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Abstract

The objective of this thesis is the design of software sensors for an urban wastewater
system. The dynamic behaviour of urban wastewater systems are typically described
by highly non-linear deterministic models. These non-linearities are mainly caused
by important variations in the influent flow rate. In addition, there is a clear lack of
instrumentation and automation systems. Therefore, this thesis contains a thorough
discussion of software sensors, with applications to urban wastewater treatment
systems and a special emphasis on the wastewater treatment plant.

Since the original activated sludge process model utilised in this work is not
observable, three reduced order models, based on the activated sludge model no.l1,
are proposed. A linear piece-wise observability analysis based on the Kalman rank
theory 1s 1nvestigated on each of the reduced models, prior to non-linear
observability analyses based on the Lie derivative. Furthermore, a procedure to
remove the unobservable modes and to design software sensors in the presence of
disturbances 1s proposed.

The main objective of the work on state observers and parameter estimators design is
to achieve on-line estimation of non-measurable concentrations and parameters based
on extended Kalman filters. Initially, on-line monitoring of abnormal substrate
concentrations 1s proposed. The designed state observer can detect substrate shock
loads with a reasonable response time. Then, as on-line measurements of the
biomasses concentrations are not available in real wastewater treatment plants, on-
line monitoring of the heterotrophic biomass and autotrophic biomass concentrations
1s proposed. Finally, a joint state and parameter estimation application 1s presented,
where the reduced model 1s augmented with an additional state variable. The main
objective aims at demonstrating the parametric estimation difficulties when
designing software sensors on such complex augmented non-linear model.

The work on robust non-linear filtering 1s motivated by the fact that the extended
Kalman filters presented significant drawbacks. Applications based on H, filtering,
in which the model describing the activated sludge process 1s corrupted by
significant process noise 1s presented. A comparative study between both types of
software sensors is performed. The final contribution of this work 1s toward software

sensing applications on an integrated urban wastewater system. A software sensor 1s
implemented on the treatment plant and the sewer network etfect on the estimated

concentrations is demonstrated through simulation studies.

Vi
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Chapter I

Introduction

Water 1s the most important and precious natural resource in the world, since without 1t there
would be no litfe on Earth. Between 70 and 75 percent of the Earth's surface 1s water-covered
but only 0.3% of 1t 1s available for human necessities. A person can survive several days
without food, but on the contrary, the absence of water in an organism can have fatal
consequences within days. Therefore, the presence of a safe and reliable source of water has

always been a precondition for the establishment of a stable community.

All societies, from the time of early civilisations, had to face problems related to the
provision of safe drinking water, flood protection, drainage and sanitation (Chocat et al.,
2001). Depending on the geographical location of inhabitants, water related difficulties
remain unsolved and others are currently arising. For instance, insufficient drinking water 1n
Africa is leading to a migration of their inhabitants to Europe. It 1s not surprising that water
sources have been the cause of numerous conflicts over centuries. Even In areas of
abundance of water, crises in water supplies have emerged due to the etffects of human,
industries and agricultural wastes upon the environment (Tebbutt, 2002). For instance,

untreated industrial wastewater can have drastic consequences on the aquatic life of the

receiving water, which may lead to negative impacts on the fishing industry.

Prior to modern society, water was purified naturally with the hydrologic cycle. However,

the growing demands of water resources necessitated the introduction and operation of

municipal drainage systems. The main objectives were (1) to maintain public hygiene in
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order to avoid disease causing bacteria and viruses (e.g. Typhoid, Cholera, Dysentery, Polio,
and Hepatitis), which were of a real threat to human health and (2), to prevent flooding. In
certain countries, downstream use involving human contact is still a real threat, as some of
the bacteria or diseases remain in the water (Tebbutt, 2002). The introduction of wastewater
treatment plant facilities was initially proposed to enhance the natural cycle and improve the
water quality in order to avoid environmental damages. However, it is an individual
approach that 1s not often sufficient to prevent the menace of the polluted water. Therefore,
today’s challenge is to move from this individual consideration to an integrated management
of the urban wastewater system. Consequently, the consideration of an Integrated Urban
Wastewater System (IUWS), as presented in Figure (1.1), is an essential step in reducing the

pollution level of the receiving body (also called receiving water).

RECEIVING WATER

EFPLUENT

Domestic WW & rainfall
5

INFLUENT A ¢

N

a Ny=

Industnal & agricultural wastewater
SEWER SYSTEM

Figure 1.1 A simplified integrated urban wastewater system including the
sewer network, a storm tank utilised for combined sewer
overflows, the wastewater treatment plant and the recipient (also
called receiving water/body), which 1n this case assumed to be a
river. Note that certain parts of the global water system such as the
raw water source, water purification plant, rural streams,
groundwater, agricultural runoff and seas will not be considered 1n

this thesis for the reasons of simplification.

The main difficulty with an integrated approach 1s the high complexity involved in the
prediction of the system’s behaviour. Appropriate numerical tools, which involve

mathematical modelling, remain probably the best solution to describe the dynamic
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behaviour of such complex systems. In addition, they are also important in the design of
monitoring and control strategies, and in assessing their effectiveness. The modelling stage is
probably the most critical phase in the solution of estimation and control problems
(Jeppsson, 1996), due to high nonlinearities together with important uncertainties and
disturbances. Furthermore, any advanced (or simple) monitoring strategies are based on
models that must carefully describe the dynamics of the systems. Within the bioprocess
industry, even 1f the basic principles are known (Lijklema et al., 1993), the complete systems

behaviours are not clearly understood and are still undergoing intensive research.

Even 1if integrated urban wastewater systems remain complex, it is probably a suitable
solution to enhance the quality of the receiving water in order to comply with the recently
adopted Water Framework Directive (WFD) of the European Union (EU). This directive
stipulates that the recipient should be 'good' in term of ecological status and chemical quality
(Council of the European Communities, 2000). Consequently, the monitoring aspects of an
Integrated urban wastewater system have been investigated and presented in this work, with

a special emphasise on the wastewater treatment plant.

1.1 MOTIVATION

In most industries, monitoring of processes 1s performed to improve and optimise the system
performance. Different levels of monitoring are implemented in different fields. State of the
art monitoring technologies are often developed for the nuclear, petrochemical and
pharmaceutical industries. Wastewater treatment industries cannot be considered as pioneers
in the monitoring field and are still far from being the most diligent and systematic users of
such technologies. However, the enforcement of governmental regulations or those of other

authorities has forced industries to consider more than few keys influent qualities in order to

improve the quality of discharged wastewater (Rosen, 2001).

Water has become one of the sectors with the most widespread coverage in EU
environmental regulation. This has been motivated by European inhabitants, who believe
that wastewater issues should be prioritised by governmental institutions. Theretore, water
directives characterise the different stages of environmental policy regulation with an
emphasis on public health protection, environmental protection, “end of pipe” solutions, and
preventative and integrated management approaches. The recently adopted WFD of the EU,

initiated a new area in EU environmental policy, setting common approaches and goals for



Chapter I: Introduction

the management of water in 27 countries that should conform in the long-term with

community law.

Ecosystem-based objectives and planning processes at the level of the river basin are
institutionalised by the WFD, which set a fundamental objective of ‘good’ overall river
quality. However, the challenges in reaching this goal within the time-scale are immense.
For 1nstance, a significant progress has been made regarding point source pollution while
there has been less achievement with the abatement of dispersed pollution. In fact, scientific
questions have emerged concerning the precise qualitative and quantitative understanding of

how dispersed pollution deteriorates the ultimate receiving water (Johnson et al., 2001).

Significant changes are also undergoing regarding the industry aspects of the urban cycle
(water-wastewater-river-basin). In many countries, localised and fragmented organisations
are often selected in the industry to work in a unified operational framework. In some cases,
creations of the necessary corporate infrastructures for holistic control of water and
wastewater resources are merged between public bodies and companies. Therefore, these
practices, which are often slow moving, require new organisational working methods to be
established. Thus, integrated computer system operations on a regional river basin scale are a
pre-requisite for an industry, which 1s traditionally passive, and often rely on manual control

systems (Johnson ef al., 2001).

Regional management of the water and wastewater resources on river basin level can be seen
as a large-scale geographically distributed control system problem. The level of difficulty is
technologically comparable to the management of a nation’s high voltage transmission
network, or any other of the high-tech utility networks that support urbanisation. Comparing
these well-supported networks with regional wastewater treatment and river basin water
quality control, a clear insufficient investment in control infrastructure or basic research has
emerged. If regional river basin and energy etficient wastewater treatment process 1s to be a

success, a clear understanding of the system dynamics and an efficient development of

systems engineering is required (Johnson et al., 2001).

Thus, a European Network named ‘WWT & SYSENG’, which 1s in collaboration between
seven institutions of the EU (University of Strathclyde, Lund University, Technical
University of Denmark, Imperial College, Universitat Autonoma de Barcelona, University of

Pavia, Technical University of Crete), has been created in 2001. The WWT&SYSENG
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project, which is an abbreviation for ‘Getting Systems Engineering into Regional
Wastewater Treatment Strategies’, was initiated and financed by the European Commission

in order to develop tools and concepts required to investigate some of the following

questions:

e How can the regionally integrated sewer systems, wastewater treatment plants

and the receiving water system be modelled and simulated?

e What 1s the importance of diffuse pollution sources, and to what extent are they
controllable?

e What large-scale control systems are needed to achieve the EU regulatory
requirements? How would these large-scale control systems be implemented?

e What 1s the impact of Internet technologies on the operation of the control
system?

e How should individual wastewater treatment plants and sewer systems be run

inside this large-scale control system framework?

Not all key aspects of the above mentioned targets are covered in this thesis. It 1s the
objective of all ‘young researchers’ of the WWT&SYSENG network, as a group, to tackle

these problems.

An IUWS approach alone would not be sufficient in contribution to the fulfilment of the
WEFD. Other established practices related to Instrumentation Control and Automation (ICA)
need to be incorporated within the entire system. However, within the last three decades, the
use of ICA in WWTP for instance, is still considered as minimal. The main reasons for this

lack of process control is summarised as follow (Beck, 1986; Olsson, 1994; Vanrolleghem,

1994).

e A lack of a clear understanding of the treatment processes

e Inadequate and insufficient instrumentation

e Plant constraints (e.g. insufficient possibilities to act on the processes)
e Economic motivation (ICA does not directly lead to increased profit)
e Lack of education/training of the operators and engineers

e Insufficient communication between operators, designers, equipment suppliers,

researchers and government regulatory agents.
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Even when ICA is considered within certain WWTPs and/or the entire urban wastewater
treatment system, other problems arise due to the complexity of the processes. A particular
1ssue 1s related to the monitoring and control strategies that are designed for processes. A

schematic representation of a typical computerised control chain is represented in Figure

(1.2).

Monitoring
screen

PLANT
+

[nfluent : " Control (disturbances) | Effluent
o : i algorithm Actuators

Software ; : iy o

Computer

Figure 1.2 A typical computerised control chain for WWTPs. The physical
sensors feed the software sensor, which contribute in governing the

quality of the control algorithm.

For instance, some of the obstacles that must be overcome when monitoring urban

wastewater systems can be described as follow:

e High non-linearties and complexities in the models
e Stochastic properties of the models

e [Large disturbances in the influent flow

e Sensors failures, time delays and measurement noise
e Multiple time scale (very slow and fast dynamics)

e Coupling of the state variables describing the processes

e [.ack of flexible actuators

Furthermore, some of the available models that describe the plant behaviour are not

observable and identifiable. For instance, the model considered as state of the art for the

modeling of Activated Sludge Processes (ASP, e.g. the ASM1), which has been developed
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by the International Water Association (IWA, Henze et al., 2000), is not observable. In
addition, the most common control strategies implemented in WWTPs, which are developed
with simple Proportional Integral Derivative (PID) controllers, are commonly based on
Single-Input Single-Output (SISO) design. Consequently, it is extremely difficult to
guarantee the robustness of the proposed control strategies. Hence, the use of Multiple-Input
Multiple-Output (MIMO) design 1s a pre-requisite for improving the above-mentioned

monitoring and control aspect of urban wastewater systems.

A robust MIMO structure generally requires the knowledge of most of the state variables
that describes the processes. Access to such information 1s not a trivial task and can be
achieved by designing software sensors. This type of computer-based sensor, which is also
called a state observer or a parameter estimator is crucial in the development of monitoring
equipment and control strategies, as it can estimate on-line non-measurable state variables
and parameters. Consequently, the produced estimated data could be used to monitor toxic
concentrations for instance, or could even be utilised 1n the same manner as other data (e.g.
from physical sensor) to feed the control algorithm with the necessary information. The main
drawback when designing such estimators relies on the accuracy of the estimates, which 1s
clearly dependent on the quality of the available measurements and mathematical models
that describe the ASP behaviour. The design of state observer and software sensors, which 1s
a key issue in the monitoring of urban wastewater systems, has been investigated, with a

special emphasis on the WWTP, and will be presented 1n this work.

1.2 OBJECTIVES

Increasingly, scientific arguments are presented stating the importance of considering the
IUWS as one system rather than regarding it as different sub-systems if cost-effective quality
of the receiving water is to be achieved (Lijklema ef al., 1993; Rauch et al., 1998; Schilling
et al., 1997; Meirlan, 2002). Furthermore, an IUWS approach could also be utilised for the
design of control strategies, which could be a promising approach to achieve the water
quality standards (Rauch and Harremoés, 1999). As a result of this, and since i1t 1s impossible
or extremely expensive to directly monitor all discharges into the receiving water (Combined
Sewer Overflows (CSOs), WWTP effluents, storm water outfalls), an integrated approach

has been selected to investigate the monitoring aspects of urban wastewater systems, with a

special focus on the wastewater treatment plant.
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More precisely, the specific purpose of this work is related to the development of monitoring
equipment that will allow an accurate or approximate estimation of concentrations that
cannot be measured in real urban wastewater systems. The main technique that 1s used to
achieve such goals is the design of advanced and robust non-linear filtering and estimation
techniques. This type of approach has been investigated to overcome the lack of
instrumentation. Gaining access to such data could provide a better understanding of urban
wastewater systems behaviour. As a result of this work, robust control strategies could
eventually be considered and an adjustment of the plant’s operational strategy could also be
performed to improve the plant effluent quality, or to reduce the pollutant impact of the

receiving water and offer cost reductions of operation of the [IUWS.

1.3 OUTLINE OF THE THESIS

In order to make the content more comprehensible, and also to make it easier for the reader
to locate areas related to his/her special interests, this thesis 1s organised in three difterent

parts.

e Part I (Chapters I, II and III): General introduction to problems related to
wastewater treatment, followed by a descriptions of the elements composing the
[UWS, as well as definitions and derivations of the theories behind software
SENSOrs;

e Part II (Chapters IV, V and VI): Main contributions of the thesis, related to
linear piece-wise and non-linear observability, the development of observable

reduced-order models and the design of state observer and software sensors
based-Extended Kalman Filter (EKF) and Extended H-infinity Filter (EHF) on
various WWTPs and an IUWS;

e Part III (Chapters VII): Conclusions and future works.

The seven Chapters are organised in the following way:

Chapter 11: The integrated urban wastewater system

In Chapter II, a brief introduction to the main elements that form the IUWS 1s provided. This
includes the sewer system, wastewater treatment plant and receiving water. A review of
state-of-art in monitoring and sensing for all sub-processes and the IUWS 1tself 1s also

provided. Then, the Chapter includes a discussion of the mathematical models that have been
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selected for describing the sewer, WWTP and river, as well as the interactions 1ssues within
all sub-systems. Simulations studies are proposed to illustrate the CSOs flow ettects on the

river. A summary of the aforementioned topics ends this Chapter.

Chapter I11: Non-linear state and parameter estimation

Chapter III provides the theoretical background used throughout the thesis, selected to
perform joint state and parameter estimation. A briet historical review of the most common
linear and non-linear filtering techniques 1s initially proposed. Then, the selected linear and

non-linear observability theories are presented. Subsequently, the algorithms for the linear
and extended Kalman and H, filters are introduced, prior to a brief discussion on parameter

identifiability. Finally, two examples based on an ASP model are proposed for on-line

monitoring of the concentrations and some model parameter estimations based on the
extended Kalman and H, filters. The proposed results aim at illustrating the multiple-

parametric estimation problems, the drawbacks of the EKF with a stochastic model, as well
as the measurement noise effect on the parametric estimation. This Chapter ends with a briet

summary of the Chapter content and its results.

Chapter IV: Non-linear Observability of WWTP models

In Chapter IV, three reduced-order models based on the original ASMI1, which 1s first
introduced, are proposed. Initially, the simplifying assumptions in producing these reduced
models are described, as well as their dynamics behaviour compared with the original ASM1
model. Following this, piece-wise linear observability analyses are performed on each of the
reduced models. Subsequently, non-linear observability analyses are performed, based on
Lie-derivatives, and the results are compared with the piece-wise approach, yielding
interesting results. Finally, a general procedure for model reduction and software sensor
implementation is proposed. This Chapter ends with a conclusion of this study and its

simulations results.

Chapter V: Non-linear filtering based-extended Kalman filters
Chapter V presents three case studies with a focus on the WWTP. These applications aim at

providing estimates of concentrations and parameters that cannot be measured on-line in real

WWTPs. The initial case study emphasises the general procedure proposed in Chapter IV. A
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state observer with unknown input concentrations, also called disturbances, 1s implemented.
The method that is selected is based on an augmented model were the unknown inputs are
modelled with 1* order and 2™ order transfer functions, fast Fourier transform and spectral
analyses. Furthermore, particulate nitrogen estimation 1s achieved based on fractions of the
slowly biodegradable substrate (Xs). The subsequent case study proposes a new approach for
on-line monitoring and detection of abnormal readily biodegradable substrate (Ss) and
slowly biodegradable substrate (Xs) concentrations, for example due to influent substrate
shock load. Considering that off-line measurements of S5 and X5 concentrations are not
avalilable 1in real WWTPs, the Ss|Xs state observer provided significant results as it can detect
these abnormal substrate concentrations with a fast response time. The final application,
separated into two cases, first 1llustrates a state estimation application were the heterotrophic
and autotrophic biomasses concentrations are estimated on-line, using fraction of the TSS
concentration. This case study also yielded interesting results as on-line monitoring of Xg y
and Xg o concentrations 1s not available on WWTPs, since no specific on-line sensors exist
for these concentrations. Finally, the last case illustrates a joint state and parameter
estimation algorithm, where the heterotrophic yield is estimated on-line by a software sensor
based-EKF. It demonstrates the parametric estimation difficulties when applied to a complex
non-linear reduced model, as well as the need for a robust non-linear filtering technique. The

Chapter concludes with a conclusion of the main results.

Chapter VI: Robust non-linear filtering based-extended H,, filters

In Chapter VI, a robust non-linear filtering technique, based on extended H, filter, 1s
investigated. The first application concentrates on illustrating the observers’ robustness
properties with a stochastic ASM1 model (e.g. corrupted by unknown process noise source
statistics). The convergence and tracking performances of the state observer are also
investigated when disturbances are considered and results are compared with the standard

extended Kalman filter. It is demonstrated that robust estimation can be achieved with
stochastic models when an extended H, filtering technique is considered. In the second
application, the robustness properties of the EHF are investigated, and compared with the
EKF, when joint state and parameter estimation is considered. Furthermore, the software
sensor performances are investigated when sudden variations in a selected stoichiometric
parameter occur. The final application concentrates on state observers based-EKF and EHF
when applied to the integrated urban wastewater system. The main objective, which 1s to

illustrate the impact of the sewer system on the WWTP estimated concentrations, is

10
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demonstrated through simulation results. Finally, the Chapter ends with a conclusion of these

comparative studies and its simulations results.

Chapter VII: Conclusions and future works
In Chapter VII, general conclusions and direction for further work concerning the proposed

results are discussed.

1.4 CONTRIBUTIONS

The major contributions are in the areas of (in order of appearance in the thesis):

Development of reduced-order ASM1 models

In Chapter 1V, three reduced-order models are developed based on the original activated
sludge model no.1. The simplitying assumptions are clearly stated and their dynamics are
compared with the original ASM1 model. These reduced models present the advantages of
being accurate enough for the proposed monitoring applications. Furthermore, their

performances are compared with well established IWA/COST benchmark simulation model

no.l.

Linear piece-wise and non-linear observability analyses comparison

In Chapter IV, a linear piece-wise approach is investigated for the proposed reduced models.
This approach i1s compared with a non-linear observability analysis method, based on the Lie
derivatives. This comparison revealed that the linear piece-wise approach can be applied, to

a certain extent, to non-linear systems.

General procedure for model reduction and software sensor implementation
A general procedure for model reduction and software sensor design has been proposed. It 1s
based on a six steps procedure, which provides methods for model reduction, observability

analyses, modelling disturbances and finally, joint state and parameter estimation algorithm

implementation.

State observer and software sensors for bioprocesses
In Chapter V, various state observers and software sensors are applied on the WWTP. This

work contributes in the development of monitoring equipment that are currently not

11



Chapter I: Introduction

available in the market. The main applications are proposed to overcome the lack of
monitoring equipment. Firstly, a new SS|XS state observer, which can detect abnormal
substrate concentrations within the WWTP, is proposed. Secondly, a novel approach for
heterotrophic and autotrophic biomass concentrations monitoring based on total suspended
solid measurements is investigated. Finally, joint sate and parameter estimation are

demonstrated, where the heterotrophic yield 1s estimated online.

Robust non-linear filtering for bioprocesses

In Chapter VI, robust nonlinear filters based on extended H, filtering theory are developed.
This approach is particularly useful with stochastic biological systems, as the noise source
statistics are unknown. A comparative study between the EKF and EHF 1s performed to
demonstrate: (1) the failure of the EKF when the mathematical model describing the plant

behaviour 1s stochastic, and (2) the tracking and robustness performances of the EHF with

similar stochastic properties.

1.5 Publications

Several parts of the work presented in this thesis have previously been presented at
international / national conferences and workshops. A list of the references 1s given below.
Several parts of the work might also lead to international journal publications in the coming

future. However, these have been excluded from the following list.
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2004

Benazzi, F. and Katebi, R. (2004). Software Sensor Based-Extended Kalman Filter Applied
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Chapter I1

The Integrated Urban Wastewater System

In this Chapter, the simplified integrated urban wastewater system displayed in Figure (1.1),
which 1s composed of a sewer system, WWTP, and receiving waters as its main element, is
presented. Firstly, a short introduction of the physical elements that compose the ITUWS is
provided, 1n addition to the common monitoring equipment and actuators available within
each sub-process. Secondly, the modelling aspect of the IUWS is presented with a simplified
mathematical description of the sewer network and river. The ASM models are also
introduced with a special emphasis on the IWA/COST Simulation Benchmark No.l (BSM1),
which 1s the principal WWTP configuration utilised throughout this thesis. Finally, a

simulation study 1s performed to provide an insight into the IUWS model where some

impacts of combined sewer overflows are illustrated.

2.1) INTRODUCTION

Many of the urban wastewater systems that can be found in practice are operated with little
or no control (Schiitze et al., 2004). This can be explained by the fact that on-line monitoring
equipment within the area are very poor. Very few advanced case studies can be found in
literature (Schilling, 1989; Meirlaen ef al., 2001; Meirlaen and Vanrolleghem, 2002; Schiitze
et al., 2003; Schiitze ef al., 2004). An explicit state of the art review of Real Time Control
(RTC) of urban wastewater systems 1s proposed by Schiitze et al., (2004). The author and
co-workers discussed the importance in the development of sensors, which also include

software sensors, 1n achieving successtul control strategies on IUWS. Nevertheless, prior to
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any design or implementation of software sensors, a clear understanding of the system is
necessary. Consequently, the following description of the IUWS 1s provided for a better

understanding of the selected urban wastewater system.

2.2) PHYCAL DESCRIPTION OF THE INTEGRATED SYSTEM

As mentioned previously 1n Chapter I, the global water system is linked with other parts such
as drinking water production, groundwater, rural streams, agricultural runoff and seas.
However, the focus of this work lies 1n state observer and software sensor design and its
implementation upon an urban wastewater system. Therefore, only the corresponding

subsystems are discussed.

The sewer system

According to Smith and Scott (2002), waterborne sewage systems existed in India around
4500 Betfore Chnist (BC) and near Baghdad about 2500 years BC. Modern urban sewerage
and drainage concepts date back some 200 years (Harremoés, 2002). Today’s sewer system
technologies, which are used to transport both rainwater and wastewater from the urban area
until the WWTP or receiving waters, mainly consists of interconnecting pipes. These pipes,
which constitute the main elements of the sewer systems, are either combined, separated or
partially separated systems. These types of sewer systems still form the majority of modemn
sewer systems all over the world (Brombach et al., 2005). A schematic overview of
combined and separate sewer systems 1s displayed in Figure (2.1). A briet description of

each type of sewer pipes 1s provided, as follows:

- The combined sewer system: It has a unique pipe where stormwater, domestic
wastewater and industrial effluents are transported and mixed together. The main
advantage of the combined sewer system 1s only cost related, as only one pipe 1s
needed. However, this technology presents disadvantages by reducing the efficiency
of the treatment plant during periods of heavy rains. When the flow to the treatment
plant increases, whilst the pollutants are diluted, the flow in the sewer system
becomes higher than the hydraulic capacity of the pipes or the WWTP.
Consequently, combined sewers are generally supplied with combined CSOs that

divert excess wastewater flow down a stormwater sewer and thence into the nearest
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receiving water (Smith and Scott, 2002). However, CSOs structures do not avoid

critical pollution at discharge points.
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Figure 2.1 Combined and separate sewer systems including CSO structures

and the WWTP (from Brombach ef al., 2005)

Some of the common solutions that can be used in reducing the number of CSOs are
related to ICA implementation, stormwater infiltration and building (or increasing if
basins are already available) storm tanks. However, such approaches requires a clear
understanding of the current wastewater treatment facilities in order to avoid drastic
expenses without systematically reducing the pollution peaks at the discharged
points. Furthermore, throughout western societies, sustainable urban drainage
methods are becoming a driving force (Chocat et al., 2001). This consists of
Incorporating permeable surfaces, ponds, swales and other infiltration devices, for a
maximum infiltration of the wastewater into the soil and for the recharging of the
ground water (Smith and Scott, 2002). These types of drainage techniques,
introduced in the late 1980s (Chocat et al., 2001) are more and more used in urban

areas such as in France, for instance, with the advantage of not requiring any

downstream drainage network (Barraud, 2002).

17



Chapter II: The Integrated Urban Wastewater System

- The separate sewer system: Also called the rigidly separate system, this is composed
of two different pipes, one conveying the stormwater, the other transporting the
domestic wastewater and industrial eftluents towards the treatment facility. As a
result, the stormwater 1s discharged directly into the receiving water and should not
cause pollution, in comparison to the combined systems (Smith and Scott, 2002).
However, separate systems have major drawbacks, as they are likely to be (1)
expensive (because of the two pipes required to avoid mixing processes), (2) sudden
and strong hydraulic impact to rivers can occur, (3) there are risks of misconnection
between pipes and (4) higher heavy metal load to the receiving water can arise
(Meirlaen, 2002). Nevertheless, separate systems will overcome the peak pollution

discharge problem during high rainy periods that can occur from CSOs.

- The partially separated sewer system: This 1s a system in which each street has two
sets of sewer, one for stormwater and one foul sewer. In other words, it consists of
two separate networks, as for the separate system, but rainwater from the back yard
and house back roofs is drained off into the foul sewer and rainwater from the roads
Into the surface water sewer. However, this type of sewer is not common due to its

high cost requiring two network pipes.

Nowadays, the most common sewer systems are of the combined despite the fact that they
are regarded as causing high pollution and hygienic risks. However, there 1s a strong
worldwide trend (at least in industrialised nation) toward separated systems regardless of the
high construction and maintenance costs. In the United States, for instance, the Water Act of
1972 (WEF, 1997) recommends separate systems. On the other hand, Brombach ef al.,
(2005) concluded that the cost-benefit ratio of a separate sewer system 1s unfavourable when
compared with that of the combined system. Therefore, an alternative approach in reducing
CSOs 1mpacts upon the receiving water remains the implementation of monitoring tools (e.g.
software sensors). Such techniques are undoubtedly dependent on sensors, which are
generally expensive and sometimes not reliable, and still remain a challenging solution 1in the
wastewater industry. Sensor technologies could offer particular advantages for early warning
systems, process control and on-line monitoring of the sewer system (Alcock, 2002), which
could contribute in reducing peak pollutions discharges into the receiving water. Indeed,
perfect reliability of the results within the sewer facilities 1s not ensured because of the
measurement state conditions (Piatyszek, 2002). Therefore, access to on-line concentrations

of the pollutants, rather than obtaining data only during a particular event, could be more
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beneficial in ensuring that results accurately represent the state conditions. Furthermore, such
approach could lead in a long-term basis 1n the investigation and implementation of robust

control strategies.

Monitoring

Sensors are mainly used for three different purposes: (1) for monitoring (operator support),
(2) in automatic control systems and (3) as tools for plant auditing/ optimisation /modelling
of consultant (Vanrolleghem and Lee, 2003). They can provide an added value in monitoring
pollution 1n wastewater (Alcock, 2004; Dominguez and Alcock, 2002) and are crucial for the
control of urban wastewater systems. They can govern the accuracy and reliability of the
proposed controlled processes. Access to data from instrumentation is also essential for the
design of control strategies. In addition, 1t could be useful in practice to obtain accurate data

for a number of reasons that include:

e Inspection by governmental enforcement agencies of compliance with source

measurement requirement
e As alegal evidence of compliance

e Health and property protection for both workers and public at large

On-line monitoring of pollutant concentrations in the sewer system remains a challenging
area. Nowadays, 1t 1s mainly performed via sample analysis within laboratories (Bertrand-
Krajewski, 2004). Piatyszek (2002) stated that measurement devices are widespread within
the sewer system. On the other hand, the growing demand for sensing technologies 1s still of
significant interest and there is still a strong need in the conception of applications. Few
attempts have been made to overcome this lack of instrumentation. Hansen and Carstensen
(1997), successfully performed an on-line monitoring investigation of the sewer system of
Copenhagen during four years. A total of nine monitoring stations were used, where
measurements of water levels, flows, rainfalls, pumping activity and gates positions were
collected. In addition, an ultrasonic and pressure transducer and two different type of
ultrasonic transmitter were utilised. However, it was concluded that RTC systems are
vulnerable to failures in the on-line monitoring system. Gudjonsson et al., (2002), measured
continuously (upstream and downstream) during two months the Dissolved Oxygen (DO) in
an intercepting sewer. However they failed to predicted short-term variations due to the

insufficient knowledge of the variability of the wastewater composition.
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State of the art sensing

State of art sensing for sewer systems has found very tew successful applications, of which
those few are mainly achieved through laboratories or pilot systems. Bertrand-Krajewski
(2004), performed a Total Suspended Solid (TSS) concentration estimation in a sewer from
turbidity measurements. This study compared this approach with a sample concentration
measurement technique and obtained satisfactory results. The research concluded by
suggesting that turbidity measurements could replace traditional samples. Stumwdghrer et al.,
(2003), investigated the applicability of Ultraviolet (UV)-absorption measurements at CSOs,
under different storm water conditions. This work demonstrated that the applicability of this
type of spectrometer for the control of storm water 1s questionable. Horoshenkov et al.,
(2003), determined the sewer roughness and sediment properties using acoustic techniques.
Results from pilot scale model experiments demonstrated that the proposed acoustic method

1S very sensitive to the variation in the boundary conditions of an air-filled pipe.

Actuators

Some of the aforementioned applications would have been impossible without the use of
actuators. Indeed, the development of sensors for the purpose of control strategy design
involves the integration of actuators in the control chain. Actuators (also called regulators)
play an important role in urban wastewater treatment because they can operate or activate the
final control element. The most common actuators (electrical, pneumatic or hydraulic)
employed are: flow regulators (control valves, position regulators) weirs, gate, dumper,

motor, heater and blowers. For a detailed review about actuators, the reader can refer to

Marinaki et al., (2003), or Metcalf and Eddy (2003).

The wastewater treatment plant

The wastewater collected in the sewer system is directly transported to the treatment plant.
The WWTP is at the heart of the process dealing with domestic, industrial and agricultural
waste. A suitable introduction 1n the field of municipal wastewater treatment i1s found in
Metcalf and Eddy (2003), Henze et al., (1995), or Andrews (1992). A schematic overview of
a typical municipal WWTP configuration 1s proposed in Figure (2.2). The main objective of
domestic wastewater treatment, which 1s 99% water, is the removal of the 1% pollutants as

economically as possible (Smith, 2002). More precisely, WWTPs are about reducing
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nitrogen, phosphorous, organic matter and suspended solids. In most countries and cities, the
wastewater 1s treated 1n biological treatments plants rather than receiving physical treatment

(like sedimentation or filtration) or chemical treatment (like precipitation or flocculation), as

detailed by Metcalf and Eddy (2003).

Aeration tank Clarifier
Wastewater | | Treated water
—>

. Sludge
Screening

Return sludge Excess sludge

g
—

" YC &

Figure 2.2 Schematic outline of the main detachment in a municipal

wastewater treatment plant.

Furthermore, different plant layout can be designed depending upon effluent quality
specifications from local authorities. However, one of the common system configurations
consists of unit processes like activated sludge systems, anaerobic systems, biofilters in
combination with one or more physical or chemical treatment processes. A brief review of
the most common technologies and processes that can be found within the WWTP follows.
This description emphasises on the activated sludge process, as the software sensors

presented 1n this work are mainly implemented on this specific unit process.

- The preliminary treatment: Also called mechanical treatment, this allows removal
and reduction of various types of suspended solids, generally aimed at protecting
equipment 1n later treatment. These mainly consist of the removal of large solids
(tyres, Christmas trees, etc.), grit chambers (to separate sand and gravel from the
wastewater), rags and grit by screens (for separating materials 1nto sizes),

comminutors (for cutting up the solids caught on the screen) and grit channel (for

extracting grit from wastewater).

- The primary treatment: Also called primary sedimentation, it is the first major
treatment process that immediately follows grit removal. It consists of releasing

settled wastewater for biological treatment and removes organic solids as sludge.
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The design 1s often based on the surface loading rate, where radial flow
sedimentation tanks or horizontal flow sedimentation tanks are normally used. To
ensure 50 to 70% removal of suspended solids and about 30% removal of Biological
Oxygen Demand (BOD), which 1s a measure of the amount of biodegradable organic
substances in water, from domestic water, a rate of 30 to 45m> m2d”! at maximum

flow 1s a prerequisite (Smith, 2002).

- The secondary treatment: It typically follows the primary treatment and is
commonly composed of an aerobic biological treatment. It allows removal of
organic solids (not removed in primary treatment) together with the 90% or more of
the dissolved organics (Smith, 2002). Nitrification and biological phosphorus
removal are also parts of the secondary treatment. The most common types of
biological treatment that can be employed during this phase are:

o Aerobic processes: Based on aeration of the wastewater, this treatment
process results in oxidation of the carbonaceous and nutrient material
(substrate) by chemical reactions initiated when the biomass utilises these
components for biological growth. The carbonaceous material is oxidised to
carbon dioxide (CO,) and the nutrients to more benign forms of the
compound (Henze, 1997).

o Anaerobic processes: This treatment process occurs in the absence of free
oxygen or nitrate. The microorganisms breakdown the complex organic
material by hydrolysis to smaller molecules. Acid-forming bacteria break
these protein, fat and carbohydrate molecules into long-chained amino acid
and fatty acids, amongst other. The products of this process are formic acid,
acetic acid, methanol and ethanol, which are further broken down into CO,
and methane (CHy). To successfully perform the degradation stages, this
process requires a number of different types of bacteria, which are sensitive
to factors such as pH, temperature, toxicity or even oxygen (Henze, 1997).

o Anoxic processes. This treatment process occurs 1n the absence of free

oxygen but in the presence of nitrate, which provides a source of oxygen for

denitrifying bacteria.
The principle of activated sludge plant 1s that of a mass flow of wastewater kept in

continuous motion through the plant by gravity, mixing, aeration and pumping. Such

approaches lead to a treatment that i1s performed in an effective and controllable
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manner. However, 1t 1s essential to maintain the biology in the secondary phase long
enough for biomass growth through contact with the substrate and the subsequent
associated reactions. The length of time that the biomass remains in the secondary
treatment 1s known as the sludge age. A balance between the sludge age and the
hydraulic retention time (HRT) 1s necessary so that the process kinetics can take
place. The Return Activated Sludge (RAS) feedback loop recycles sludge from the
secondary clarifier to the aeration tank in order to maintain the sludge concentration.
Excess sludge, which 1s wasted from the secondary clarifier, is treated separately
with sludge collect from the primary clarifier. Sometimes, to supplement the nitrate
concentration 1n the anoxic zone, an internal nitrate recycle may also be used.
Typically, the anoxic zone (denitrification) is situated prior to the aeration
(nitrification) tank. The internal recycle 1s a loop between the end of the aeration
tank and the inlet to the anoxic zone. Various wastewater treatments also involve the
addition of chemicals to allow removal of the phosphorus. The chemical treatment
process consists of mixing a chemical (typically an iron or aluminium salts) that
binds phosphate molecule and forms floc that can be removed by sedimentation. It
also contribute to pH adjustment; disinfection by chlorine or ozone; precipitation of
heavy metals, often as hydroxides; precipitation of phosphate; conditioning of

sludge; water softening, etc. (Smith, 2002).

- The tertiary treatment: Also known as effluent polishing or advanced treatment, it is
implemented 1n few plants to further improve the wastewater quality discharged
from the WWTP. This last treatment is often considered in the plant design when the
treated wastewater has to be immediately reused for industrial or semi-industrial
purposes (1.e. farming). Otherwise, this solution can also be adopted if the receiving
water has a relatively small flow and consequently low dilution. Basically, 1t consists
of removing the fine suspended matter that remains in the effluent (1.e. after aerobic
biological treatment) with a consequent reduction in BOD. Tertiary processes also
include aquatic based natural treatment systems, maturation ponds, microstrainers,

rapid gravity filters, slow and filter. Wastewater disinfection 1s also sometimes

considered as tertiary treatment (Smith, 2002).

Most of the monitoring and control strategies are centred in the secondary treatment, which

1s where most of the biological treatment occurs. Therefore, sensing technologies within this
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treatment is of the main interest as the quality of the estimation provided by software sensors

is directly dependent on the available instrumentation.

Monitoring

At present, and at most treatment plants, there 1s an infrequent monitoring of wastewater
quality. When compared with other process industries, the automation of wastewater systems
is not as developed as it should be. This 1s mainly caused by the hostile environment in
which sensors must to be located (Bourgeois er al.,, 2001). Furthermore, widespread
acceptance of sensors 1s complicated as many of the original WWTP are not designed to

further be updates with ICA.

A widespread perception is that sensors represent the weakest link for implementing on-line
process control of WWTPs (Harremoés et al., 1993; Vanrolleghem and Lee, 2003). On the
other hand, during the last decade, the performance and reliability of many on-line sensors
(e.g. nutrient sensors, respirometers) has improved remarkably and can be used directly In
many different control strategies (Jeppsson et al., 2002), or for on-line monitoring. Hence,
the use of new monitoring equipment should be regarded as a valuable alternative to
Increasing reactor volumes for outdated treatment plants that require considerable investment
in upgrading (Vanrolleghem and Lee, 2003). Ingildsen (2002), Bourgeois et al., (2001) and
Vanrolleghem and Lee (2003), provided detailed state of the art reviews of on-line
monitoring equipment for wastewater treatment processes. The latter of these classified

sensors 1n two basic types, summarised as tfollow:

1) Simple, reliable and low maintenance

11) Advanced, high maintenance and mainly used in auditing, model calibration and

optimisation.

The most common sensors, in addition to the most advanced, are described 1n Table (2.1),
reproduced (with permission from the lead author) from Vanrolleghem and Lee (2003). The
major contribution of the work proposed in this thesis is in application upon activated sludge
processes. Therefore, a more detailed description of sensor characteristics follows. For
further information about sensors 1in anaerobic digestion, nutrient removal and

sedimentation, the reader is referred to Bourgeois et al., (2001), Vanrolleghem and Lee

(2003).
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Physical measurements Physico-chemical measurements (Bio-) chemical measurements
Variable Process Range Variable Process Range Variable Process Range
Temperature G v pH G v  Respirometry 2,3 ¥
Pressure G v Conductivity G v Toxicity 2,3 ¥
Liquid level G ¥  Oxygen concentration 2,3 v BOD, 2,3 7
Flow rates G ¥  Fluorescence 2,3 31 COD 1,23 O
Suspended solids G 3  Redox 1.3 v TOC 1,2,3 V¥
Sludge blanket 4 3  NH " (ISE) 3 v NH,* 3 v
Sludge volume 4 3 NO, (ISE) 3 3 NO, 3 v
Settling velocity 4 QO Digester gas 1 3  Micro-scaleNOx 3 i/
Sludge morphology G O (CH, H,S,H,)CO, 1,2,83 ¥ PO 3 3
Calorimetry 1,2,8 O Bicarbonate

alkalinity 1,3 =
UV absorption G 3 VEA 1,3 O

s

Process: Unit process in wastewater treatment plants where the sensor can be implemented 1: Anaerobic

Digestion; 2: Activated Sludge; 3: Nutrient Removal; 4: Sedimentation; G: All processes. Applicability
Range: ¥: State of the Technology; 3: Application in certain cases; O: Requires development work

Table 2.1  State of art on-line monitoring equipment for WWT processes

(from Vanrolleghem and Lee, 2003)

Sensors characteristics for activated sludge

The DO sensor is probably the most widespread instrument within WWTPs. It is considered
reliable and accurate but care is pre-requisite for proper location installation and for fouling
prevention (Watts et al., 1990; Harremoés et al., 1993). In activated sludge processes and the
associated aeration cost, oxygen plays a key role that account for up to 40% of the running
costs (Healey, 1989). This sensor is actively implemented for both the control strategies
design, as proposed by Holmberg et al. (1989), Demuynck et al. (1994) and for monitoring
of the central process of any activated sludge system (Vanrolleghem and Lee, 2003).
Respirometry, which is an interpretation of the respiration rate of activated sludge, is
frequently used in the description of wastewater and activated sludge kinetics. It is defined as
the amount of oxygen per unit of volume and time that is consumed by the microorganisms
in the activated sludge. Respirometers can be classified with two criteria: (1) the phase where
oxygen is measured, and (2) the flow regime of both the gas and liquid phase, which 1S either
flowing or static (Spanjers et al., 1998). For details concerning respirometry, the reader can

refer to Spanjers et al., (1998a), Spanjers et al., (1998b), Copp and Spanjers, (1999).
The most widely used parameter of the biodegradable component of wastewater, which is

measured off-line, is the standard 5-days Biological Oxygen demand (BOD:s). It is defined as

4 measure of the DO used by microorganisms for the biochemical oxidation of organic
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matter in five days from the time when the test sample 1s seeded with a microbial system
(Bourgeois et al., 2001: Metcalf and Eddy, 2003). Further details about BOD can be found in
Brookman, (1997), An et al., (1998) and Qian and Tan, (1998). The Chemical Oxygen
Demand (COD) is one of the most intensively monitored variables in WWTPs. It is defined
as a means of measuring the organic strength of domestic and industrial wastewater
(Bourgeois er al, 2001). It is often implemented as batch systems and flow-through
continuous COD monitors. Further details on these automated laboratory procedures can be

found in Ademoroti, (1986), Korenaga et al., (1990) and Meredith, (1990).

The Total Organic Carbon (TOC) measurement has become more common since its
appearance 1n the seventies (Bourgeois ef al., 2001). It is usually utilised for the conversion
of organic carbon to carbon dioxide and measuring this product in the evolving gas phase,
generally with an infrared off-gas analyser (Vanrolleghem and Lee, 2003). An interesting
comparison between TOC, BOD and COD tests, in obtaining information about the kinetic
processes 1n a rotating biological contactor system, is performed by Wilson (1997). UV-
absorbance measurements were introduced in the early fifties to assess the quality of an
eftluent (Dobbs et al., 1972). It consists of an interaction of light with a sample and can be

classified 1n two categories (Bourgeois et al., 2001):

1) Light absorption measurements (Ultraviolet/Visible (UV/VIS) spectrophotometry,
Infra Red (IR) spectrometry.

2) Fluorescence (spectrofluorometry).

The most common technology 1s based on optical methods, despite the significant progress
fibre optic technology has made 1n the last decade. Bourgeois et al., (2001) and

Vanrolleghem and Lee (2003), provided a detailed review of these technologies.

State of the art sensing

State-of-art sensing 1s moving toward new tools such as infrared optical sensors for water
quality monitoring, which are a promising concept with regards to continuous assessment of
pollution levels in the liquid and gas phase (Mizaikoft, 2003). Moreover, microelectrode
array sensors for water quality monitoring have been developed and applications including
dissolved oxygen in activated sludge and preliminary measurements of trace arsenic are

available (Gobet ef al., 2003). New chalcogenide glass chemical sensors for Sulphide (S%")
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and dissolved hydrogen sulphide (H2S) monitoring are proposed by Miloshova et al. (2003),
to allow reliable process control of the natural potential of hydrogen (pH) of wastewaters.
Furthermore, a submersible UV/VIS spectrometer for in-situ real time measurement has been
developed to simultaneously measure the COD, filtered COD, TSS and nitrate with just a
single instrument (Langergraber et al., 2003a). Russell et al. (2003), demonstrated through
laboratory analysis that non-contact measurement of wastewater suspended solids and

organic load based on measurements of light scatter and fluorescence is a viable method.

T'o monitor the activated sludge activity on which the performance of the treatment plants
depends, an integrated sensor has been developed. This last one is shown to successfully
monitor and provide in-depth insight into nitrification, denitrification and carbon source
degradation processes occurring in Biological Nutrient Removal (BNR) plants (Sin et al.,
2003). Even 1if respirometry 1s considered reliable, it is not employed as a standard tool for
monitoring due to the long experimental time that is required. Therefore, Langergraber et al.
(2003b) proposed a rapid automated detection to measure on-line the nitrification kinetics
and nitrification inhibition. Alex ef al. (2003a) successfully studied the advantages and
practical applicability of a wireless communication tool. The author and co-workers
proposed on-line measurement data of wastewater systems via Wireless Application Protocol
(WAP) mobile phones for the use in remote facilities where no staff are available.
Information concerning progress in sensor technology for activated sludge systems is given
by Rieger et al. (2003) and Alex et al. (2003b). Challenges and solutions required for
multivariate online monitoring of modern WWT operation are discussed in details in Rosen

et al. (2003).

Actuators

For a description of actuator technology that is commonly used in WWTPs, the reader can
refer to Section (2.2, e.g. motors, pump, flow etc.) and/or to Marinaki et al. (2003) and

Metcalf and Eddy (2003). Indeed, actuators are similar for sewer systems and WWTPs.

The receiving water

The receiving water considered within this thesis is a river, as this 1s the most common

discharge point for effluent from the WWTP and since the CSOs typically spill Into rivers,
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stream or brooks. Wastewater discharged impacts on the receiving water are generally
grouped 1nto chemical, bio-chemical, physical, hydraulic, hydrologic, hygienic and aesthetic
impacts (Rauch et al., 1998). Urban rivers are commonly associated with other functions
such as fishing, drinking water production, transport, recreation, irrigation and habitat for
aquatic fauna. Combination of the quality and quantity of the water in the river is a key point
for achieving “good” quality, in terms of ecological status and chemical quality, of the

receiving waters. In other words, the effluent quality and quantity from the WWTP will

govern the existence or extinction of the aforementioned functions.

The sewer and the WWTP are not the only inputs to the system that can govern the water
quality of the receiving water. Processes taking place in the receiving water (1.e. bacteria)
should also be considered as they play an important role in the conversion processes. The

water quality of the receiving water can be judged on the basis of several parameters that are

usually classified as (Meirlaen, 2002):

— Physical: Temperature, conductivity and turbidity.
—  Chemical: DO, BOD or COD, pH, alkalinity, hardness, nutrients (nitrogen and
phosphorous), toxic compounds and organic volatile compounds.

—~ Biological/ecological: Biocenosis of bacteria, coliform bacteria, plants and

animals, and variety and complexity of the food chain.

It should be emphasised that these parameters all interact between each other and are crucial

for providing information on the quality of the receiving water.

Monitoring

Over the past decade, the advance in monitoring of water quality in the receiving waters has
been growing steadily (Butterworth et al., 2002), as a consequence of the general progresses
made in the field of environmental monitoring. Gunatilaka and Dreher (2003), and
Butterworth ef al., (2002) review these developments related to robust chemical and
biological sensors. The progresses in micro-electronics in the past two decades contributed to
the advancement of sensor technology for real-time monitoring, data collection and data

transmission (Gunatilaka and Dreher, 2003). However, sensors are still the weakest part of
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