laboratory and
sensor values are presented.

The order of presentation is:

- DWF campaign, inflow Riool-Zuid, parameter TSS
- DWF campaign, inflow Riool-Zuid, parameter COD
- DWF campaign, inflow Riool-Zuid, parameter CODf

- DWF campaign, inflow Eindhoven Stad, parametes TS
- DWF campaign, inflow Eindhoven Stad, parameteDCO
- DWF campaign, inflow Eindhoven Stad, parameteDEO

- DWF campaign, inflow Nuenen/Son, parameter TSS
- DWF campaign, inflow Nuenen/Son, parameter COD
- DWF campaign, inflow Nuenen/Son, parameter CODf

251



DWF campaign, inflowRiool-Zuid, parametell SS

Appendix H.

ampling time (June 811", 2008)
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Figure H-2: Absolute (TS§, - TSS., left axis) and relative (with respect to T3Sright

axis) differences between TSS results as presamfeéigure H-1.
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Figure H-4: Absolute (COR, - COD.y, left axis) and relative (with respect to CRQD

right axis) differences between COD results aseesl in Figure H-3.
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Figure H-6: Absolute (CODf, - COD{y, left axis) and relative (with respect to CQRf

right axis) differences between CODf results as@néed in Figure H-5.
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Figure H-8: Absolute (TS§, - TSS., left axis) and relative (with respect to T3Sight

axis) differences between TSS results as presamfeéigure H-7.
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Figure H-10: Absolute (COLQ, - COD.y, left axis) and relative (with respect to CQD

right axis) differences between COD results asepreesl in Figure H-9.
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Figure H-12: Absolute (COD{, - CODiy, left axis) and relative (with respect to CQRf

right axis) differences between CODf results as@néed in Figure H-11.
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Figure H-13: Results of DWF sampling campaign: T.efas measured by the UV/VIS

sensor at a 2-minutes interval, global calibratiegrsus TS, (1 grab sample per hour) for

wastewater from catchment area Nuenen/Son.
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Figure H-14: Absolute (TS, - TSSa, left axis) and relative (with respect to T3Sight

axis) differences between TSS results as presamfeigure H-13.
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Figure H-15: Results of DWF sampling campaign: CQas measured by the UV/VIS

sensor at a 2-minutes interval, global calibratieesus COR, (1 grab sample per hour)

for wastewater from catchment area Nuenen/Son. [&beratory analysis for the grab

sample taken at 04h30 failed, hence no resultadahle.
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Figure H-16: Absolute (COLR, - COD.y, left axis) and relative (with respect to CQD

right axis) differences between COD results aseesl in Figure H-15.
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of a wrong filter for the laboratory analysis (d¢egt in chapter 5 for details).
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Appendix J. Results of wet weather sampling
campaign

This appendix presents per inflow an overview @& #torm events showing the
behavior of inflow to the wwtp, precipitation antetpollutant parameters TS
COD.q and COD{, throughout the complete storm events. Then, pdiutpat
parameter (in order TSS, COD, CODf) the resultshef sampling campaign are
presented in two graphs. In the upper graphs hdabgratory results are set out
against 2-minute interval results of the (still lggdly calibrated) UV/VIS sensors.
In the lower graphs the absolute (sensor value srig value), and relative (idem,
with respect to lab value) differences betweenldberatory and sensor values are
presented.

The order of presentation is:

- WWF campaign, inflow Riool-Zuid, overview storment
- WWF campaign, inflow Riool-Zuid, parameter TSS

- WWF campaign, inflow Riool-Zuid, parameter COD

- WWF campaign, inflow Riool-Zuid, parameter CODf

- WWF campaign, inflow Eindhoven Stad, overviewstevent
- WWF campaign, inflow Eindhoven Stad, paramete8 TS
- WWF campaign, inflow Eindhoven Stad, parameteBCO
- WWF campaign, inflow Eindhoven Stad, parameteDEO

- WWF campaign, inflow Nuenen/Son, overview stowerg
- WWF campaign, inflow Nuenen/Son, parameter TSS
- WWF campaign, inflow Nuenen/Son, parameter COD
- WWF campaign, inflow Nuenen/Son, parameter CODf
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Appendix J.

WWF campaign, inflownRiool-Zuid, overviewstor m event
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Figure J-1: Overview of inflow during the 16 + 2 mm storm etenn September f2and
13" 2008. On September 1 after ~12h00 @, starts deviating from mean DWF flow.
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Figure J-2: Overview of behavior of g and UV/VIS parameters during the complete

storm events on September™znd 13, 2008. Samples for the WWF campaign have been

taken during the first 12 hours of the storm event.
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Appendix J.

WWF campaign, inflowRiool-Zuid, parametell SS
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Figure J-3: Results of WWF sampling campaign: t$$s measured by the UV/VIS
sensor at a 2-minutes interval, global calibraticersus TS, (1 grab sample per hour) for
wastewater from catchment area Riool-Zuid. All skapaken from 13h00 onwards are
considered to be associated with wet weather flomditions.
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Figure J-4: Absolute (TS§, - TSSa, left axis) and relative (with respect to T3Sright
axis) differences between TSS results as presémféigure J-3.
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Appendix J.

WWF campaign, inflowRiool-Zuid, paramete€OD
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Figure J-5: Results of WWF sampling campaign: CQRas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratieesus COR, (1 grab sample per hour)
for wastewater from catchment area Riool-Zuid. T®@D laboratory analyses of the first
three samples (10h02, 11h06 and 11h58) failedsa&ihples taken from 13h00 onwards are
considered to be associated with wet weather flomditions.
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Figure J-6: Absolute (CORQ, - CODyy, left axis) and relative (with respect to CRPright
axis) differences between COD results as preséntegyjure J-5.

264



Appendix J.

WWF campaign, inflonRiool-Zuid, paramete€ODf
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Figure J-7: Results of WWF sampling campaign: CQPfas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratieensus CODf, (1 grab sample per hour)
for wastewater from catchment area Riool-Zuid. Sasygollected from 15h00 onwards
have been used in the WWEF calibration. The firat feamples have been used in the DWF
calibration for lack of results during the DWF sdimg campaign; the 13h58 sample is
considered to be associated with the transitiowden the two flow conditions.
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Figure J-8: Absolute (COD{, - CODfyp, left axis) and relative (with respect to CQRf
right axis) differences between CODf results as@néed in Figure J-7.
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Appendix J.

WWF campaign, inflonEindhoven Stad, overviewstorm event
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Figure J-9: Overview of inflow during the 19 + 2 mm storm etenn September f2and
13", 2008. On September 1 after ~11h30 @ starts deviating from mean DWF flow.
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Figure J-10: Overview of behavior of £ and UV/VIS parameters during the complete

storm events on September™znd 1%, 2008. Samples for the WWF campaign have been

taken during the first 12 hours of the storm event.
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Appendix J.

WWF campaign, inflonEindhoven Stad, parametell SS
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Figure J-11: Results of WWF sampling campaign: T.eas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratiegrsus TS, (1 grab sample per hour) for
wastewater from catchment area Eindhoven Stadsatiples taken from 13h00 onwards
are considered to be associated with wet weatberdbnditions.
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Figure J-12: Absolute (TSg, - TSSa, left axis) and relative (with respect to TgSight

axis) differences between TSS results as presémféigure J-11.
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Appendix J.

WWF campaign, inflonEindhoven Stad, paramete€OD
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Figure J-13: Results of WWF sampling campaign: CQ@as measured by the UV/VIS
sensor at a 2-minutes interval, global calibratiee)sus COIRQ, (1 grab sample per hour)
for wastewater from catchment area Eindhoven Sthd. COD laboratory analyses of the
first three samples (10h02, 11h06 and 11h56) faikltl samples taken from 13h00
onwards are considered to be associated with watheeflow conditions.
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Figure J-14: Absolute (COR, - COD4, left axis) and relative (with respect to CRD
right axis) differences between COD results asereesl in Figure J-13.
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Appendix J.

WWF campaign, inflonEindhoven Stad, paramete€ODf

25C T \ T T : : e
; ; ; ; CcO Dfeq (global calibration
I I I I
»0d | a | ! » CO Dflab
g e T o o I T C
j2] | ] T | | I | |
E L l l l l l l
S | I I I I I I
& 150-= - s T P AR TR IR ]
o I I I I I I I
W@ | | | | I I I
@) I I I I I I I
(@] | | n | | | | |
O 100 VMY e -
e} I I | I I I I
S I I T I I I I
e} I I I I I I |
Q l : L m . .
O 50F------- - T - Fo-- == e i T B i
I I I I - I I
I I I I I I
I I I I I I
I I I I I I
I I J I I I
! ! ! ! ! !

08:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00
September 12, 2008

Figure J-15: Results of WWF sampling campaign: CQDfas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratieesus CODf, (1 grab sample per hour)
for wastewater from catchment area Eindhoven S&amples collected from 14h00
onwards have been used in the WWF calibration.firsethree samples have been used in
the DWF calibration for lack of results during tB&WF sampling campaign; the 12h56
sample is considered to be associated with thsitiam between the two flow conditions.
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Figure J-16: Absolute (COD{, - CODfyp, left axis) and relative (with respect to CQRf
right axis) differences between CODf results asg@néed in Figure J-15.
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Appendix J.

WWF campaign, inflonNuenen/Son, overviewstor m event
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Figure J-17: Overview of inflow during the 18 + 3 mm storm eteon September {2
and 1%, 2008. On September "1 after ~12h00 @ starts deviating from mean DWF flow.
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Figure J-18: Overview of behavior of (& and UV/VIS parameters during the complete

storm event on September™123", 2008. Samples for the WWF campaign have beemtake
during the first 12 hours of the storm event.
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WWF campaign, inflonNuenen/Son, parametel SS
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Figure J-19: Results of WWF sampling campaign: T$8s measured by the UV/VIS
sensor at a 2-minutes interval, global calibraticersus TS, (1 grab sample per hour) for
wastewater from catchment area Nuenen/Son. All &srtpken from 13h00 onwards are
considered to be associated with wet weather flomditions.
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Figure J-20: Absolute (TS§,- TSSu, left axis) and relative (with respect to TgSight
axis) differences between TSS results as presémfédure J-19.
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WWF campaign, inflonNuenen/Son, paramete€COD
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Figure J-21: Results of WWF sampling campaign: CQlas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratiee)sus COIRQ, (1 grab sample per hour)
for wastewater from catchment area Nuenen/Son.C®PB laboratory analyses of the first
three samples (10h04, 11h04 and 11h56) failedsa&ihples taken from 13h00 onwards are
considered to be associated with wet weather flomdiions.
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Figure J-22: Absolute (COIQ, - CODyp, left axis) and relative (with respect to CRD

right axis) differences between COD results aseresl in Figure J-21.
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WWF campaign, inflonNuenen/Son, paramete€CODf
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Figure J-23: Results of WWF sampling campaign: CQPfas measured by the UV/VIS
sensor at a 2-minutes interval, global calibratieeisus CODf, (1 grab sample per hour)
for wastewater from catchment area Nuenen/Son. Bangpllected from 15h00 onwards
have been used in the WWEF calibration. The first fsamples have been used in the DWF
calibration for lack of results during the DWF sdimgp campaign; the 13h58 sample is
considered to be associated with the transitiowdet the two flow conditions.
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Figure J-24: Absolute (COD{, - CODf,, left axis) and relative (with respect to CQRf
right axis) differences between CODf results as@néed in Figure J-23.
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Appendix K. Results of UV/VIS local calibration

This appendix presents per inflow, per pollutantapgeter and per wastewater
matrix the results of the local calibration procestvo graphs. In the upper graphs
the fit between UV/VIS sensor results (global aaltton) and laboratory results is
presented. Applying the fit on the sensor valuesthe lower graphs the hourly
laboratory results obtained during the DWF and W&dmpling campaigns are set
out against both the globally as well as the Igcedllibrated results of the UV/VIS

sensors. For all inflow/parameter combinations llaadibration sets have been
derived for two distinct wastewater matrices: DW&trnx and WWF matrix.

The order of presentation is:

- inflow Riool-Zuid, parameter TSS, DWF matrix

- inflow Riool-Zuid, parameter TSS, WWF matrix

- inflow Riool-Zuid, parameter COD, DWF matrix

- inflow Riool-Zuid, parameter COD, WWF matrix

- inflow Riool-Zuid, parameter CODf, DWF and WWF tmees

- inflow Eindhoven Stad, parameter TSS, DWF matrix

- inflow Eindhoven Stad, parameter TSS, WWF matrix

- inflow Eindhoven Stad, parameter COD, DWF matrix

- inflow Eindhoven Stad, parameter COD, WWF matrix

- inflow Eindhoven Stad, parameter CODf, DWF and Wtatrices

- inflow Nuenen/Son, parameter TSS, DWF matrix

- inflow Nuenen/Son, parameter TSS, WWF matrix

- inflow Nuenen/Son, parameter COD, DWF matrix

- inflow Nuenen/Son, parameter COD, WWF matrix

- inflow Nuenen/Son, parameter CODf, DWF and WWHrinas
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inflow Riool-Zuid, parametel SS, DWF matrix
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Figure K-1: TSSq (global calibration) vs. TSg with linear regression model and
confidence bounds.
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Figure K-2: Results of calibration for DWF matrix of inflow &l-Zuid: TS, (global
calibration, 2-minute interval) converted into Tgfocal calibration, 2-minute interval)

and compared to T&s(1 sample per hour).
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inflow Riool-Zuid, parametell SS, WWF matrix
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Figure K-3: TSSq (global calibration) vs. TSg with linear regression model

confidence bounds.
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Figure K-4: Results of calibration for WWF matrix of inflow &bl-Zuid: TS, (global
calibration, 2-minute interval) converted into Tg8ocal calibration, 2-minute interval)
and compared to T&S(1 sample per hour). Before 13h00, the DWF loadibcation set is

used based on the results presented in Figure K-2.
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inflow Riool-Zuid, paramete€COD, DWF matrix
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Figure K-5: COD, (global calibration) vs. COR with linear regression model and
confidence bounds.
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Figure K-6: Results of local calibration for DWF matrix of ofv Riool-Zuid: CODR
(global calibration, 2-minute interval) transposid COD,, (local calibration, 2-minute
interval) and compared to CQP(1 sample per hour).
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inflow Riool-Zuid, paramete€COD, WWF matrix
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Figure K-7: COD, (global calibration) vs. COR with linear regression model and
confidence bounds.
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Figure K-8: Results of local calibration for WWF matrix of oW Riool-Zuid: COR

(global calibration, 2-minute interval) transpostd COD,, (local calibration, 2-minute

interval) and compared to CQP (1 sample per hour). Before 13h00, the DWF local

calibration set is used based on the results ptexsém Figure K-6.
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inflow Riool-Zuid, paramete€CODf, DWF andWWF matrices
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Figure K-9: For WWF matrix: COD{, (global calibration) vs. CORf with linear
regression model and confidence bounds.
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Figure K-10: For DWF matrix: COD{, (global calibration) vs. COL} with linear
regression model and confidence bounds. The nuofteamples for this matrix is limited

and values are restricted to a small range. Asualtrehe regression model is founded on a
small basis, which should be taken into accountnndansidering locally calibrated values.
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Appendix K.

inflow Riool-Zuid, parameteCODf, DWF andWWF matrices(continued)
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Figure K-11: Results of calibration for DWF and WWF matricesimiow Riool-Zuid:

CODf,, (global calibration, 2-minute interval) convertiedo COD{, (local calibration, 2-

minute interval) and compared to CQPf(1 sample per hour). The calibration set as

presented here is a linear combination of a DWHR\sditd 09h00 - 14h00) and a WWF set

(valid 14h00 - 24h00).

Please note that the results of the four grab sssvqullected during th&WF
campaign prior to dilution have been used to desil2®VF local calibration set for
lack of results (for CODf) during the DWF campaign.
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inflow Eindhoven Stad, parametel SS, DWF matrix
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Figure K-12: TSSq (global calibration) vs. TSg with linear regression model and
confidence bounds.
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Figure K-13: Results of calibration for DWF matrix of inflow fthoven Stad: TS$
(global calibration, 2-minute interval) convertentd TS, (local calibration, 2-minute
interval) and compared to TgJ1 sample per hour).
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inflow Eindhoven Stad, parametel SS, WWF matrix
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Figure K-14: TSS, (global calibration) vs. TSg with linear regression model and
confidence bounds.
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Figure K-15: Results of calibration for WWF matrix of inflow fhoven Stad: TS$
(global calibration, 2-minute interval) convertenta TSS, (local calibration, 2-minute
interval) and compared to TRS(1 sample per hour). Before 13h00, the DWF local
calibration set is used based on the results ptedém Figure K-13.
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inflow Eindhoven Stad, paramete€OD, DWF matrix

T T -
660 .
o COD,,vs. COQ, .

640 |~ linear regression model o - i
----- 95% confidence interval for model ffit 00 -

620-

600-

580-

560-

COI:}ab [mg/L]

540-

520- P

500- P

| [ | | | | | | |
48 80 500 520 540 560 580 600 620 640 660
CODeq (global calibration) [mg/L]
Figure K-16: COD.q (global calibration) vs. COR with linear regression model and

confidence bounds.
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Figure K-17: Results of calibration for DWF matrix of inflow fihoven Stad: CORQ
(global calibration, 2-minute interval) convertetto CODR (local calibration, 2-minute
interval) and compared to CQP(1 sample per hour).
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inflow Eindhoven Stad, paramete€OD, WWF matrix
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Figure K-18: COD,q (global calibration) vs. COR with linear regression model and
confidence bounds.
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Figure K-19: Results of calibration for WWF matrix of inflow fihoven Stad: COR

(global calibration, 2-minute interval) converteitd COR, (local calibration, 2-minute

interval) and compared to CQP (1 sample per hour). Before 13h00, the DWF local

calibration set is used based on the results ptexdém Figure K-17.
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inflow Eindhoven Stad, paramete€ODf, DWF andWWF matrices
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Figure K-20: For WWF matrix: COD{, (global calibration) vs. CORf with linear
regression model and confidence bounds.
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Figure K-21: For DWF matrix: COD{, (global calibration) vs. COILf with linear
regression model and confidence bounds. The saroplested for this matrix only cover
a small bandwidth, hampering the calibration ofueal outside the bandwidth. Also, the
number of samples is limited which hampers the diete of outliers. As a result, locally
calibrated values for this parameter should beidensd with care.
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inflow Eindhoven Stad, paramete€ODf, DWF andWWF matrices
(continued)
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Figure K-22: Results of calibration for DWF and WWF matricesrdfow Eindhoven Stad:
CODfq (global calibration, 2-minute interval) convertetio COD#t (local calibration, 2-
minute interval) and compared to CQPf1 sample per hour). The calibration set is a
linear combination of a DWF set (09h00 - 13h00) antfWF set (13h00 - 24h00).

Please note that the results of the three grab Isangpllected during th&VWF
campaign prior to dilution have been used to degil2dVF local calibration set for
lack of results (for CODf) during the DWF campaign.
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inflow Nuenen/Son, parameterl SS, DWF matrix
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Figure K-23: TSSq (global calibration) vs. TS§ with linear regression model and

confidence bounds.
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Figure K-24: Results of calibration for DWF matrix of inflow oen/Son: TSG (global

calibration, 2-minute interval) converted into Tg8ocal calibration, 2-minute interval)

and compared to T&§(1 sample per hour).
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inflow Nuenen/Son, parameterl SS, WWF matrix
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Figure K-25: TSSq (global calibration) vs. TS$ with linear regression model
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Figure K-26: Results of calibration for WWF matrix of inflow oen/Son: TSG (global
calibration, 2-minute interval) converted into Tg8ocal calibration, 2-minute interval)
and compared to T&S(1 sample per hour). Before 13h00, the DWF loadibcation set is
used based on the results presented in Figure K¥i&tsample collected at 13h58 has been
removed from the WWF laboratory data set prioratibcation.
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Figure K-27: COD, (global calibration) vs. COR with linear regression model and

confidence bounds.
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Figure K-28: Results of calibration for DWF matrix of inflow Nnen/Son: COR, (global
and compared to CQIp (1 sample per hour).

290



Appendix K.

inflow Nuenen/Son, paramete€OD, WWF matrix
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Figure K-29: COD, (global calibration) vs. COR with linear regression model and
confidence bounds.
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Figure K-30: Results of calibration for WWF matrix of inflow Noen/Son: COR), (global
calibration, 2-minute interval) converted into CQMDocal calibration, 2-minute interval)
and compared to CQJJ (1 sample per hour). Before 13h00, the DWF loedibcation set
is used based on the results presented in Figu28.K-he sample collected at 13h58 has
been removed from the WWF laboratory data set poi@alibration.
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inflow Nuenen/Son, paramete€CODf, DWF andWWF matrices
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Figure K-31: For WWF matrix: COD¢{, (global calibration) vs. CORf with linear
regression model and confidence bounds.
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Figure K-32: For DWF matrix: COD{, (global calibration) vs. COILRf with linear
regression model and confidence bounds. The saroplested for this matrix only cover
a small bandwidth, hampering the calibration ofueal outside the bandwidth. Also, the
number of samples is limited which hampers the dliete of outliers. As a result, locally
calibrated values for this parameter should beidensd with care.
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inflow Nuenen/Son, paramete€CODf, DWF andWWF matrices
(continued)
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Figure K-33: Results of calibration for DWF+WWF matrices of mfi Nuenen/Son:
CODf, (global calibration, 2-minute interval) convertiedo COD{, (local calibration, 2-
minute interval) and compared to CQPf1 sample per hour). The calibration set is a
linear combination of a DWF set (09h00 - 13h00) antfWF set (13h00 - 24h00).

Please note that the results of the four grab sssnpbllected during thevwWF
campaign prior to dilution have been used to degil2dVF local calibration set for
lack of results (for CODf) during the DWF campaign.
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Appendix L. DTS monitoring results in storm
water sewers

[D.21meladway
[o0] N~ © Lo < ™
A — — — — — —

1200

21
1000

16 1718 19 20
800

15

600
length along fiber-optic cable [m]

111213 14

10

400

200

=
o
)0Z 1940120 0T-6

[
Q
[ee]
-

FigureL-1: DTS monitoring results for Korendijk, Octobé? &nd 18, 2008. Details of
the graph are explained in section 7.3.5.
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Figure L-2: DTS monitoring results for Groningen, Jund'tQuly 4", 2008. Details of the
graphs are explained in sections 7.3.5 and 7.3.6.
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Figure M-2: DTS monitoring results for December™ 2008 between 06h00 and 12h00,
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Monitoring asatool for the assessment of wastewater quality dynamics

Chapter 1. Introduction

Discharges of (untreated) wastewater are still §gomeontributor to the total
emission of pollutions to surface waters in thehddands. Over the last decades
large efforts have been made in both practice aimhee to find ways to improve
wastewater system performance and to hence retlecempact system have on
their environment. Optimization programs play arpdmant role in these trials.
Research shows that optimization strategies impselien aiming afintegrated
system optimization taking into account fdynamicsin both water quantity and
water quality parameters. Acquiring detailed and accurate desams of (the
dynamics of) in-sewer wastewater quality parametarmot be achieved using a
modeling approach only. Partly because these moeeld data for calibration and
validation purposes and partly because some presesppear to be too
complicated to be correctly modeled, a tendencyatdeamonitoring of wastewater
processes can be observed. Monitoring of flow ratesewer systems has a long
tradition; large-scale trials of in-sewer wastewateality monitoring, however, is
of more recent date. The first objective of thiedis is the further development of
in-sewer wastewater metrology. More specifically, studies the in-sewer
application of two novel sensor types: UV/VIS spestopy and DTS with fiber
optics. The second thesis objective is the assedspfein-sewer wastewater
quality dynamics using the UV/VIS and DTS data. Themer sensor type has
been applied in the influent pumping station of whetp Eindhoven; the latter has
been tested in combined and separate sewer systeims municipalities of Ede,
Groningen and Korendijk.

Chapter 2. Eindhoven area wastewater system

The 750,000 p.e. wastewater treatment plant in [&inen receives wastewater
from ten municipalities divided over three distimettchment areas that differ in
size and character. The sewer system of the citgimdhoven (Eindhoven Stad,
approximately 265,000 p.e.) is directly connectethe wwtp whereas wastewater
from seven municipalities south of Eindhoven (260,p.e.) is collected in a 32
km long transport sewer (Riool-Zuid). Two municifiak north of Eindhoven
(52,000 p.e.) discharge via a 5 km transport séWaenen/Son). Wwtp effluent is
discharged to the river Dommel. Especially in daynsner months wwtp effluent
can make up a large fraction of total flow in theer: up to 50% for dry weather,
and even up to 90% for wet weather. As a resulhefgency) discharges of
effluent can easily cause exceeding of surface mauiality standards as well as
severe damage to the ecology in the river. Hetngepperator of the wwtp (water
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board De Dommel) has expressed the ambition tonigsithe wastewater system
in the Eindhoven area and investigates - among afpigons - the possibilities to
apply a form of real-time control. For this, it hasnceived and installed a
monitoring network comprising precipitation, watguantity and water quality
Sensors.

Chapter 3. Precipitation monitoring

Precipitation is an important driving force behinesewer wastewater quantity and
guality variations. Hence, 22 tipping-bucket rainges have been installed in the
Eindhoven area to collect high-frequent rain data.thorough data quality
assessment has been applied on the data sets. IMadusutomatic checks for data
gaps and anomalous data have resulted in rejeatiapproximately 50% of data.
For comparison of long-term performance (in ternfisrexorded precipitation
depths) data have been used from six other raimgamgthe area operated by the
Royal Netherlands Meteorological Institute. Resgh®w that the tipping-bucket
raingauges underestimate precipitation depths dyrar 20% to 25%. Half of this
bias is explained by a lacking sensor calibratotata have been corrected for this
error after ara posterioricalibration effort. The other half of the systeima&tror is
likely due to unfavorable observation conditionsamy tipping-buckets have
suffered from wind shading due to nearby objects.tRis error correction has not
been possible. In conclusion, the overall moninoerformance of the tipping-
buckets has been poor, but the (validated and aededata sets have nevertheless
been used to derive precipitation time-series lier three studied catchment area
using an inverse distance weighting method. As tieye been used qualitatively
rather than quantitatively, the poor quality of ffrecipitation times-series has had
a limited influence on the outcome of data analysehapter 6.

Chapter 4. Flow monitoring

For calculation of pollutaribadsarriving at the wwtp Eindhoven, data sets on both
water quantity (chapter 4) as well as water qudidyapter 5) are required. To
derive three time-series that represent the inftdwvastewater from catchment
areas Riool-Zuid, Eindhoven Stad and Nuenen/Santh wwtp Eindhoven, the
data sets of nine flow sensors have been used. fltaclsensor monitors a wwtp
influent pump; each catchment area is servicedway, three or four influent
pumps. Flow sensor data sets have first been askBmsquality, revealing almost
no anomalous data but a systematic error due tezemmn baselines for non-
operational pumps. Subsequently, the nine flow @erdata sets have been
combined to obtain three time-series with flowsnirthe considered catchment
areas. In this process, a frequently changing afioc of one specific pump as well
as flow over an internal weir at the influent pungistation have been taken into
account. Data uncertainty assessment shows than&ré9% of data has an
associated uncertainty of less than 1%; duringelat@rm events the uncertainty

300



Summary

can increase to around 10% due to a relativelyelangcertainty associated with
flow over the internal weir.

Chapter 5. Water quality monitoring

Wastewater quality data sets have been generateahdans of three UV/VIS
spectrometers (one per catchment area inflow) phatide high-frequent optical
measurements of the wastewater in a dedicated $g/ipatallation. The long-term
operation of a by-pass installation can be demandihargeted pollutant
parameters are total suspended solids (TSS) aalcatad soluble chemical oxygen
demand (COD and CODf). Dry weather and wet weateérence sampling
campaigns have demonstrated that the sensors@ableaf reproducing trends in
the variation of pollutant concentration values.inds the manufacturer’s
calibration set (global calibration), relative egdetween sensor and laboratory
values for dry weather flow conditions are roughithin a range of +25% (Riool-
Zuid, Eindhoven Stad) or +50% (Nuenen/Son). For weather flow conditions
relatively large absolute errors have been obsetweihg initial peak moments as
well as relatively large relative errors during tfiution phase of the storm event.
Using the reference samples, local calibration Isete been derived constructing a
linear regression model between raw sensor valsadoratory reference values.
All local calibration sets yield an improved fit theeen sensor and laboratory
values. Some calibration sets can be disputed dimeg are based on too few
reference samples; additional sampling is requfcedthese calibration sets. An
error estimate of locally calibrated sensor valigesbtained accounting for sensor
uncertainty and uncertainty in the calibration esgion function. Concerns are the
limited number and possible ill-representativene$scollected samples for a
number of wastewater matrices. A quality assessmkttie data sets has shown
that 25 to 50% of the data is rejected. The majaritdata loss is associated with
(avoidable) errors that are non-intrinsic to thesee. Hence, it is concluded that -
with proper sensor and by-pass operation and nmEnte - a data yield of more
than 90% is achievable for wastewater quality navmt with this type of sensor.

Chapter 6. Wwtp Eindhoven influent analysis

The dynamics of wastewater arriving at the wwtpdBioven from catchment areas
Riool-Zuid, Eindhoven Stad and Nuenen/Son are studn this chapterDry
weatherflows show, based on data of approximately 200vekegther days, typical
diurnal, weekday and long-term variations. Based@d to 150 dry weather days,
diurnal and weekday variations can also be obseimediater quality parameters.
Suspended solids concentrations in wastewater ardy pgoverned by flow
variations. Hence, the shape of dry weather pdahaphs for TSS and COD are
largely similar to their equivalent for flow, leadj to even larger pollutahbad
variations. Dissolved COD is less influenced bystphenomenon and shows a
more constant dry weather pollutograph. For drythweraflows and pollutant loads
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a catchment size effect has been observed: thelestnalatchment area is
associated with the largest deviations from medumegand vice versa.

Underwet weatherconditions arriving pollutant loads at the wwtméhoven are
(much) larger than under dry weather conditionsngyslata of approximately 65
storm events the arriving pollutant loads (averagedr 24 hours) have been
calculated and compared to their dry weather etprivaResults show that ‘mean
storm events’ lead to the arrival of 2 to 3 timles suspended solids load for areas
Riool-Zuid and Eindhoven Stad and 5.5 times thel lfma area Nuenen/Son. For
dissolved COD these values are 1.6 to 1.7 and&spectively. As for dry weather
conditions, a catchment size effect is observedtfermagnitude of peak loads.
Also, the larger peak factors for pollutant pararetassociated with suspended
solids again express the strong relation betweesetiparameters and flow: large
flows during wet weather conditions cause a mucbelaincrease in TSS loads
than in CODf loads. The largest observed 24-howkpe®ad into the wwtp
Eindhoven (TSS: 6.8 and CODf: 4.3) occurred faaidyf large storm event in May
2007 after a long dry period. The extreme loadihghe plant has had a large
negative impact on plant operation for weeks on & origin of additional wet
weather pollutant loads are predominantly in-sestecks. With an increase of
flows, pollutants in in-sewer sediments and biofilare released and transported
towards the wwtp. For a series of successive sewamt it has been observed that
each event is again associated with pollutant |é&ad®r than during dry weather.
This shows that - even for a series of large storrnmssewer stocks are in fact
‘inexhaustible’ and not depleted after the firstrst.

Chapter 7. In-sewer temperatur e monitoring

Distributed Temperature Sensing (DTS) with fibetiogables is a monitoring
technique that yields high-resolution data setsbath time and space of the
wastewater quality parameter ‘temperature’. A fibptic cable is installed at the
invert of a sewer pipe and on one side connected tiedicated measurement
instrument. Such a monitoring set-up typically geeltemperature values at an
interval of 30-60 seconds for each 2m section atbegcable. Absolute accuracies
of £0.1°C are feasible after field calibration. Tmonal and spatial precisions
depend on the details of the monitoring configaratiThe application of DTS in
stormwater sewers aims at locating illicit connaasi unintentional inflows of
(untreated) wastewater to a stormwater system.IsSpil wastewater can be
detected by their anomalous temperature charatiterishen compared to normal
values for stormwater systems. More specificalighbr temperatures and quick
temperature variations suggest an illicit connectids precipitation influences
monitoring results, only dry weather data shouldused for this application.
Detection of spills is rather straightforward inanempty sewers, but sufficiently
large or warm spills can also be detected in (ply}isubmerged systems. On-site
verification efforts have confirmed the presencdllafit connections at locations
suggested by DTS monitoring results.
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Distributed temperature sensingdombinedsewer systems has been tested in a 2
km sewer section. Results show that DTS can be tsestudy a number of
processes that affect in-sewer temperatures witiigh level of detail. More
specifically, discharges from individual house-cections can be studied, but only
for sewer sections that contain a limited amoun(afste)water. Also, the process
of stormwater entering a sewer system can be obdenvdetail. Temperature data
sets from combined sewer systems may be used iddhelopment, calibration
and validation of in-sewer wastewater temperatuedets. Moreover, with a
dedicated cable configuration the confluence oftewvaater in free flow pipes can
be observed with a potential to derive contribugioh contributary flows to a total
flow.

Chapter 8. Concluding consider ations

Regarding the first objective of the thesis it t@nconcluded that the application of
UV/VIS and DTS monitoring techniques in sewer systénas proven feasible and
largely advances in-sewer wastewater metrologytallasion set-up, sensor
calibration, data uncertainty and data quality hia@en presented in this thesis. A
final consideration is on data loss. Precipitatioonitoring has experienced an
unexpectedly large loss of data which can be Igrgstribed to not using readily
available knowledge on e.g. installation and calion. For the flow data sets the
transition from raw data to useful time-series basn a bottleneck. Data loss for
the UV/VIS data sets was anticipated as it is aehdechnique. However,
retrospectively, a large part of the loss couldehbeen prevented with back-up
systems and an improved organizational structunes& examples are exemplary
for the challenges faced in collecting good datas f®em wastewater systems in
the Netherlands.

For the second objective of the thesis an undefstgnof the variability of
treatment plant influent flows and pollutant lodds been generated studying the
characteristics of the observed dry and wet wedthérographs and pollutographs
of the wwtp Eindhoven. Moreover, processes haven bdistinguished that
influence the shape of both types of graphs. $iesific processes have been
observed as well as processes that have also bé&eacdfor other catchment areas.
The acquired knowledge of wwtp influent dynamicsr dae used to develop
potential improvements to wastewater system omeraixamples are an improved
operation of the wwtp stormwater storage and ggttliank and the prevention of
peak loads upon the arrival of reject water from kierlo sludge installation. The
extreme loading event of May'72007 may prove to be exemplary for events that
will occur more often as a result of foreseen cleang climatic conditions.

A final consideration is on privacy issues whenagating highly-detailed in-sewer
measurements. The newly applied DTS techniqueoffex possibility to study in-
sewer processes to a level of individual house ectnons. With such detailed data
sets certain aspects of residents’ behavior canbserved which might lead to
misuse of the data.
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De dynamica van afvalwater kwaliteit: een studie gebaseer d op metingen

Hoofdstuk 1. Introductie

Lozingen van (onbehandeld) afvalwater dragen negdst in belangrijke mate bij
aan de emissie van verontreinigingen naar het Nedtse oppervliaktewater. De
afgelopen decennia zijn door wetenschap en pragtijike inspanningen verricht
om de prestaties van afvalwatersystemen te vedyeten daarmee een vermin-
dering te bewerkstelligen van de impact van afvedvgystemen op hun omgeving.
Optimalisatiestudies spelen hierin een grote roldézoek toont aan dat plannen
voor optimalisatie effectiever worden naarmate demeer gericht zijn op
geintegreerdesysteemoptimalisatie en rekening houden metdgiramiekin
waterkwantiteit- enkwaliteitsparameters. Voor het verkrijgen van een gedetail-
leerde en nauwkeurige beschrijving van de dynamiek waterkwaliteits-
parameters in rioolsystemen is het gebruik vaneallmodellen niet toereikend.
Deels voor het kalibreren en valideren van mode#iendeels omdat sommige
processen vooralsnog te gecompliceerd zijn om nedéx modelleren, wordt steeds
vaker gemeten aan afvalwaterkarakteristieken. Het meten van debiein
rioolstelsels wordt al veelvuldig toegepast; hetenevan afvalwaterkwaliteit in
riolering is een meer recente ontwikkeling. Hetseeidoel van dit proefschrift is
een bijdrage te leveren aan de ontwikkeling varrotagie in rioolstelsels. Meer in
het bijzonder wordt de toepassing behandeld vare tvegatief nieuwe typen
sensoren: UV/VIS spectroscopie en DTS met glaskabels. De tweede
doelstelling van dit proefschrift is de studie ndgnamiek van afvalwaterkwaliteit
in rioolstelsels. Voor deze tweede doelstelling dvogebruik gemaakt van de
UV/VIS en DTS data zoals deze gegenereerd is intopstellingen in
respectievelijk de rwzi Eindhoven en de gemeenta Broningen en Korendijk.

Hoofdstuk 2. Het afvalwater systeem in de regio Eindhoven

De rioolwaterzuivering Eindhoven (750,000 i.e.) &edlelt het afvalwater van tien
gemeenten verdeeld over drie stroomgebieden d&ekilen in grootte en karakter.
Het rioolstelsel van de stad Eindhoven (ongeve&@® i.e.) is direct op de rwzi
aangesloten terwijl het afvalwater van zeven getegeten zuiden van Eindhoven
(260,000 i.e.) verzameld wordt in een transportri@m 32 km lengte (Riool-Zuid).
Twee gemeenten ten noorden van Eindhoven (52,@00vioeren afvalwater af
naar de zuivering via een 5 km lang transportribigt effluent van de rwzi wordt
geloosd op de rivier de Dommel. Vooral in de zorkan dit effluent een

aanzienlijk deel uitmaken van het totale debietdi rivier: tot 50% tijdens

droogweer en zelfs tot 90% tijdens regenweer. ¥eldkring van de effluent-
kwaliteit resulteert dientengevolge snel in overgdimg van oppervlaktewater-

305



Nederlandse samenvatting

normen en brengt ernstige schade toe aan de eedlogie rivier. De beheerder
van de zuivering (Waterschap de Dommel) heeft debittan om het
afvalwatersysteem in de regio Eindhoven verderpti@maliseren en onderzoekt,
naast andere opties, de mogelijkheden om actiewengtin het systeem toe te
passen. Hiertoe is een meetnet geinstalleerd veersiag-, waterkwantiteit- en
waterkwaliteitsmetingen.

Hoofdstuk 3. Neerslagmetingen

Neerslag is een belangrijke drijvende kracht achimraties van afvalwater-
kwantiteit en -kwaliteit in rioolstelsels. In degie Eindhoven is een meetnet
bestaande uit 22 kantelbakregenmeters geinstalteartioogfrequente regendata
te kunnen verzamelen. De datasets zijn uitgebre@mrmgroleerd op kwaliteit van
de data, zowel met de hand als met geautomatiseerttdes. Ongeveer 50% van
de beoogde data ontbrak of is afgekeurd. Neersage over de lange termijn
(jaar, maand) zijn vergeleken met gegevens vameesslagmeters van het KNMI.
Deze vergelijking laat zien dat de geinstalleerdatddbakken de neerslagdiepte
ongeveer 20% tot 25% systematisch onderschattegev@pr de helft van dgas
kan verklaard worden door een ontbrekende kaldgratia afloop van de
meetperiode zijn de sensoren alsnog gekalibreerdsede dataset hiervoor
gecorrigeerd. De andere helft van de systematiabligking is waarschijnlijk te
wijten aan ongunstige meetomstandigheden: veekKlzkken hebben last gehad
van windschaduw ten gevolge van te nabijgelegerctéiy. Correctie voor deze
fout is niet mogelijk. Concluderend kan gesteld adesr dat het meetnet van
neerslagsensoren matig gepresteerd heeft. Desaiietis de (gevalideerde en
gecorrigeerde) data gebruikt om neerslag per styebied af te leiden middels een
‘inverse distance weighting’ methode. Aangeziennderslaggegevens vooral in
kwalitatieve en minder in kwantitatieve zin zijn byaikt, hebben voornoemde
gebreken in de neerslaggegevens weinig invioeddyepauiteindelijke analyse-
resultaten in hoofdstuk 6.

Hoofdstuk 4. Debietmetingen

Voor de bepaling van vuitachtenin het afvalwater dat de rwzi Eindhoven
binnenstroomt, zijn debietmetingen (hoofdstuk 4pak waterkwaliteitsmetingen

(hoofdstuk 5) noodzakelijk. Om het debiet uit dee dtoomgebieden Riool-Zuid,

Eindhoven Stad en Nuenen/Son te kunnen bepalgebisiik gemaakt van de data
van negen debietsensoren in het influentgemaateanvzi. Elke sensor meet het
debiet dat verpompt wordt door €én influentpomj;sttoomgebied wordt bediend

door twee, drie of vier influentpompen. De data ¢ debietsensoren zijn als
eerste gecontroleerd op kwaliteit. Er is nauwelijgstieve data geconstateerd,
maar wel een systematische fout bij niet-werkenolepen. De data van de negen
debietsensoren is vervolgens gecombineerd tottightreeksen met stroomgebied-
debieten. Hierbij is rekening gehouden met een eléssle toewijzing van één

bepaalde pomp en het debiet over een interne ovensthet influentgemaal. Meer
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dan 99% van de debietgegevens heeft een onzekesdneichinder dan 1%. Alleen

tijdens perioden van grote neerslag kan de totaletomzekerheid oplopen tot rond
de 10% ten gevolge een relatief grote onzekerheidtioming over de interne

overstort.

Hoofdstuk 5. Waterkwaliteitmetingen

Waterkwaliteitsmetingen in het influentgemaal vae dvzi Eindhoven zijn
uitgevoerd met drie UV/VIS spectrometers (€én pBuéntkelder) die in staat zijn
middels een optisch meetprincipe hoogfrequentesdttae creéren. De sensoren
zijn geinstalleerd in speciaal ontwikkelde by-passtallaties die intensief
onderhoud vergen. Beschouwde waterkwaliteitsparnsieijn zwevende stof (ZS)
en totaal en opgelost chemisch zuurstof verbruk@n CzVf). Monstername-
campagnes tijdens droogweer en regenweer hebbegetaand dat de sensoren
goed in staat zijn om trends in parametervariageseproduceren. Voor droog-
weersituaties liggen verschillen tussen sensorvemar(fabrieksinstellingen of
‘global calibration”) en referentiewaarden (afgdlém het laboratorium uit steek-
monsters) binnen een marge van ruwweg +25% (Riaal;ZEindhoven Stad) en
+50% (Nuenen/Son). Tijdens regenweer zijn grote sghlte) verschillen
geconstateerd in concentratiepieken aan het begjineen bui, maar ook grote
(relatieve) verschillen in de daaropvolgende vensugsfase. Door middel van
regressieanalyse zijn nieuwe kalibratiesets ontelkK'local calibration’) die een
betere fit laten zien tussen sensorwaarden ererdgfewaarden. Enkele sets zijn (te)
mager onderbouwd daar deze gebaseerd zijn op tegweiferentiewaarden. Een
foutinschatting van meetwaarden van lokaal gekedifite sensoren combineert de
onzekerheid in de regressieliin met de intrinsiedensoronzekerheid. In de
inschatting is uitdrukkelijk niet meegenomen deakezheid ten gevolge van een
slecht onderbouwde regressielijn door bijvoorbee&dn te beperkt aantal
referentiemonsters of niet-representativiteit vaonsters. Een kwaliteitscontrole
van de UV/VIS datasets laat zien dat 25% tot 50% @a data moet worden
afgekeurd. Het grootste deel van het dataverliés vgjten aan vermijdbare fouten
in de meetopstelling. Er wordt geconcludeerd d&t, joiste uitgevoerde installatie
en onderhoud van sensor en meetopstelling, eepplatngst van meer dan 90%
mogelijk moet zijn met dit type sensor.

Hoofdstuk 6. Analyse van het influent van derwzi Eindhoven

In dit hoofdstuk wordt de dynamiek bestudeerd vandivalwater dat arriveert op
de rwzi Eindhoven vanuit de stroomgebieden RioadZiEindhoven Stad en
Nuenen/Son. Uit de data van circa 206ogweerdagekunnen kenmerkende dag-,
week- en jaarvariaties worden herleid. Standaagd €ia weekvariaties kunnen ook
worden waargenomen voor waterkwaliteitsparamef@esconcentratie zwevende
stof in het afvalwater wordt mede bepaald door elghriaties in het stelsel
waardoor variaties in beide parameters veelal spaochverlopen. De combinatie
van beide parameters (ivsachtenzwevende stof) vertoont dientengevolge grotere
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variaties dan de gemeten concentraties. Opgelost @drdt minder beinvioed
door dit fenomeen en vertoont weinig variaties gedde droogweer. Zowel voor
debiet als voor vuilvrachten kan een gebiedsgresftect worden waargenomen:
het kleinste stroomgebied vertoont de grootsterpatarvariaties en vice versa.
Tijdens regenweerzijn de aangevoerde vuilvrachten op de zuiveriimgdBoven
(veel) groter dan tijdens droogweer. Aangevoerdidvnachten tijdens circa 65
regenbuien zijn bepaald, gemiddeld over 24 uurexgeleken met daggemiddelde
vrachten tijdens droogweer. Resultaten tonen dat gen ‘gemiddelde regenbur’
ongeveer 2 tot 3 maal zoveel zwevende stof vanoiblFZuid en Eindhoven Stad
komt en ongeveer 5.5 maal zoveel uit Nuenen/Sowor \dpgelost CZV zijn deze
waarden respectievelijk 1.6 tot 1.7 en 2. Uit dgetallen blijkt dat voor de grootte
van piekvrachten ook een gebiedsgrootte-effeceegtr Tevens blijkt wederom de
relatie tussen debiet en zwevende stof: toegenatebieten tijdens regenweer-
afvoer veroorzaken een grotere toename van vrachig@vende stof dan van
vrachten opgelost CZV. De grootst gemeten piekvraear de rwzi Eindhoven
(ZS: 6.8 en opgelost CZV: 4.3) deed zich voor tigleen relatief grote bui in mei
2007 na een lange periode zonder neerslag. Dezeesxtgrote hoeveelheid
vuilvracht heeft het functioneren van de zuiveraem tijdlang ontregeld. De extra
vuilvrachten die tijdens regenweer op de rwzi &mén, komen uit ‘vuilvoorraden’
in het riool. Door een toename van het debiet kavateriaal vrij uit sediment- en
slijmlagen die zich in het riool bevinden. Metingeanen aan dat bij een reeks
opeenvolgende regenbuien elke bui wederom een el vuilvrachten op de
zuivering laat zien. Daaruit kan worden geconcludegat de vuilvoorraad in
riolering in feite ‘onuitputtelijk’ is in de zin daeen rioolstelsel niet
‘schoongespoeld’ is na een eerste bui, maar vd@ leuwe bui een wederom
voorraad vuilvracht beschikbaar is.

Hoofdstuk 7. Temperatuur metingen in het riool

Distributed Temperature Sensing (DTS) met glaskaballs genereert datasets met
een hoge resolutie in tijd én ruimte van de temperavan afvalwater. Een
glasvezelkabel wordt op de bodem van een rioolgejsositioneerd en aan één
Zijde verbonden met een meetinstrument. Veelal ivaka 30 tot 60 seconden een
temperatuurmeting verricht per sectie van 2m lengte de kabel. Een absolute
meetbetrouwbaarheid van £0.1°C is haalbaar middsibratie. Meetnauwkeurig-
heden hangen af van de gekozen resoluties en nségtioy. De toepassing van
DTS in hemelwaterriolen richt zich op het lokalmervan foutaansluitingen:
onbedoelde lozingen van (onbehandeld) afvalwater eep regenwaterriool.
Dergelijke lozingen kunnen worden gedetecteerddmhand van hun afwijkende
temperatuurkarakteristieken: hoge temperatureroklsaelle veranderingen in de
temperatuur wijzen veelal op het binnenstromen mam afvalwater. Neerslag
heeft ook een duidelijk effect op de temperatuuh@t hemelwaterstelsel; voor
deze toepassingen moet daarom alleen gebruik woghlmaakt van data
verzameld tijdens droogweer. Foutaansluitingen kuanmrij eenvoudig worden
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gevonden in vrijwel lege rioolbuizen. In (gededjkglverdronken stelsels is het
ook mogelijk, maar alleen als de lozing voldoendmgof warm is. Verificatie ter
plaatse heeft aangetoond dat zich inderdaad fosltaangen bevinden op de
locaties zoals aangeduid door de DTS meetgegevens.

DTS is ook toegepast in een gemengd rioolstelsel cieca 2 km lengte. De
resultaten tonen aan dat de meetmethode goed kekanm worden om een aantal
processen in detail te kunnen bestuderen die dal¢adter)temperatuur in het riool
beinvioeden. Zo kunnen lozingen vanuit huisaansfigh in beeld gebracht
worden, maar alleen voor strengen die weinig afagdwbevatten. Ook de inloop
van regenwater in het gemengde stelsel kan tot etaildworden bekeken.
Temperatuurdata uit gemende rioolstelsels kan @egevoegde waarde zijn in de
ontwikkeling, de kalibratie en validatie van moeelldie de afvalwatertemperatuur
beschrijven. Ook lijkt het mogelijk om met een spkxr kabelconfiguratie bij de
samenkomst van twee afvalwaterstromen in vrijvéeidihgen de relatieve
bijdrage van beide stromen te bepalen.

Hoofdstuk 8. Afrondende beschouwingen

The toepassen van UV/VIS en DTS meetsystemen lering is haalbaar gebleken
en levert een belangrijke bijdrage aan de ontwikkelvan metrologie in
rioolstelsels. In dit proefschrift zijn installatisensorkalibratie, dataonzekerheid en
datakwaliteit aan bod gekomen. Een laatste besahguaangaande metrologie in
rioolsystemen betreft het relatief grote verlies) adata dat opgetreden is bij
verschillende meetcampagnes in dit proefschriftoe neerslagmetingen is dit
in essentie te wijten geweest aan het niet toepagae bestaande kennis over
installatie, kalibratie, etc. Voor de debietmetings niet zozeer veel data verloren
gegaan als wel is de transitie van ruwe data nattiga tijdsreeksen een bottleneck
gebleken. Voor de UV/VIS sensoren was geanticipeprdataverlies daar het een
nieuwe meetmethode betreft. Achteraf beschouwd éwd groot deel van het
verlies voorkomen kunnen worden middels een aamsérvesystemen en een
verbeterde opzet van de personele organisatie nonde meetopstelling. De
voornoemde voorbeelden zijn exemplarisch voor d&lagingen waarvoor
afvalwatersysteembeheerders in Nederland zicheslietd zien bij het verzamelen
van goede meetdata uit afvalwatersystemen.

Het bestuderen van de verzamelde data van heemifluan de rwzi Eindhoven
heeft geleid tot een beter begrip van de dynamiealaarin een rol speelt. Hiertoe
Zijn voor droogweer en voor regenweer karaktekstieurves afgeleid voor
afvalwaterkwantiteit en - kwaliteit. Bovendien ziprocessen beschouwd die een
invioed hebben gehad op de kenmerken van deze cuB@mmige van deze
processen zijn specifiek voor de regio Eindhovexeae hebben ook toepassing in
andere afvalwatersystemen. De verkregen kennis d&einfluentdynamiek kan
worden toegepast in de optimalisatie van het besgtle systeem. Voorbeelden
hiervan zijn een betere inzet van de regenwatarkimik op de rwzi en het
voorkdmen van piekvrachten ten gevolge van lozingiérde slibverwerking in

309



Nederlandse samenvatting

Mierlo. De eerder beschreven extreme piekvrachijdans een bui in mei 2007
zouden, gezien hun oorzaak, vaker kunnen gaan eowmk als de voorziene
veranderingen in het Nederlandse klimaat doorgafigrevinden.

Een laatste beschouwing betreft de vergaring vamagy-gevoelige informatie met
behulp van metingen in rioolstelsels. Met de DT ®tteehniek is het mogelijk om
tot op het ruimtelijk niveau van huisaansluitingencessen te bestuderen die zich
in het rioolstelsel afspelen. Dergelijke gedetailtee datasets lenen zich ook andere
doeleinden dan waardoor de data verzameld is.
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-eq
CCTV
COD
CODf
CSO
DTS
DWF
ES

GPRS
ICA
KNMI

MNAP

NM

NS

p.e.
PLF

RMSE
RTC
Rz

SST
TBRG
TSS

TU Delft
uTC
UVIVIS
WDD
WWF
wwtp

equivalent

closed-circuit television

chemical oxygen demand

chemical oxygen demand filtered

combined sewer overflow

distributed temperature sensing

dry weather flow

Eindhoven Stad (catchment area discharging tipww
Eindhoven)

general packet radio service

instrumentation, control and automation
Koninklijk Nederlands Meteorologisch Institu@Royal
Dutch Meteorological Institute)

meter above Normaal Amsterdams Peil (Amsterdam
Ordnance Datum, used as vertical datum in level
measurements)

neerslagmeter (raingauges operated by the npaiityi of
Eindhoven)

Nuenen/Son (catchment area discharging to wwtp
Eindhoven)

population equivalent

peak load factor

root mean squared error

real-time control

Riool-Zuid (catchment area discharging to wwtp
Eindhoven)

stormwater storage tank

tipping bucket rain gauge

total suspended solids

Delft University of Technology

coordinated universal time

ultraviolet / visible

Waterschap De Dommel (waterboard De Dommel)
wet weather flow

wastewater treatment plant
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