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EXECUTIVE SUMMARY

The rapid increase in pressure on natural resources brought about by human economic activity
has led 10 a growing realisation of the need to manage such resources on an integrated basis,
In the water field. the growing imponance of disciplines such as Integrated Catchment
Management, Demand Management, Life Cycle Analysis and Pinch Analysis are evidence of
this trend. The use of these and other, strategic tools which attempt to ensure that resources
are consumed with the maximum benefit and mimimum environmental degradation, inevitably
leads to technological systems with many complex interactions and constraints, To realise the
benefits of integrated planning and design. it is vitally necessary 10 be able to control these
systems effectively. This basic problem is common 1o many issues beside water management,
and process control technology continues to develop rapidly to provide the required
capabilities, It is these capabilities which need to be assimilated by the water and wastewater
industry if the benefits of integrated planning are to be fully realised.

This project aimed to build capacity within the industry by demonstrating and apply advanced
control techniques 10 water treatment processes. Target levels were senior managers (an
appreciation of the potential), middle managers (project identification and management) and
engineers (implementers of the advanced control systems). The application of advanced
process control techniques should reveal that opportunities exist for enhanced management
and operation of water systems.

Following the recent replacement of analogue control systems in the industry with digital
systems (SCADA and DCS), there has been little advantage taken of the ability of digital
computers 1o work quite differently from the old analogue control loops. Instrument
technicians have been inclined to translate the old loops one-by-one into the equivalent digital
controllers. This ignores the ability of the computer systems to take many input vanables into
account in an algorithm, possibly manipulate many outputs simultaneously, and indeed to do
far more complex calculations in the control algonithm itself.

The identification of suitable demonstration applications was considered best achieved in
discussion with the key water industnes, in this case the Umgemi Wiggins Water Works and
the Ethekwini Municipality Water Services.

1.  Project Objectives

(1) To demonstrate the use of advanced process control for integrated management of water
and wastewater systems in the South Afncan Water Industry.

(2) To develop advanced control systems for managing selected water and/or wastewater
treatment systems.

(3) To develop advanced process control as a 1ool which will enhance the capacity of the
South African Water Industry 1o achieve greater integration of the management of water
and wastewater.

2. Overall course of the project

Two demonstration projects were initially proposed to explore the principle of Advanced
Control in the water industry:

(a) Chlorine concentration control at the exit of Durban’s Umgeni-Wiggins waterworks.
(b) Optimal distnbution of water downstream of the waterworks in the municipal reservoir
network of Durban,




During 2000, several meetings were held separately with stafT at the Umgeni Wiggins Water
Works (led by Dan Naidoo) and the Ethekwini municipality water services (led by Reg
Bailey). in order to finalise the scope and objectives of these two studies

(Al) chlorine composition 10 be controlled at the exit of the conditioning reservoir of the
Umgeni Wiggins Waterworks
(A2) chlonne composition control to account for
(1)  varving chlonne loss rate
(11)  varving reservoir level
(1)  varying reservoir inflow and outflow
(iv)  flow pecularitics within the reservoir. to be dentified through CFD
modelling

(B1) targer application for water distnbution optimisation to be Durban’s Southem
Aqueduct.

(B2)  cost of electrical power used in drinking water transfers was to be minimised

(BY)  chlonne usage (dosing and re-dosing) in the distnibution system was 1o be mimimised,
vet the target chlonne concentration range at the consumer end was 10 be maintained.

I'he LIPE-INSA (Laboratoire d’'Ingénierie des Procédés de I"Environnement, Institut National
des Sciences Appliquées) in Toulouse, France, is a Chemical Engincenng laboratory with
extensive expenience in the investigation of water treatment processes. One of their strengths
is in the group of Prof Alain Liné, which is expenienced in the CFD (Computational Fluid
Dynamic) modelling of these processes.  There was exasting research collaboration between
Prof Mike Mulholland of the School of Chemical Engincering in Durban, and Prof Mane-
Veronique Lelann of INSA (Institut National des Sciences Appliquées, Deépartement de
Geénie Electrique €t Informatique) and CNRS LAAS (Laboratoire d”Analvse et d”Architeciure
des Systemes) in Toulouse, who has a close relationship with the LIPE laboratory. Professors
LelLann and Mulholland were alrcady collaborating in the areas of process modelling and
control.

In order 10 utilise the various skills of Professors Mulholland. Lelann and Liné, two projects
were set up to meet the above objectives using MScEng rescarch students from Toulouse, Ms
Amelie Pastre and Mr Cédnc Biscos.

Both of these students were from Prof Lelann’s original institution in Toulouse: ENSIGC
(Ecole Nationale Supénieure d'Ingénieurs de Geénie Chimique, later becoming ENSIACET:
Ecole Natonale Supéricure d'Ingénmieurs en Arts Chimiques ¢t Technologiques). This
Chemical Engineening School falls under the INP-T (Institut Nationale Polytechnique de
loulouse).

Professor Mulholland (School of Chemical Engincenng, University of KwaZulu-Natal,
Durban) supervised the work, and it was co-supervised by Professor Buckley and Mr
Brouckaert of the Pollution Research Group in that School, as well as by Prof M-V Lelann
from Toulouse. Prof. Alain Liné was able 10 assist duning the course of the studies on CFD
Issues

In January 2001, the two rescarch students attended some instruction in CFD techniques given
by Prof Liné at the LIPE laboratory in Toulouse. At the end of January they amved in Durban
to commence the projects. Dunng the first 6 months they also undertook coursework in
Process Control and Real-time Process Data Analysis. During this first year there was also a
sequence of meetings with all concerned separately at the Umgent Wiggins Water Works. and
at the Exthekwimi Water Senvices.




During 2002 it proved possible 1o bring the chlonne concentration control study (A) virtually
10 a conclusion. The CFD modelling of flow in the reservoir was completed. and 1t proved
possible to simulate this with a simple compartment model. That model then formed the basis
of a Kalman filter for real-time identification of the chlonne decay rate constant, which in
term formed the basis of a Dynamic Matrix Control (DMC) predictive controller. By October
2002, the necessary algonthm was mounted and operating on the Umgeni Wiggins Water
Works® Adroit SCADA system. However, there were some obvious problems with the
algorithm. These stemmed from the way the filler-bed discharges upset the inlet chlorine
measurement, and finally, the fact that operators were actually working according to an
alternative chlonne monitor at the reservoir exit. Fair operation was ultimately obtained. The
MScEng degree was awarded 10 Amelhie Pastre cum laude in December 2003, Nevertheless, it
had been observed that the predictive horizon of the controller should be extended. and tuning
slackened. This was not done at the time, s0 it came as a surprise in May 2004, 10 learn that
the algonthm was in regular use at the water works, in spite of the sub-optimal tuning.

In the meantime, the water distnbution study (B) took longer. The Southem Aqueduct
solution by MINLP (Mixed Integer Non-linear Programming) turned out to be a very large
multivanable problem. Our onginal DICOPT-CONOPT solver in GAMS proved capable of
solving only relatively small subsections of the Southern Aqueduct. The problem was
simplified by taking the network pressure-balance out, just working within the constraints of
maximum observed flows in any one piping section. Finally, we experimented with the
DICOPT-CPLEX combination, which proved much more powerful at solving this type of
problem. Cédnc Biscos was faced with extensive data manipulation and lengthy computer
executions, which took him to June 2003, He subminted his MscEng thesis later in the year,
and was awarded the MScEng in May 2004, Cédric’s work ended with an off-line simulation
of a real-time optimisation of the Southern Agueduct. It could not be implemented on-line in
the course of this study, because the solution was 100 time-consuming and not 100%, reliable,
because of the lead-time that would be required to set up the software on the Metro's SCADA
system managing the network, and because of possible additional instrumentation
requirements. A thrust for future work would be 1o streamline the solution, and achieve 1007
reliability.

At the outset of the project, attempts were made to engage with managers and operators of
wastewater treatment plants to formulate a project involving control of a wastewater
treatment process. However, the idea evoked little interest with prospective partners, and
no suitable application was identified. In South Afnca wastewater treatments tend 10 be
designed to operate without automatic control; this might explain the lesser interest in
wastewater applications.  The situation tends to be similar elsewhere, although in Europe
there is a growing interest in applving tighter control to wastewater treatment plants, ofien
associated with space limitations which provide an incentive to obtaining greater throughput
from given equipment. Nevertheless, this interest is stll largely academic rather than
practical. In 2001 the 1™ International Water Association Conference on Instrumentation,
Control and Automation (ICA2001), held in Sweden, was devoted 1o the management and
control of water and wastewater treatment and transport systems. In reviewing the conference
Olsson (2002) stated: Plant wide and imtegrated control of sewer and wastewater treatment
plants was amnounced as one of the kev topics in ICA200], vet there where hardly enough
papers to cover a single session. The reason for this became clear during the session: the
ground-breaking theoretical studies have been made and further theory development is no
longer considered interesting. However, to make the next step and to implement - at least
some part of - control in the total system in reality proves to be a very tedious task. The
present obstacles seem to have more to do with data (assessment, management, analvsis) and
administration than with control algorithm issues. Moreover, since the overall objective can
still not be defined in concrete terms, the operators seem to be reluctant to embark on the idea
of integrated control approaches. ... In the survey reported by Jeppsson et at (2IN2) many




countries replied thar imtegrated control might be the main focus, but not untdd 2070, This is
essentially the same situation as encountered during this project.

3.1 Modelling and control of chlorine composition at the exit of the Umgeni-Wiggins
waterworks

The Umgeni Wiggins water works gravitates potable water from its 124 ML storage reservoir
to southem Durban and adjacent arcas. Presently the design capacity of the waterworks is 350
ML d of raw water. At the end of the treatment plant. a chlorine contact reservoir. divided
into two sections, holds treated water. Because of the vanable demand. the reservoir level and
residence time vary over a range of values. making the control of the chlonne dosing difficult.
The chlorine residual concentration declines with time. so that the outlet chlorine
concentration will depend on the residence time in the reservoir. The chlonne concentration
of final water should be kept between 0.8 and 1.2 mg/'l: above 0.8 mg'L to ensure 1t
maintains water disinfection within the distnibution network and below 1.2 mg'L to prevemt
taste and odour complaints. Prior to this investigation, the chlorine dosage in the infer of the
reservoir has been manipulated manually based on the expenence of the operators, in order to
maintain the desired ¢xir concentration

The aim of this project was to develop an effective real-time control strategy to predict and
control the chlonine concentration at the exit of the plant. and hence allow optimal targeting of
the chlorine concentration in water delivered into the Durban Metro region

3.2 Chlorine contact reservoir at the Umgeni-Wiggins waterworks

From the treatment plant, water proceeds through a pipe to the reservorr (Figure 1), The actual
chlonne addition occurs shortly before this pipe splits to supply the two reservoir sections
e levels are equal in both sections due to the interconnection of the outlets. These reservoir
sections are large: each 1s 116.5m by 76 m. The wall height 1s 7m. The inlets of | m n
diameter are positioned 1.5 m above the floor and the outlets of 3 m in diameter draw from a
trough in the floor. At the exit of this reservoir, the treated water is transferred to the Durban
Umicity buffer reservoirs according to the consumers” demand.
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Figure 1 Schemaric view of the Wiggins Warer treatment plant




The Adroit SCADA system (Supervisory Control and Data Acquisition) allows storage of
selected measured and derived vanables at specified tme intervals. The data records of
interest in this study (inlet and outlet chlorine concentration, inflow rate, outflow rate and
level for the entire reservoir) were saved at S-minute intervals,

A CFD (Computational Fluid Dynamic) analysis was performed 1o obtain an understanding of
the flow pattemn through the reservoir.

3.3 Computational Fluid Dynamic modelling of flow in the chlorine contact reservoir

For each section of the reservoir, computational domains were built with the dimensions of
the real section. The features included were the base, venical walls and baffles, inlets and
outlets. To avoid the complexities of a free surface model, the water surface was modelled as
a ngid honzontal frictionless surface. A deforming mesh was used 10 represent the change in
level as the reservoir filled or emptied with time. This model was not able to represent the
situation when the water level dropped below the top of the baffle walls. An example of the
FLUENT CFD solution for a 1.6 day peniod starting on 2592001 is given in Figure 2. This
flow ficld (speed) 1s shown at a height 3m above the base of the reservoir, whilst the actual
reservoir level is at 3.5m. There is clear evidence of channeling and relatively dead zones.
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Figure 2 Plan view of flow velocin: magnitudes in the reservoirs (level = 3.5 m)

The chlorine consumption was modelled using a first order decay with a kinetic factor of 2d”'
(Figure 3).
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routlet chiorine concentration: section | = 0.779 me L: section 2 = 0.773meg L)

As can be seen, the flows through the two sections have preferred pathways. In those pants of

the volume which are off these preferred paths, the water experiences longer residence times,

which causes the chlorine 10 be depleted. The outlet chlonne concentrations predicted by
FLUENT are compared with the real measurement data in Figure 4 Best results were
."!.'!l..“\lf- obtained with a kinetic factor of [ .5d7, which was subsequently \:;[‘,"-\".CJ f‘:.

neasurements of Kandasamy and Govender (2002)

Chlorine concentration (mg/l)

time (d)

F'o simulate a tracer test in FLUENT. a certamm amount of @ non-reactive species was added at

t ), for just one time step, to give an effective pulse in the inlet conentration.  The two

reservolr sexhions ;‘r\\:u‘cd a double ;\'4:'A in the outlet concentration FOSPROTISG, which was

subsequently simulated in MATLAB by fitting the compartment models depicted in Figure 5.
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Figure §  Compartment models giving a good fit to the RTD predicted by CFD modelling
3.4 Simulation of the chlorine contact reservoir using compartment models

Despite the better performance of the multi-compartment models in representing the reservoir
RTD. a single mixed compartment (Figure 6) was found quite adequate for identification of
the kinetic constant &, and as a hasis for the adaptive predictive control using DMC (Dynamic
Matnx Control).

L Volume balance:
dh
[em————— A—=F ~F,
A & 0
b ! Mass balance:
\ Ry A1/ Ah, "; = F(C,-C,)-kAAC,
, t

Figure 6 Single-compariment model

Since the compartment model was solved in the form of an EKF (Extended Kalman Filter), it
was a simple matter to supply the model with measured records of the exit chlonne
concentration, and to use it 10 provide instead predictions of the necessary Kinetic constant &
variation in time (Figure 7) which would account for the these measurements (given also the
records of flow, level and inlet concentration).
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1.2 Four-compartment mode
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3.5  On-line implementation of an adaptive predictive controller for chlorine
concentration
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The first part of Figure 8 has no automatic control, as is evidenced by the occasional stepping
of the hypo pump setting by the operator. Then the DMC controller (incorporating the
adaptive adjustment of the identified chlorine loss rate constant from the Kalman filter) is
switched on at the 80™ hour (shown by the “auto line “, which goes from zero 10 one). The
chlonne set point is fixed at 0.95 mg/L.

The automatic control is acceptable, perhaps a little better than the occasional adjustments of
the operators. In fact, there is some confidence in the new controller amongst the operators.
However, it may be possible 1o improve the tuning of this controller using a longer
optimisation horizon (4 hours instead of the present 2 hours). and 10 increase the move
suppression. On the plot, the main deviations from the set-point are all caused by excessive
control action - cach peak comes from an excessive hypochlonte pump adjustment - making
the controlled vanable a bit oscillatory. Other issues such as appropriate tuning of the Kalman
filter, for a desirable rate of vanation of the predicted chlorine decay rate constant, should
also be examined further.

3.6 Conclusions concerning the modelling and control of the chlorine at the exit of the
waterworks

This study had a number of distinct phases (CFD modelling. companment modelling,
identification, predictive control, real-time programming), which have been successfully
integrated 1o produce an adaptive predictive controller that has gained acceptance by the
operating stafl. It is believed that the performance can be improved further by extension of the
predictive honzon from two to four hours, and by increasing the move suppression.

This on-line implementation of advanced control in a water treatment process has shown that
there is potential for further development in this area, especially in a case like this where long
time constants, temporal changes in behaviour, and a multivanate dependency, conspire to
make intuitive operator interventions less effective.

4. Optimal operation of a water distribution network by predictive control using
MINLP

Pumping 1s one of the most important operational costs found in water distribution systems.
This 1s particularly true in the Durban Metropolitan Arca (DMA), which is a very hilly arca,
where many pumping operations are required to transfer water from one area 10 another.
Consequently, ¢Thekwini Water Services has identified pumping operations as one of the
possible domains requining operational optimisation. Although operating policies are applied
s0 that pumps do not switch on duning electneity cost peak penods as far as possible, no
strategy s currently under use 10 restrain pumping operations during intermediate and off-
peak peniods.

The maximisation of the use of low-cost power for pumping operations is the main
optimisation objective and can be achieved by using an optimal planning that will allow best
use of gravitational flows, and restnction of pumping to low-cost power periods (e.g
overnight pumping) as far as possible. This objective is constrained by the maintenance of the
minimum and maximum emergency volumes in all reservoirs, as well as a good water quality
in every parn of the distrnibution system. Longer hold-ups in reservoirs would increase chlornine
loss, which must be accounted for in an optimisation strategy. The combination of dynamic
clements (i.e. reservoirs volumes) and discrete clements (pumps and valves) makes this a
challenging predictive control and constrained optimisation problem, which has been solved
by Mixed Integer Non-Linear Programming (MINLP).




4.1 Literature relating to the operational optimisation of water distribution networks

Optimisation of water distribution svstems has received enommous attention in the past few
decades. Research i this field is stll highly active, as the complexities associated with the
operation of multiple interconnected reservoirs still exceeds the capabilities of existing
optimisation tools in finding solutions casily (Teegavarapu and Simonovic, 2002).
Minimisation of supply and pumping costs. maximisation of water quality and leak

prevention are among the main targets (Cembrano or af |, 2000)

['he first approach of dvnamic programming applied successfully on a large-scale sysiem can
be found in Fallside and Perrv (1975). In the 1980%s, one of the most relevant applications

was the implementation of the model developed by Carpentier (1983), for the southern areas

of the Pans distnbution network. His method was based on the use of dvnamic programming
technigues. which take into account the particular star structure of this supply svstem. Alla
and Jarrige (1988) present economic results conceming the use, since 1985, of a similar
system in Pans™ western areas, They highlight that the benefits. which can be realised with the
optimised sequence. lie between 0 and S % of the total operational cost of this particular pan

of the network.

Ihe recent appearance of improved Non-Lincar Programming (NLP) algonithms on the
market. handling the underlving non-linear equations describing water distnbution networks.,
convinced researchers to rather apply NLP techniques to solve this problem. Chase and
Ommsbee (1989). Lansey and Zhong (
stmulation models with non-linear optimisation algonthms to determine optimal operations

Yu ¢r al. (1994) also proposed a method based on NLP o determine the optimal operation of

1990) and Bnon and Mavs (1991) linked network-

general water distnbution svstems contaiming multiple sources and reservorrs,  These
rescarchers state that they could achieve a profit of approximately 10 % on the operabiona

costs, for a SO-node case-study network

4.2 Modelling of a water distribution network for operational optimisation
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Ihe modelling of the network of piping and reservoirs was based on a standard modelling
clement, viz. a mixed-flow vessel equipped with one nput and two separate outputs. An
optional auxiliary input can also be defined.  Figure 9 shows the standard clement with

parameters defined for the available flows strateey. These clements were inter-linked to build




up the full network description. The first modelling strategy attempted was based on
calculated flows. Friction losses and available heads were accounted for in a hydraulic model
that gave a detailed pressure-balance. Initial solutions were limited to rather small networks,
and it was difficult to get true integer solutions for the binary vanables - convergence was not
guaranteed.

The second modelling strategy, known as the available flows strategy, was much easier 10
solve, since 1t is based on a model where the pipe network hydraulics have been simplified.
Here, individual pipe sections are defined 10 have a maximum capacity - obtainable from the
observed rates of change of level in the associated reservoirs. As more pipelines and
reservoirs attempt 1o draw from any single pipeline, the total flow can become constrained by
capacity. This new strategy was easier to solve, and with the acquisition of the “CPLEX"™
solver, it was possible 10 go 10 a full representation of Durban’s Southern Aqueduct.

4.3 Operational optimisation of the distribution network based on Model Predictive
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Figure 10 Maodel predictive control over 48 hours with a 12-howr prediction horizon
I'he objective function, 10 be minimised by choosing the best settings for all valves in the
network, is based on a summation of set-point deviations over the prediction honzon ahead of

present time. The normal move suppression factor of Model Predictive Control (MPC) 1s
replaced by a term representing the cost of pumping at the current tanfl.

S = (T (P -Ty) + (-G ) o (-G
+ (7' Pump, + _I’ump_.)E,m,

X1




In this expression, volumes and chlorine concentrations, and their set-points, over the
prediction horizon, are gathered into vectors, and W, and W, are appropriate diagonal
weighting matrices that respectively penalise squared deviations from volume set-points, and
squared deviations from chlonne concentration set-points. Pump, and Pump. are vectors
containing the slope and intercept of linear pump power relationships with flow, whilst £, .
15 a scalar representing the relative penalisation for power consumption.

Ihe optimisation strategy s formulated as an MPC problem, which uses a moving-honzon,
ahead of present ume. as presented in Figure 10, For the 48h solution peniod. the length of the
control honzon used 15 12h, so a total of 60h of known feed flow data and known user
demand Mlow data has 10 be provided at the beginning of cach new experiment. The sampling
period 1s fixed to equal periods of 1h

4.4 Application of operational optimisation to Durban’s Southern Aqueduct

Ihe Southern Aqueduct supplies more than a half million people and some large industrial
areas in the southern environs of Durban. It links the Durban Heights Water Works to
Northdene, Queensburgh, and Chatsworth, and allows the provision of water 10 the Umlaz
and Amanzimtoti areas. eThekwim Water Services™ telemetry system links more than 60
telemetry outstations at the vanous reservorrs and pump stations, and 1s used 10 montor and
control the complete Southerm Aqueduct svstem from the central control room at eThekwini
Water Services head office in Central Durban

Ihere are three modes of operation of the Southem Aqueduct, of which only one will be
considered here as the basis of operational optimisation. This is the flow scheme in Figure 11,

in which gravity tlows are used as far as possible 1o reduce costs
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The modelled version included 14 reservoirs, 4 pump stations equipped cach with a single
fixed-speed pump, 8 binary valves, 10 continuous valves and |5 connections with the
reticulation system. No post-chlonination is required afier the potable water has left the
Durban Heights waterworks. Therefore, water quality objectives have no real impact in this
particular example of operational optimisation, and therefore they were dropped in favour of
objectives concentrating on the satisfaction of volume set-points and the respect of low / high
emergency volumes.
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Figure 12 Elcctricity cost structures used with the Southern Aqueduct configuration
The electricity tan T structure in Figure 12 is based on the bulk supply agreement offered 1o

industnal customers by Durban Metro Electricity. The optimisation has been performed with
the MINLP solver DICOPT++, associated with the MILP solver CPLEX and the NLP solver
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Figure 13  Pump status at the Lea Drive pump station for the true clectricity cost structure
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Figure 14  Evolution of the volume in Lea Drive reservoir (true electriciny cost)

As an example of the optimised behaviour of the network, just the Lea Drive pump and
reservoir will be examined (Figures 13 and 14). The pump is on for the first four hours of the
simulation: this is to make best use of the off-peak electnicity and fill the reservoir while the
electncity is cheaper. However, since the volume reaches its top limit before the electricity
tanfY is switched to standard, the pump has to be tumed off. The pump remains in the off
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position until the 7" hour. where it is used again for one hour. It can be observed at this point
that the electricity tanfl is charged at the peak rate. Therefore, tuming the pump on at this
time may appear odd. but there is unfortunately no choice since the volume has become very
close 10 its low-emergency constraint. This action brings the volume closer 1o its set-point,
which justifies stopping the use of the pump. However, the demand out of the reservoir is
steady, and interrupting the reservoir feed. by tuming the pump off, causes an immediate a
drop in the volume. This makes it necessary to switch on the pump again at the next time-
step, although the tanff 1s still at the peak rate. This on ./ off situation goes on until the 19
hour of simulation and. inside this interval, the optimiser needs to find a compromise between
the cost of electricity consumed and the low-volume constraint. Then, the pump remains on
until the end of the 23" hour of simulation. This is 10 make best use of the cheaper electricity,
which is charged in standard or off-peak rates. However, since the volume is quickly
corrected by the use of the pump. and reaches its high emergency constraint, the pump must
be turmed off, although at the end of the 23" hour the clectricity is still at the off-peak taniff.
When the second day of simulation starts, the situation in the reservoir is very similar to that
at the beginning of the simulation. Therefore, the pump behaviour and volume evolution over
the next 24 h are much the same as has just been descnbed for the first day of simulation.

4.5 Conclusions concerning the operational optimisation of a water distribution
network

Since operational data were not obtained for the final calibration of the model, no attempt was
made at comparing the current pumping sequence emploved by Durban Metro with the
optimised one. Further, no economic figures could be given on the Southern Agueduct to
confirm the benefit of applyving such a method. However, results such as the filling of
reservoirs 1n advance of high demand and electrnical tanft, suggest that application of these
optimisation techniques on the Southern Aqueduct would lead to a significant reduction in the
operational costs

I'he modelling method developed needs some adaptation before nt can provide on-line
optimisation of such svstems. The computational complexities escalate rapidly as the network
size grows, It is now clear that the algonithms currently used. even with the most powerful PC
technology available nowadays. would not allow the solving of such big problems, in
amounts of ume compatible with real-time application.  Nevertheless, the existing solution
could be used off-line to generate policy approaches for dealing with a senies of typical
scenarios. An interesting area of future rescarch would be streamlining of the optimisation
search, for example by searching for the best it amongst multiple pressolved optimal control
SCquences.

5.  TECHNOLOGY TRANSFER

e project aimed to build capacity within the industry to appreciate and apply advanced
control techniques, targetting senior managers (for an appreciation of the potential). middle
managers (for project identification and management) and engineers (implementers of the
advanced control systems

In the case of the chlonnation control at the Umgeni Wiggins waterworks, the installed
adaptive predictive controller has gained acceptance by the operating staft. In the process of
setting up the system and solving a mnge of problems. it was necessary to work closely with
managers. operators, and control instrumentation technicians. There is an appreciation of the
method there, and some ability to do basic maimtenance on it. In the case of the optimised
operation of water distribution for the ¢Thekwini Water Services, there were a number of
meetings with management, who appreciated the objectives. However, the study was largely
into feasibility, and was performed ofT-line, so no finished software product was handed over.
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When the projects first started, there were frequent meetings with the management stafl at
cach institution, to agree on the objectives and faciltate the work. In the case of the
chlorination control, liaison progressively moved downwards to those most directly involved
(operators and technicians). For the water distnibution, the main comtact remained at the
manager level, with some input by other engineerstechnicians, e.g. for Epanet data or
SCADA operation.

Unfortunately, the project did not succeed in the aim of training local students 1o become
advanced control enginecers. We were not able 10 recruit local candidates with the requisite
mathematical and computational skills at this time. However, two full-ime MScEng students
from Toulouse, France, were ideally suited from the modelling and control perspective, and
were available. One benefit from this has been 1o strengthen our cooperation with (and access
10 water and control technology held by) the two home institutions in Toulouse, France:
LIPE-INSA (Laboratoire d’Ingéniene des Procédés de |'Environnement, Institut National des
Sciences Appliquées) and CNRS'LAAS (Laboratoire d'Analyse ¢t d'Architecture des
Systémes). The project team members have benefitted greatly from the experience and
expertise of the French partners.

The overall aim of the project was to demonstrate the use of advanced process control for
integrated management of water and wastewater systems in the South African Water Indusiry
This was achieved directly through the implementation of the chlorination control system at
the Wiggins Water Treatment Works, and indirectly through the following publications:
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()
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dristnbution <ysiem
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6.  CONCLUSIONS AND RECOMMENDATIONS

The field of control engincering is a wide one with many diverse aspects, such as
measurement  techniques, sensors,  signal  conditioners, signal  transmission  systems,
information flow, actuators and control algonthms. In this project the focus was purely on
advanced control algonithms. The conclusions drawn here must be seen in this context, they
have a firm basis where they relate 1o 1ssues within this rather narrow focus, but become
somewhat more speculative when they relate to other issues,

6.1  Conclusions

Although the project was envisaged as considering both water and wastewater applications,
the two studies that were chosen after consultation with Umgen: Water and the eThekwim
Municipality concemed only potable water, not wastewater. In South Africa wastewater
treatments tend 1o be designed 10 operate without automatic control; this might explain the
lesser interest in wastewater applications.  This is not to suggest that wastewater treatment
systems cannot benefit from the application of advanced control systems; however a great
deal of infrastructure needs 10 be in place before one can apply the Kind of algorithmic
methodology that was the focus of this project. For instance, the measurements that are
routinely made at wastewater treatment works 10 monitor the biological processes do not lend
themselves to automatic control,

The chlorination control study led 10 a successful application of the technique at the Wiggins
Water works. However this study did not really address the issue of integrated system
control: it amounted 1o the use of advanced techniques to a control a difficult single process.
On the other hand, the water distribution network was very much a complex integrated
system. In this case the study only reached the stage of developing the control algorithm and
demonstrating the feasibility of the concept. Implementation would have required a much
greater logistical effort than for the chlonnation control because of the extent of the system,
and this required a political commitment and a budget from the eThekwini City Council:
something that was not within the power of the project team to secure.

The water industry has lagged in taking advantage of advanced control techniques which are
becoming common in the chemical processing industry. Process control does not appear to be
considered a high pnonty in the industry. There is definitely potential to benefit economically
and in terms of safety through the use of these methods, as demonstrated in more
accurate/appropniate chlorine dosing (minimising excesses), mimimisation of the use of high-
tanf¥ electneity, or merely complying with the minimum and maximum emergency levels
required in reservoirs.

The barniers to implementation are largely related to capacity within the water industry. The
belief is quite often expressed that advanced control can compensate for lack of sophisticated
operational personnel, however this is only true 10 a limited extent. Supporting and
maintaining the advanced control system requires even more sophisticated personnel, though
possibly a relatively small number of them. Thus advanced control is not likely 1o provide a
solution for small, poorly operated systems in the near future. If it is desired to have
treatment plants operating under remote control and monitored by a central core of expent
stafl, then the industry needs to attract control engineers and build up this capacity. However
the large cities in South Africa are developing sophisticated integrated systems in response 10
the need 10 extend services to as many people as possible while using as few resources as
possible. Advanced control clearly has an important role 10 play in making these systems as
efficient as possible.
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6.2  Recommendations

Regarding chlorine dosing control

The situation encountered at the Wiggins Treatment Plant must be similar to those at many
water works around the country. There 1s therefore scope 10 replicate the control scheme in
partnership with a commercial vendor of process control systems

Ihe reasons why the process is difficult 10 control anse to some extent from the hydraulic
design of the svstem, which was clearly undertaken without controllability in mind. The
design of the conditioning reservoirs needs to avoid dead volume and channelling. New
installations should be designed to make their control as casy as possible. There may be other
units in water treatment that could be better designed nowadays to take advantage of modern
process control.

Nevertheless, despite the complex channelling and dead-volume behaviour predicted by CFD,
the actual chlorine loss behaviour was quite adequately modelled using a single stirred reactor
volume, albeit with a smaller active volume. Very significant vanations in the effective
chlorine decay rate constant were identified by the Kalman filter - by a factor of up 10 2d’
Although this was probably an artificial result of the simplified model, it was shown to
control the process well in practice.  Thus model based control is a viable option where
circumstances make an awkward hvdraulic design unavoidable,

Regarding warer distribution control

I'he situation encountered in Durban’s Southermn Aqueduct 1s also similar in other large cimes.
s0 there 1s potential for the envisaged control system 1o be replicated widely. Because of the
very large power requirements of water distribution systems, the peak load shedding method
developed dunng the project could have significant implications for power distnibution
management as well as for water management. This could be a very beneficial line of
rescarch,

Further work needs to be done 10 make the control algonthm practically implementable. The
main issues that still need to be addressed are reducing the computation time and
incorporating feedback 10 account for deviations from anticipated water demands

Reearding advanced comtrol in the water indusin

There 1s a growing need [or integrated management of resources, of which water is one of the
most important. Advanced control methods will be required as pant of the management
strategy and the water industry therefore needs to build technical capacity in this arca. This
will involve traimning and recruiting of control engineers and technicians, and promoting the
application of advanced control through forums such as WISA. In the field of wastewater
treatment, the philosophy of designing and operating wastewater treatment plants will have to
be extensively revised in order to establish an environment which 1s conducive 10 the
application of integrated control techniques so as to improve performance and reduce costs
and environmental burdens

v




ACKNOWLEDGEMENTS

The research in this report emanated from a project funded by the Water Research
Commission and entitled :

THE OPTIMISATION OF WATER AND WASTEWATER TREATMENT AND SUPPLY
SYSTEMS USING ADVANCED PROCESS CONTROL TECHNIQUES

The authors thank the Steenng Committee responsible for this project for it guidance. Its
members were:

Mr GN Stieenveld Water Research Commission (Chairman)
Ms S Chetty Water Rescarch Commission (Secretary)
Prof E Boje University of KwaZulu-Natal

Mr R Rajagopaul Umgeni Water

Mr R Bailey eThekwini Water Services.

The financing of the project by the Water Research Commission and the contribution of the
members of the Steering Committee is acknowledged gratefully.

This project was made possible by the co-operation of eThekwini Water Services and Umgeni
Water.  In particular, the authors express their gratitude for the guidance provided by a
technical committee which included :

Mr D Naidoo Umgeni Water

Mr M Docrat Umgeni Water

Mr P Bahrs Umgeni Water

Mr M Pryor Umgeni Water
xviii




TABLE OF CONTENTS

EXECUTIVE SUMMARY i
ACKNOWLEDGEMENTS xviii
TABLE OF CONTENTS xix
LIST OF FIGURES i
LIST OF TABLES i
1. IDENTIFICATION & PREDICTIVE CONTROL OF CHLORINE DOSING.....ce.. —
1.1 Introduction.............. e e RO NS s it eeiaadsisid 1
1.1.1 Umgem: Wiggins \\atcr\mrks =
1.1.2 Chlorine concentration control pmblcm ..................................... WDEUR NI
1.1.3 Aim of Umgeni-Wiggins chlonne control Study ............coocemmmmmiimmiimimisnssssssisssssssnes 3
12 RABISS TRk B A DRI i b b i 3
12.1 N S T R s ———— S
122 Chlorine contact reservoir Kinetics ..........cooevvciencennciacssaens ; S ——— K
123 Computational Fluid Dynamic (CFD) SImulation..............ccccrmmiansmmmsmsssmsssmssssssssssssssns K
124 Control of waler Ireatment PrOCESSES. ... ccciuemreessimrsssssssssssssssssses S Sm————. 5
125 Extended Kalman filter and parameter identification............ T ——— 6
1.2.6 T O — ITTO— 6
12.7 B T I o e e s 7
13 The chlonne contact reservoir at the Umgeni-Wiggins Waterworks .....cooicinncninnnscsscsssnns 7
1.3 Physical ammangement..........ccouuuinmmsnnissnsisnsssssssssssssssssssassasss il
1.3.2 DD COIMITIION o cisinmsiismsnsimsmssiossedisios it fiicusiios sl sRo N St N s SOt sosive s iio RS Toses S6EEEIIEe I
1.33 DRNICIIONS T DREHE M omovmsimisivmmpsmnermprevissmamisomssosniiiaiieii i 14
14 Computational Fluid Dynamic modeling .........cocvmmmmmmsmsmmassssssssssanses O —— 14
14.1 17— SUSEUSEIIONUESE | |
142 Computational EOMELrY ........cccvmmmmrssssmssannss b POp— PP e———— 15
143 Boundary Conditions and Initial CONAIMIONS ..........corveeeemeesissiississsiississississsssnsssssssssssassssssssssanss 17
144 R TERIIIII_=, S ———— 17
145 SIpiIe cOMPEINE BOIE] «ccciinin it —————————hest 24
1.5 ] e —— ST T e 26
1.5.1 SINGIC-COMPATUNENE MIDUEE. coccvrereeesrarersassemsorsessressrsassrssesmnssmssssssessssssssessesseasesssssanssoassassonsstassrsonsoss 26
1.5.2 L — ———— ORISR, . :
153 Use of off-line compartment models to identify k from plant B . eeeoereeeerers e 27
154 Use of off-line compartment models in a Kalman filter with fixed A .......................................... 29
1.5.5 Dynamic Matrix Control of 1-compariment model ........ccvurveerinrinnnns T ———— 29
1.6 ) ] T S ——— S
1.6.1 1-Compartment model as a basis for & identification ... 3o
1.6.2 O ST T sttt s R TRt ]
1.6.3 Operation of the adaptive controller in the Adroit system........ooovvvvniniinns S— 34
1.64 Tuning of the on-line SYStem .........coccevrvervranees R SRy .
1.6.5 On-ling parfrmanct OF The S0MDIVE PIMC i smicniiimmmosmssssnimmimeminismasmemsens 36
2. OPTIMAL OPERATION OF AWATER DISTRIBUTION NETWORK BY

PREDICTIVE CONTROL USING MINLP 38
2.) Considerations in water distnibution operational OPUMISAIION ......voriiirimscisnsnsieisssssssssnsssss 38
22 Water distnbution in the Durban Metropolitan Area..........cmmmmmmmmmmsmsmmmsmmmsisssmmms 39
23 BT S —— 40
23.1 Optimisation applied to water distnibution systems............... N vt A 40
232 Maodel predictive Control (MPO).....oiiiiiiicsissisisssassssssasssssssssasssssssssissssssssassssssss e 4
2.3.3 Mixed integer non-linear programming (MINLP)... ——
24 Modelling of a water distribution network for opcmlmnal opnmn.mun pur;x-scs PRGN |

XiX




- Mixed W t 15
244 Modellin 1

P 4 [ i1

2 L { n inee -
2 1 ) ) ) So )
J S A )

. y g

(. el o By T e e e b = 70
3. CONCLUSIONS AND RECOMMENDA 1 JONS cccmscusmssmsssmmmmmssmmemssmssemess P—— 72

S. REFERENCES .cocccorennee USRRTTSS— IR — 74

L




Figure

L% U iAhiio -

ot twd Ld e [
S MW - o

..._.
s
o~

1.39
1.40
1.41
1.42

LIST OF FIGURES

Caption

Umgeni Water ODErmtiongl BREA ........ccocisscmismsmessssssssisssmisssissrsnssassssons
Wiggins Walerworks acnial VIEW........c.eereeccecnminssessasssmsmissnssnsssaciasssssssanses
Wiggins Waterworks process diagram ...
View of the (10 Of the TESEIVORN .....cccoceccmcomscmosmssscssssssssssscssssssssssessssasee
Plan view of the Wiggins Water treatment plant.........cociiinnincniacnn
User demand profile.........ccciimimmmmmmmsmsmmssmmssmsmmssesssessssnssassmsrssssssssses
Hlustration of the inflow, outflow and level in the reservoir ...
On-line pH meter and Chlorometer at the exit of the reservoir ...
FIOWE S0 OV USNUBNIL ) coocinicssonssmssninassissamssmmisiscssssiiotioesisqioniingsnis
Concentration and level (25/0801) ...
Flow rtierant] 18wl (| NOINL) cccacosssscamsossos sssossosssosvssssssne

Chlonine concentration and level (15/01/02) ...
Level linearisation from 9h00 of 25th Augusl “OOI 10 ’Ow() of "mh
The mcsh of wclmn I uf l'K FERROOIN . cnnat it st
The mesh of 56ction 2 OF the NeEETVOIT ..ccceewecrsassrsrssasssssssasssasssssseasssassass
Simulated steady state velocity magnitude field (level =28 m).............
Plan view of both sections (level = 2. 75 M) ..ovoeociciiciiniccccinnncians
Plan view of both sections (level = 383 m) ...oiinmmmmsmmmsmsmmssmis
Plan view of both sections (Jevel = 4.77 M) ...cveeeicrraresssseansssssansssnsassrssnses
Plan view of both sections (level = 4.09m) ................. .

Plan view of both sections (level = 3.5 m) ..

Inlet chlonne concentration piecewise Im&nsalmn lrom 9b()0 ot ZSIh
August 2001 to 20h00 of 26th August 2001 .........cccererrsmssanrrssnsamsanssssnses
Simulated chlonine concentrations after 0.5d.......oooiiiiiiiiiiiiiiiiis
Simulated chlonine concentrations afier 0.7 d....... S
Simulated chlonine concentrations after 0.8 d......ooveviiciiciiiniiiiiciicns
Simulated chlorine concentrations after 0.9 d.........ccvvvvininnniiminnininin
Simulated chlonne concentrations after 1 d........o..oovcccieciinncciiiciinacnns
Companson between the predicted and measured outlet chlorine

OO ORI oo s S S
Companson of the predicted outlet chlornine concentrations with different
values of k........... N T S
Impulse tracer test simulation using CFD......iiiiiiiiiciisiiiinnns
Four-companment model ... s
Compartment with plug-flow re-circulation (six-compartment model) ...
0 2 —
Identified kinetic factor value for the three models (1071001 to 12/710/01)
Kinetic factor for the three model (15/03/02 1o 17/03/02)... .
Comparison of the Kalman-filicred predicted outlet chlunnc cunu.n!ralmn
for the 1.4 and 6-compartment MOdels ...
Inlet chlorine concentration step 1o obtain outlet step response for DMC
Control of one-compartment model with 0.035d ( lO-slcp) and 0.07 d (20-
step) optimisation horizons... PE———
Adaptive control structure .. =
Simplified flow diagram of lhc ADROII progmm ..................................
7 g T T ——
Comparison of outlet chlorine control performance by manual operation
(up 10 80 hours) and by adapll\c Dynamic Matrix Controller (afier 80

XX1

g
=

O O 00 90N =

3l
32
4
35

36




Figure Caption Page

21 Durban Metropolitan Area (DMA) 39
2.2 Model predictive control strategy ... 12
2.3 Basic structure of Model Predictive Control controllers 43
24 General representation of the standard modelling element... . 34
2.9 Hlustration of a possible linkage between two modelling elements ... 45
26 Maodel predictive control over 48 hours with a 12 hour prediction horizon 47
2.7 Rq‘u'\c-'!.x‘lnft of the standard modelling element for the available flows
Y e tnapmserts sttt e gt S p— —— =5
2.8 \ll\l P problem to solve for the operational optimisation of water supply
svstems (available Nows strategy) 53
29 Chlorine case study - d-¢lement configuration 54
2.10 Evolution of the volume in Reservoir 1 (4-clement configuration)... S5
2.11 Evolution of the chlorine concentration in Reservoir | (d-¢lement
\‘nnl"'ur’.mmll S5
2.12 Valve positions of the binary valves positioned at the input of Reservorr |
(4-¢clement CoOnBZUIAtION) ...ovoverrannnes §§
2.13 Valve positions of the binary valves pmmumd at ﬂu mpul of RL\LF\\HT
(4-¢lement configuration) SS
2.14 Operational optimisation of water supply svstems - 10-¢clement
configuration - : 57
iy b Available flows strategy OSL - 10-clement configuration: electncity cost
structure 57
2.16 Evolution of the volume n Ruc'\m. 2 (10-element configuration
constant cost) . Gt . : 57
2.17 Evolution of the volume in Reservoir 2 I["-t ement configuration - binan
cost).... TS 57
2.18 Pump status at Ju pump station for dmc'eu electnenty cost structures (|
clement configuration) - ; 58
2.19 Schematic representation of the Southern Aqueduct 59
2.20 Representation of Westville pump station within the supervisory control
system S . : ol
2 Representation of DawnchifY resenvoirs and reticulatior SVySiem w ithin the
SCADA . — . . ol
I . First scenano of operations of the Southern Aqueduct.. 6]
2.23 Electnicity cost structures used with the Southern Aqueduct configuration 62
2.24 Pump status at the Lea Drive pump station for the true electricity cost
structure . ERPOTRR—— 63
2.25 Evolution of the volume in Lea Drive reservorr (true electricity ¢ost)..... 63
2.20 Northdene 3 resenvoir, pump station and reticulation svstem 64
2.27 Pump status at the Northdene pump station for the true electricity cost
structure 64
2.28 Shallcross area reservoirs .md rc‘mula ion system......... s 63
2.29 Pump status at the Klaarwater pump station for the true electricity cost
strnucture HhH
2.30 Evolution of the volume in Klaarwater reservoir (true electnaty cost) ... 66
2.31 User demand flow out of the link 1o Shallcross reticulation svstem... 66
232 Chatsworth | reservorr, pump stations and reticulation arca 67
2.33 Pump status at the Chatsworth | pump station for the true electneny cost
structure OS
2.34 Evolution of the volume in Chatsworth 2 reservorr (true electnicity cost). 68
.39 User demand flow out of the link 1o Chatsworth 2 reticulation svstem 68

XXxu




Table

ro
-

LIST OF TABLES

Caption

Inlet chlonne concentrations for different water inflow rates and different

ki b | —

T'opology, main, and auxiliary tables for the 2 modelling elements in
1 L S PP — PRSpSp——

XX11

Page

a6




1. IDENTIFICATION & PREDICTIVE CONTROL OF CHLORINE DOSING
1.1 Introduction

This section presents an overview of the Umgen: Wiggins Water Works. It introduces the
problem of controlling the chlorine concentration at the exit of the works in the light of a
variable demand.

1.1.1  Umgeni Wiggins Waterworks

Umgeni Water 1s the largest water authonity in Kwa-Zulu Natal, The arca of supply covers
some 24 000 square kilometres with the main boundaries being the Indian Ocean in the East,
the Tugela and Moor Rivers in the North, the Drakensberg Mountains in the West and the
Mkomazi and Mzimkulu Rivers in the South (Figure 1.1).
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Figure 1.1 : Umgeni Water operational arca (Umgeni Water, 2002)

The Wiggins water works 15 situated in the Cato Manor district of Durban. The design of the
plant commenced in September 1980, The works (Figure 1.2) is designed to treat water from
the Umgeni River intake, and also water supplied from Inanda Dam. A system of five tunnels
and pipelines transfers raw water by gravity. Inanda Dam is the last dam siwuated on the
Umgeni River.
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There are several punification steps taken at the Wiggins water works 1o make water clean and
safe for domestic and industnial consumption. The process diagram of the plant 1s shown in
Figure 1.3. The water works gravitates potable water from its 124 ML storage reservoir 1o
southern Durban and adjacent arcas. Presently the design capacity of the waterworks 1s 350
ML/d of raw water. The final water has a pH ranging between 7.8 and 8.2 and a turbidity
value below 0.8 NTU.

1.1.2  Chlorine concentration control problem

At the end of the treatment plant, a chlonine contact reservoir, divided into two sections, holds
treated water (Step F, Figure 1.3). Because of the vanable demand, the reservoir level and
residence time vary over a range of values. The maximum combined capacity of the two
reservoir sections is 120 ML (7.05 m level), and the mimmum capacity is 255 ML (1.5 m
level). The daily average demand is 140 ML d. with a daily peak about 220 ML'd. However,
this can occasionally be as high as 320 ML'd, making the control of the chlorine dosing
difficult. The chlorine residual concentration declines with time, so that the outlet chlorine
concentration will depend on the residence time in the reservoir. The chlorine concentration
of final water should be kept between 0.8 and 1.2 mg/L: above 0.8 mg'l. to ensure it
maintains water disinfection within the distribution network and below 1.2 mg'L 10 prevent
taste and odour complaints. Prior to this investigation, the chlorine dosage in the inlet of the
reservoir has been manipulated manually based on the expenence of the operators.

1.1.3  Aim of Umgeni-Wiggins chlorine control study

The aim of this project was to develop an effective real-time control strategy to predict and
control the chlorine concentration at the exit of the plant, and hence allow optimal targeting of
the chlorine concentration in water delivered into the Durban Metro region.

Firstly, a Computational Fluid Dynamic (CFD) simulation was undertaken to gain an
understanding of the physical processes in the reservoir. However, this kind of modelling is
too computationally intensive to be applicable for real-time control. Therefore, three
compartment models were created to estimate the Kinetic decay factor of the chlonne and to
control the outlet chlonne concentration. These models were solved within an extended
Kalman filter. Finally, a Dynamic Matrix Control algorithm was chosen to control the outhet
chlorine concentration, using the continuously updated estimated Kinetic decay factor,

1.2 Related work by other researchers
1.2.1 Chlorine contact reservoir

The World Health Organisation (1984) guidelines state that, to achieve virus free water,
chlorinated water should receive 30 min contact time with a minimum free chlorine residual
of 0.5mgL. On the other hand, the customer will complain about the strong taste of the
chlorine if the concentration is above 1.2mg/l. Therefore managers of dnnking water
supplies are concermned about the control of the free residual chlorine concentration in the
water which leaves the plant.

One of the process approaches that has evolved since the introduction of chlonnation is the
chlorine contact reservoir. As van der Walt (2002) explained, this reservoir is at the end of the
treatment plant and aims to achieve sufficient contact time between the dissolved chlorine and
the water.

According 1o Laubush (1955) and Desjardins (1975), the products used most commonly to
obtain disinfection by chlorine are chlonne gas (Cl.), sodium hypochlonite (NaOCl), calcium
hypo-chlonite (Ca(OCl);), mono-chloramines (NH.Cl) and chlorine dioxide (ClO;). Chlonne




gas 15 the most widely used. however sodium hypochlonte 15 sometimes generated on-site

because 1t 15 easy to manmipulate and safe for the operator

These two authors emphasise the definition of the different expressions

o Combined residual chiorine 1s that residual chlonne existing in the water in chemical
combination with ammonia or organic nitrogen compounds

o Free residual chlorine 1s that residual chlonne existing in the water as hypochlorous acid
(HOCT) or hypochlorite ion (OCT)

J

o Toral residual chlovine 15 the sum of the free residual chlonne and the combined residual

chlorine

However. the term ciiforine 15 generally used for free residual chlorine concentration, Indeed.
it defines the chlonne which 1s available to disinfect the water. and on-line instruments are
available 10 measure the free residual chlorine concentration.  Thus, in the following work,

free residual chlonne will be termed as chlonne

1.2.2  Chlorine contact reservoir Kinetics

The chlonne concentration decreases with time because 1t is consumed during disinfection
and can be lost at free surfaces. The chlonne decay in tanks has not been investigated to the
same extent as the investigation of chlonne decay in pipelines. Viljoen ef al. (1997) studied
the chlorine decay in pipelines for free chlorine and for monochloramines

e the general formulation for an » order decay reaction is

rate = -<kC (r) (1.1)
| |
where rure = loss rate of chlonnetmeg L. 'd ')
. |
C = chlonne concentration (mg L)
& = chlonine kinetic factortmg' ™ | d’)

t = ume(d)
n = order of the reaction (-)

e f{ree chlonne decay showed a large vanation in decay rate constant (0.96 10 1.2 per day)

and in reaction order (0.3610 1.22)

e a lirst order decay formulation (oquation 1.2) proved a good compromise between
accuracy and simplicity
rate AkC(1) (1.2)

Fang Hua or al. (1998), Powell ¢r af (1999), and van der Walt (2002) reached the same
conclusion and found that the chlonne Kinetic factor ranged between 0.01 per day and 6 per
day for chlorine decay in pipelines. In reservoirs, water volumes are larger, so shon-circuit

ing
and re-circulation will cause deviations from plug-tlow chlonne decay. not to mention the
presence of air and differemt containment surfaces. The large surface area provided by pipe
walls 1s considered 1o play a key role in chlonne reaction in pipelines

1.2.3  Computational Fluid Dynamic (CFD) Simulation

As van der Walt (2002) explained. several attempts have been made 10 simplify the design of
contact tanks. One wav was to base the amoumt of disinfection on the product of disinfectant
concentration and the theoretical residence time based on plug flow. Unfortunately, this

" a1

conventional approach disregards possible channeling in the contact tank, and therefore ofie

leads to overestimation of disinfection effectiveness, and undersizing of the svstem




CFD (computational fluid dynamics) applies general conservation laws such as the
conservation of mass and momentum to model fluid behavior. These general laws are apphed
1o specific tank geometries. The solution of a CFD analysis is therefore uniquely defined by
the boundary conditions, and provides insight into the imternal flow structure, such as currents
and stagnant zones. This overcomes the limitation of the conventional approach as
highlighted above.

Leclerc and Grevillot (1998) and Chataigner ¢r o/ (1999) compared CFD results with
expenimental residence time distribution curves. This comparison showed that CFD results
agreed remarkably well with the conventional turbulence models, with errors ranging between
6.7% and 9.3%. Regardless of the source of error, the agreement is sufficient 10 use CFD not
only for qualitative, but also quantitative predictions.

Van der Walt's study (2002) used the FLO++ code (Le Grange, 1998) to simulate the
turbulent flow patterns. The Reynolds averaged Navier-Stokes equations and the A-g
turbulence model were used to simulate turbulent flow. Chlorine transport was modeled by a
convection-diffusion formulation with a sink term representing chlonne decay. The scalar
transport equation is given by

£ e+ LW+ L 00 = LD+ E xS+ Lo+ L x-1c (13)
et éx & ‘r Y o & .
where g = fuid turbulent viscosity (m* s™)

o - turbulent Schmidt number (-)

D = turbulent diffusivity (m” s™)

M, v = velocities in x- and v-directions (m s™')

C = chlorine concentration (mg m™)

k = rate of chlorine decay (s ')

The first term represents the unsteady chlorine accumulation, the second and third terms
represent the convection of chlorine, the fourth and fifth terms represent the diffusion of
chlorine and the last term represents the first order chlonine decay sink term. The value of &
(s') represents the rate of chlorine decay and can be adjusted 1o suit the actual chlonine decay
rate. In his study, van der Walt concluded that the CFD is able 10 model the hydraulics and
the chlonne decay accurately.

However this kind of modelling is too detailed and computationally intensive to be applicable
for real-time control, so a simplified control model will be required. The Fluent sofiware is
also not designed for on-line application.

1.24  Control of water treatment processes

The most widely practised disinfection control is to inject an overdose of chlonne at the inlet
1o the contact tank and adjust this 1o the desired free residual chlonne level in the effluent
stream. However, this method of control may not be optimal. Johnson ¢f al. (1997) described
rehiable predictions of residence time distnibutions and the use of programmable logic
controllers (which are not detailed), coupled with an understanding of chlorine disinfection
kinetics, and so offered a potential for a more efficient chlorine dosing algorithm,

Other authors, Sérodes ¢f al. (2001), created a methodology for developing decision-making
tools for chlorine disinfection control: Chlorocast” . This methodology is based on the creation
of a database based on typical situations and the use of an antificial neural network.

N




These methods work with a2 well known fixed Kinetic factor and residence time distnbution
curve. However the Kinetic factor depends on the temperature and the quality of the water. as
well as the initial concentration of free residual chlonine in the flow, which enters the chlonne
contact tank (Powell er ¢l . 1999).

I'he problem 1s that, dunng a vear, the kinetic factor has to be recalculated, depending on the
situation (dry season. rain season. winter. summer). Furthermore, depending on the plant, it is
not always possible to obtain a residence time distribution curve.

1.2.5 Extended Kalman filter and parameter identification

The equations describing the contact tank are multivariable and nonlinear with a mixture of
differential and algebraic  equations (DAE), with state vanable outputs (chlonne
concentration). inputs (flow, level). associated vanables (consumer demand) and physical
parameters (chlonne decay factor).

An obvious target here for on-line identification (for the purpose of real-time updating in a
control algorithm) 1s the Kinetic rate costant for chlonne loss. which is known to vary with a
number of conditions. There is a large number of recursive identification algorithms described
in the Iterature. Ogunnaike and Ray (1994), Astrom ¢t al. (1995) and Ljung (1999) overview
these technigues. The most popular recursive technigue for this on-line identification 1s the
Kalman filter. This approach, attnbutable to R.E Kalman, first appeared in March 1960, and
solves the recursive estimation problem. It has been described by Catlin (1980) and
Balaknshnan ( 1984). Chui et al. (1987) used a Kalman filter to estimate the state vector in a
lincar model, but it can equally be used 10 estimate the physical parameters in the modelling
cyuations

If the model is non linear, a local linearisation of the eguations can be performed at each time-
step. A Kalman filter based on this local linear model 15 called an cxtended Kalman filter
(EKF). The EKF has found many important real-time applications, one of which is adaptive
parameter wdentification. The EKF thus can be used in this way to identify, in real time, the
chlonne decay factor.

1.2.6  Model predictive control

I'he term Model Predictive Control (MPC) descnibes a class of computer control algornithms
which are used 1o obtain new scttings for the manipulated variables based on the predicted
future output of the plant (Garcia ¢ af, 1989). MPC technology was onginally developed for
power plant and petroleum refinery applications, but 1s now applied in a wide vanety of
manufactunng emvironments including chemical, food processing, automotive, acrospace,
metallurgy. and pulp and paper. Its popularity can be attributed 1o three importamt factors:

e Incorporation of an cxplicit process model into the control caleulation. This allows the
controller to deal directly with all significant features of the process dynamics.

e The plant behavior is considered over a period which extents to a future time horizon
This means that the effects of feedforward and feedback disturbances can be anticipated
and removed. allowing the controller to dnve the plant more closely along a desired future
trajeciony

e The process input, state and output constraints are directly considered in the control
calculation, so constraint violations are less likely.

Hence MPC designs have the ability 1o yield high performance control systems capable of
operating without expent intervention for long periods of time




Clarke ef al. (1987) as well as Qin ¢7 al. (1997) descnibed this algonthm, The future moves of
the manipulated vaniables are determined by minimizing the predictive set-point error subject
to operating constraints. This optimization is repeated at each sampling time based on update
information (measurements) from the plant.

1.2.7  Dynamic Matrix Control

Garcia of al. (1989) reviewed different techniques emanating from MPC: Dynamic Matrix
Control, Model Algorithmic Control, Inferential Control and Intemal Model Control. The
DMC algonthm is currently one of the most popular and widely used MPC algonthms,
because it is simple, intuitive and allows a formulation of the prediction vector in a natural
way. It is based on a lincansed step response model called the comvolution model 1o predict
the effect of possible control actions. Such a strategy enables the model-based control 10
anticipate where the process is heading.

Successful applications of DMC have been reponted in the Inerature. Cutler and Ramaker
(1980) descnibed the DMC algonthm and reported an application to a fluidised bed catalytic
cracker. A control algorithm based on the DMC has been developed by Mulholland and
Prosser (1997) following the methods of Chang and Schorg (1983), as well as Morshedi e al.
(1985). This algonithm has been applied 10 the control of the top and the bottom temperature
of a semi-industnial distillation column.

In recemt work, Guiamba (2001) examined modelling and control issues for a complex
multivanable industnal operator traiming plant, and developed and applied methods for
integrating processes, and for adapting the controller on-line to account for non-linearity.

1.3 The chlorine contact reservoir at the Umgeni-Wiggins waterworks

This section presents the chlonne contact reservoir and available measurements. It considers
also the viability of using a tracer test 10 predict the residence time distribution of the chlonine

CONLACT Teservolr,

1.3.1 Physical arrangement

In the last stage of the water treatment process (Figure 1.3), the water is chlonnated with
NaOCl and 1s stored in a reservoir, which is divided into two sections. This permits a
sufficient contact time between the water and the chlorine for water disinfection. In addition,
it provides a holding-time 10 allow any water quality problem to be corrected before the water
enters the distnbution network. Figure 1.4 1s a view on the top of the reservoir, showing the
inspection hole and the instrumentation room.
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l"igurc 1.4 : Fiew of the fop of the reservinr
Flow through the resermvoir

I'he flow configuration is illustrated in Figure 1.5. From the treatment plant, water proceeds
through a pipe to the reservoir. The actual chlonne addition occurs shortly before this pipe
sphits 10 supply the two reservoir sections. The ratio of the flow split is unknown, The levels
are equal in both sections due to the interconnection of the outlets. For operational reasons,
the flow rate through the water treatment process preceding the reservoir is Kept as steady as

}

possible. At the exit of this reservoir, the treated water is transferred to the Durban Unicity

bulfer reservorrs according 1o the consumer demand
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The buffer reservoirs supply water directly 1o consumers. When any of the buffer reservoirs
reaches the minimum level, individual pumps and valves drawing from the main aqueduct are
switched on. With many buffer reservoirs drawing water on demand, the water drawn from
the Wiggins reservoir will follow a user demand profile with typical diumnal characteristics

(Figure 1.6).

User demand
|

Time

Figure 1.6 : User demand profile

However, several large pumps at the Wiggins works are also switched on periodically 1o
transfer water 10 the Durban Heights Waterworks, which serves a different distribution area
due 10 1ts greater altitude. When these pumps switch on, there 1s a noticeable step impact on
the Wiggins outflow, with consequent decrease in level (Figure 1.7).
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Figure 1.7 : lllustration of the inflow, outflow and level in the reservoir




Depending on the difference between inflow and outflow. the water level inside the reservorr
may nse or fall. The amount of chlonne required i1s dependent on the quantity of water
present in the reservoir, and the flow rae. The longer the residence time, the more chlonne
required per unit of flow out of the reservour

Geomerry of the resermvorr sections

These reservoir sections are large: 116.5 m by 76 m. The wall height i1s 7m but the baffles
shown in Figure 1.5 are 2 m in height. The smaller baflle is § m in length, placed directly in
front of the inlet: whereas the larger baftle 1s <8 m long situated in the middle of each section
I'he inlets of | m in diameter are posiioned 1.5 m above the floor and the outlets of 3 m in
diameter draw from a trough in the floor

[nstrumentation

The inflow of the reservoir 15 measured by a crump weir and ultrasonic level device
(Milltronic Multiranger Plus. accuracy: £ 0.25% of range, range 15 set to 900 mm). The total
outflow of the reservoir is measured by magnetic flowmeters (Kent ABB. calibrated by
positive displacement tests on the storage reservoir, accuracy: £0.5%). The inlet chlorine
concentration 10 the reservoir is measured by an on-line chlorine analvser (Wallace &
lNeman, calibration against DPD method, accuracy: repeatable 10 0.1 mg'L). The outlet

chlonne concentration from the reservoir 1s also measured by an on-line chlonne analyser
(Endress & Hauser. calibration against DPD method, accuracy: repeatable to 0.1 mg/L)
(Figure 1.8). An ultrasonic level measurement device measures the level of the reservoir
(Milltronic Multiranger Plus, calibrated against the survey detail of the reservoir and on
empty distance. accuracy: =0.25% of range. range used equal 10 7.5 m).

Figure 1.8 : On-line pH meter and Chlorometer at the exit of the reservoir

A 3 to 20 mA dnver board dnves these circuits and provides an input voltage for an A'D
converter scanned by a PC SCADA (Supenvisory Control and Data Acquisition) svstem
(Adroit). This svstem processes the data, executes control loops and stores data at regular

intervals 1o assist with short-term operational decisions as well as long-term planning




1.3.2  Data collection

I'he Adrot SCADA system allows storage of selected measured and denved vanables at
specified time intervals. The data records of interest in this study (inlet and outlet chlorine
concentration, inflow rate, outflow rate and level for the entire reservoir) were saved at S
minute mntervals. Each month (from August 2001 10 April 2002). at least one week of data
was collected from the plant, analysed using Microsoft Excel and then directly imponed 10 a
Matlab file.

Figure 1.9 presents a typical set of data:
e The inflow is maintained as steady as possible

e The outfllow exhibits the step charactenistic forms that were explained in section 1,31
e The level rises when the outflow rate drops. and falls when the outflow is greater than the

inflow,
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Figure 1.9 : Flows and level (25/080])

Figure 1.12 shows the chlorine concentration and the level plotted for the same period of
time.
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Figure 1.10 : Chlorime concentration and level (25 0801

Some of the treated water 15 used to back wash the filters everv 2 h. As the flow 1s measured

at the head of works, this will not show on the flow meter. However, the chlonine dosing does
not account for this fluctuation in flow, therefore spikes occur in the reservorr ¢t chlonne
concentration as shown in Figure 1.10

he mamn problem s that there 1s no apparent correlation between the inlet chlornne
concentration vanations and the outlet chlonne concentration vanations. Indeed, with a fixed

inlet flow rate and a certain range of level and inlet chlonne concentration. the outlet chlorine

concentration shows vanations which seem unpredictable, Furthermore, the fact that available
data are for the whole reservoir and not for the separate sections (which do not have the same

O Githiculties pradicting the outlet chlonne concentration

Considering that August i1s during the cold season in Durban, another set of data dunn

g ¢ " ' 11
January (represet nge 1he Do scason ) 1s shown in Figures 111 and 1,12
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Figure L.11 : Flow rates and level (150102)
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Figure 1.12 : Chlorine concentration and level (1501402)

The data from the hot season. which is also the rainy season are much more stable. This can
be explained by the fact that, as it is the miny season, Inanda dam is full and a constant inflow
can be taken from this dam. As it is the summer and the holiday season, people are using
more water but always at the same period of the day so the outflow is subject 1o constant
vanations. On the contrary, in winter, people used less water and not regularly so the outflow
is much more vanable.
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1.3.3 Considerations for tracer test

The reservoir sections are poorly designed from the point of view of chlonne concentration
control: they are large with just two baflles 2 m in height. whereas the level can reach 7 m.
Moreover, they do not have the same geometry and the measurement available for the inlet
flow is before the division 1o the two reservoir sections. the actual split in the flow being
unknown. To gain an understanding of the hydrodynamic behaviour of these two sections,
tracer tests were considered.

Two methods are available as explained by Environment Quebec (2002)
o Constant rate injection
e Pulse injection

The most stable fluorescent dve in chlonnated potable water is phloxine B. but it is very
expensive. Given that the reservoir sections are very large. a large amount of tracer would
have been required in carmving out a tracer test.  In addition. with changes in the outflow
being made frequently, thereby making it impossible to hold steady state for the necessary
duration of the test, the idea of doing tracer tests was finally abandoned. To gain an
understanding of the physical processes occurring in both reservoir sections, a Computational
Fluid Dynamic simulation was thus considered, since this 1s now able to give results close to
reality.

14 Computational Fluid Dynamic modelling

In this section, the behaviour of the reservoir is simulated using the Computational Fluid
Dynamic, sofiware FLUENT. This study led 10 the creation of compartment models, which
are not computationally intensive but are likely to give a good approximation of the system.

Computational Fluid Dynamics (CFD) seeks 10 find @ solution to the fundamental equations,
which descnbe the motion of Nuids. Early CFD code was often wntten for specialist
applications and nts applicability was limited to the specific problem for which it was created.
Many general purpose CFD packages are now commercially available. This mnvestigation
used FLUENT (V4.5 and V5.5) from Fluent Inc (Lebanon, New Hampshire, USA)

However the FLUENT software 1s not actually designed 10 be suitable for on-line control.
Within the framework of this project, the aim of doing CFD modelling was to gain an
understanding of the physical processes in the chlonne contact reservoir, and not 10 create a
very accurate model for predicting the outlet chlorine concentration at the exit of the
reservoir. The insight gained from the CFD model was subsequently used to guide the
development of a simplified compartment model for control purposes

1.4.1  Equations solved

The chlonne contact reservoir is a turbulent system. Turbulent flows are represented by the
partial differential Navier-Stokes equations for mass, momentum, energy, and species
consenvation. To solve these equations. FLUENT divides the space 1in which the problem 1s
posed 1o a solution mesh. which consists of a large number of cells. which fill the entire
space. The partial differential equations are discretized over the mesh and then solved
iteratively. A FLUENT simulation is considered converged when all governing equations are
balanced within an acceptable tolerance at each point in the solution domain. In this case, the
simulation was considered well converged when the normalized residuals (velocities,
pressure. turbulence, eddy dissipation, viscosity. chlonne concentration) were of the order of
X107, In this work, a k-¢ turbulence model was chosen. This model 1s a semi-empincal one
that has been proven 10 provide engineening accuracy 1n a wide vanety of turbulent flows,




This involves two additional partial differential equations for the turbulent kinetic energy (k)
and 1s rate of dissipation (£). The water level in the reservoir is time dependent. Hence the
time dependent option in FLUENT V4.5, that allows a simulation of varying fluid depth using
a deforming mesh, was used.

142 Computational geometry

The reservoir

The dimensions of the reservoirs were provided in section 1.3.1. For each section of the
reservoir, computational domains were built with the dimensions of the real section. The
features included were the base. vertical walls and baffles, inlets and outlets. To avoid the
complexities of a free surface model, the water surface was modelled as a rigid horizontal
frictionless surface. A deforming mesh was used to represent the change in level as the
reservoir filled or emptied with time. This model was not able to represent the situation when
the water level dropped below the top of the baffle walls.

To create the deforming mesh, FLUENT needs differem meshes with different heights,
assuming that the level of water 1s always equal to the height of the modelled section. An
intermediate time calculates an intermediate level by linear interpolation. Therefore, 9
computational domains were built with the same area and different heights for each, which
were extracted for the maxima and the minima of the level during 1.6 days. Figure 1.15 shows
the real vanation of the level dunng 1.6 days in August 2001 and the linear interpolation. The
inflow is taken constant at 100 ML/d.
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Figure 1.13 : Level lincarisation from 9h0 of 25" August 2001 to 20h0 of 26" August 2001

Mesh of the computational domain

In order 10 obtain a converged solution 10 the problem posed, the computational mesh
accuracy has 10 be considered. In general, the finer the mesh, the more accurate the model is
expected 1o be. However the dimensions of cach section are very large, and increasing the
number of cells in the mesh will increase the computational time, which must be considered
in the light of the limited objectives of the CFD model.




A simple mesh was built with a spacing of | m between each node, which produced a mesh

comaining 55 932 cells. which could be solved in 2 reasonable time on the available
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1.43 Boundary Conditions and Initial Conditions

Boundary conditions
Fluent provides a standard set of boundary conditions, which can be used to represent inlets,
outlets and walls.

Inlet

The FLUENT inlet velocin' boundary condition was used to define the flow at the inlet. The
area of the two reservoirs are equal, the outlets are connected and hence the water levels in the
two sections are equal, it was assumed that the flow entering each section was equal to half of
the overall low. The normal flow rate 1s equal 100 ML/d for this set of data. which means
50 ML/d to each section, 1.¢. 0.6365 m's entering through | m diameter pipes.

Outlet
The outlets (3 m by 3 m) are pits sunk into the floor of the reservoir. The outlet flow rates
were calculated by mass balance bearing in mind the rate of change of volume in the sections.

Wall
The height of the containment walls is 7 m, but the baffle walls are 2 m in height. A no slip
boundary condition was applied 1o the walls,

Initial conditions

Time dependent partial differential equations require specifications of imitial conditions
throughout the domain, and boundary conditions for the entire solution period: but initial
conditions of the problem are unknown because they are determined by the entire previous
history.

To get around this problem. a steady srate solution was obtained for the initial height and
inflow rate, Thus the steady state was considered as the imitial condition for the simulation,
Although this steady state was not an true representation of conditions 1n the actual reservoir
at the start of the simulated period, the influence of the initial conditions decreases as the
solution time increases.

1.4.4  Simulation results

A simulation of the flow pattern was first undertaken, then FLUENT was used 1o simulate the
chlonne decay side both sections of the reservoir.

Flow patterns

The section height of all the plan views shown was 3 m (ie. the view is a slice through the
reservoir at the height of 3 m independently of the water level; if the water level 1s below 3 m,
the velocity field at the free surface is shown). Since the reservoir sections never operate at
steady state, the solution shown in Figure 1.16 cannot be taken as a detailed representation of
the flow pattern in practice. However, it represents some kind of average behaviour of the
flow. It indicates the presence of preferred pathways (the light areas). particularly in section |,
for flow through the reservoir, creating relatively stagnant volumes (dark areas). The numbers
I and 2 refer 10 the sections | and 2 of the reservoir respectively.
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Starting from the initial steady state solution, the time dependemt simulation evolved over a
penod of 1.6 d as indicated in Figure 1.13. Thus, it was hoped that the dynamic state would
approach the state of the reservorr in reality, Figures 117 10 1.21 show the vanation of flow
pattemns (at the height of 3 m, or less) in the sections when the level increases with time: from
275 m (0.5d) (Figure 1.17) then 3.83m (0.7 d) (Figure 1.18) 10 .77 m (1.3 dXFigure 1.19)
and then decreases 1o 409 m 21). This
particular penod of tme has been chosen because the simulation has already calculated one

rise and one drop of level and so the influence of the |

(Figure 1.20) to finally rcach 3.5 (Figure |

utial condition should have largely

disappeared
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the reverse happens

'he chemical reaction modelling facilities of FLUENT were used to simulate the behaviour
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For the CFD simulation, the chlorine decay consumption was modelled using a first order
decay with a kinetic factor equal to 2d . The CFD simulations were repeated with kinetcs

factor of 0.5, 1. and 1.5 d". Figures 1.23 to 1.27 illustrate the FLUENT simulation with k =
T
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Figure 1.23 : Simulated chlorvine concentrations after 0.5 d
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Figure 1.25 : Simulated chlorine concentrations after 0.8 d
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As can be seen, the flows through the two sections have preferred pathways. In those parts of
the volume which are not on these preferred paths, the water experiences longer residence
times, which cause the chlorine 1o be depleted. The graphs describing the flow pattern or the
chlorine concentration inside the sections consequently show similar features. The same
conclusion can be reached regarding level: as the level increases, the chlonne concentration
decreases in cenain areas, whilst the average of the chlorine concentration also decreases (as
the level increases, the residence time of the water increases, giving the chlorine more time to
react, following the first order decay model). As the level decreases, the reverse happens. The
outlet chlonne concentrations predicted by FLUENT 1s compared with the real measurement
data in Figure | 28,
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Figure 1.28 : Comparison berween the predicted and measured outler chlorine concentration

On these curves, it was observed firstly that the two sections are not giving the same outlet
chlorine concentration. At 0.5 d and at 0.9 d of the simulation, the two curves follow the same
trend but at 1.3 d, they are completely divergent. These differences are certainly due 10 the
different geometry of the two sections.




As it has been assumed that the inflow is equally divided between the two sections, the

outlet chlorine concentration 1s the average of the two values oblained for the outlet

from cach section. The second observation was that the kinetce factor & 1s pr "\.1'\‘3. 100 ! }

(the pn Lons wlow the measurements, which ) than o h chlonne has
v":'\'_ ] & .'I il I

Simulations were conducted with different values for the kinetic factor £ (0.5: 1: 1.5 and

the

Chlorine concentration (mg/L)

I'he best results are obtained with the Kinetic factor equal to 1.5d " (which was the average
tlue found n laboratory study, which was conducted after these simulations had been
performed (Kandasamy and Govender. 2002)) AMthouerh s ;"t.fx'uf outlet chlonne
| ) | L% i ¢ OJder as o & od dat nd not 1 I pe S | }' AOANST

1 perfect match wa t required for the pumoses of the studs

Even if CFD modelling gave correct results and a good prediction of outlet chlonne

neentr ) this kind of modelling was 100 detarled and ¢ mpulationally intensive o be




Tracer test simulation using CFD

To simulate a tracer test in FLUENT, a certain amount of a non-reactive specics was added at
t = 0, for just one time step, to give an effective puise in the inlet concentration. The chiorine
inlet concentration was set 10 1g’L for the first time step only. The result of the test is
presented in figure 1.30. Initial and boundary conditions are as defined in Section 1.4.3.

Section |

Section 2

Qutlet relative tracer concentration

o

Time (d)
Figure 1.30 : Impulse tracer test simulation using CFD

Interpretation
The two peaks shown in Figure 1.30, one for each section, were explained with two different
combinations of well-mixed and plug flow compartments.

The first combination is based on dividing ¢ach section into two types of compartments. The
first type lies on the preferred path of flow, and will be termed the through-flow compariment
or volume. The second type falls off the preferred path. Thus, it does not interchange water
directly with the inlet and outlet, but rather with the through-flow volume. This situation is
similar 1o flow experienced by the backwater of a coastal lagoon, where water flows in and
out as a result of the action of the tides. but there is no through flow. For this reason, this type
of compartment will be called a ridal-flow compartment or volume (Figure 1.31).
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Figure 1.31 : Four-compartment model




I'he second combination is a compartment model with a plug flow re-circulation (Figure
1.32). In practice the plug flow region was approximated as 4 four equal stirred vessels in
senes, giving a total of six compartments

P!up flow

Ogtlet

Figure 1.32 : Compuartment with plug-flow re-circulation (six-compartment model)

These two models were created using MATLAB programming to predict the outlet chlonne
concentration, and to test the control thereof. The six<compartment model (Figure 1.32)
proved best able to simulate the double-peak R1TD ansing from summation of the predicted
RTD’s of the two reservoir sections shown in Figure 1.30. However, 1t was soon found that a
single stirred vessel, though unable to produce the double peak. proved quite adequate for
identification and control purposes, and subsequently tormed the basis of the on-line system.

1.5 Process modelling

Ihis section descnibes the single-compartment model, and how 1t is solved within an extended
Kalman filter. Then the extended Kalman filter 1s tuned. and the results conceming the open-
loop simulation are presented

1.5.1 Single-compartment model

If a mathematical model could be developed 10 represent the vanation of the chlorine
concentration n the reservorr, accounting also for the first-order chlonne loss. 1t could be
used 10 calculate the chlorine dose required to provide the correct residual concentration. In
order to implement the model on-line, the reservoir has been considered as a single
compartment (Figure 1.33).
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Figure 133 : Onc-compartment model




e Model differential equations
Volume balance:

dh i
A ?' =F -F, (1.4)
Mass balance:

dC,

Ath";_ﬁ(co“cl"k"'|h1ci (1.5)
e Model algebraic equation
Mass balances:
F,=F (1.6)
C,=C (1.7)

1.5.2  Extended Kalman filter

I'he mathematical model described above 15 non-lincar with a mixture of differential and
algebraic equations (DAE). The kinetic factor & is an unknown parameter, and it is needed by
the model to represent the outlet chlonine variation. The Kalman filter is a stochastic filter that
allows the estimation of the states of the system based on a lincar model. The extended
Kalman filter (EKF) uses local lineanisation to extend the scope of the Kalman filter 1o
systems described by non-linear ordinary differential equations (ODE). This scheme has been
applied to the state and parameter estimation using models deseribed by ODEs.

Linearisation of DAEs

By applying a Taylor series expansion and truncating after the first order term, the process
model i1s lincarised taking into account the DAE nature of the models. The differential
equations can be re-wrnitten in this form:

dy
J‘, = f(y2) (1.8)

Similarly the algebraic equations are expresses as:
0=g(y,2) (1.9)

where v 1s the vector of state variables. and = the vector of additional variables used in the
equations. The differential equations express the unsteady volume and chlorine balances in
cach compartment, while the algebraic equations express the summation and splitting of flows
between vessels, and the dependence of flows on levels.

The EKF algorithm for solution of this svstem is detailed by Pastre (2002) and Mulholland er
al (2004). The Jacobans of fand g, ic. the denvatives of all of their elements with respect 1o
the arguments of these functions, are obtained locally on each time-step by perturbation of the
argument variables. Equations (1.8) and (1.9) are expressed as a combined set of differential
equations by re-casting (1.9) as a set of differential equations with a fast time-constant,

1.53  Use of off-line compartment models to identify & from plant data

Since the compartment models are solved in the form of a Kalman filter, it is a simple matter
1o supply the model with measured records of the exit chlorine concentration, and to use it 1o
provide instead predictions of the necessary Kinetic constant £ vanation in time which would
accoumt for the these measurements (given also the records of flow, level and inlet

concentration.
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l'o explain the difference between the three curves, 1t 1s important to remember that the
kinetic factor £ is directly linked to the volume. The total volume for the three models is the
same but it 1s not shared out 1in the same way, and hence the water expenences diflerem
residence times, resulting in the deduced Kinetic factors being differenmt

It can be seen that the one-compartment

mode! (which s the simplest one) has a Kineti

factor, which does not vany ich, On the contrary, the Kinetic tactor for the six-=compartment
odel. which 1s the most comphcated. shows a wider vanation. Figure |35 presents the
identified Kinetic factor for the period 150302 1o 170302, Here, conditions differ to Figure
1.24: the level 1s almost steady but the inlet and outlet chlonne concentrations vary a lot
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Although the relationship between the identified values 1s similar, the value range of cach
kinetic factor for the March data is below that for October. which suggests that irespective of
the types of model, the kinetic value changes depending on the period of the year. This is
probably due 1o the quality of the water.

1.54  Use of off-line compartment models in a Kalman filter with fixed £

Although the model is not required in this form 10 meet the project objectives, it is instructive
to note the performance of the three differemt compartment models, in Kalman filter forma,
as they attempt to predicted the outlet chlonne concentration with a fixed Kinetic constant, but
taking the actual measured outlet chlonine concentration as feedback 1o the Kalman filter.
Fixed k values chosen from the above identifications were:

|-compartment : k=0.204"
4-compartments - k=0554"
6-compartments : k=045d"

The tuning of the filter is based on the expected error in outlet chlonne predictions compared
to the expected error in the outlet chlonine chlorine measurements. Best results were obtained

by setting the ratio of these two errors, the measurement sensitivire g 10 unity.

N
-

= Outlet chlorine concentration ..
(mg/L)

0 Time (d) 1

Figure 1.36 : Comparison of the Kalman-filtered predicted owtlet chlorine concentration for
the 1.4 and 6-compartment models

The three models have the ability to predict the outlet chlonne concentration quite closely
(Figure 1.36). The six-compartment model (C = 6) is the best one, considering that it predicts
the detailed vaniation of the observed outlet chlorine concentration (circled in Figure 1.36).
On the other hand, because it is the simplest one, the one-compartment model 1s more robust
than the others. The one-compartment algorithm was therefore selected 1o be used online, for
its simphicity and 1ts ability to predict the outlet chlonne concentration adequately.

1.55 Dynamic Matrix Control of I1-compartment model
Before going on-line with the algorithm. the dynamic matrix control (DMC) was first

attempted off-line, using the |-compartment model to simulate the process. The background
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to DMC has been presented in section 1.2.7. Its main advantage in this apphcation s 1its

ability to deal with dead-time. and arbitranly long response times 1n the process. In the case o

the single companment, the necessary step-response for construction of the dvnamic matnx

obtained as below by stepping the inlet ¢ nne concentration (Figure 1.57)
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up 10 a given horizon ( in this illustration, 7 steps ahead). Only the first move is actually
implemented, and the entire computation is repeated on the next time-step. Industnal versions
of DMC also handle contraints on manipulated and controlled variables optimally.

The DMC algorithm minimises the weighted square deviations from set-point together with
the weighted square moves (move suppression). Experiments in tuning of the control of the 1-
compartment model suggested a gain of 10000 on the squared set-point deviations, compared
to 1 on the pump flow rate moves, for best control (ie. 10000x(chlorine range 0-1) +
1 x(pump range 0-100)°). Figure 1.38 shows the quality of control using a 0.035 day (10-step)
and 0.070 day (20-step) optimisation honizon. The observed plamt /nler C7, Concentration
(manipulated vanable: MV) and observed plant Ourler CI; Concentration (controlled vanable:
CV) are shown up 10 time = lday, at which point the contoller is switched 1o automatic
control, and thereafier the model-predicted CV is shown in response to the MV strategy
determined by the DMC algonthm, as it controls the model.
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Figure 1.38 : Comrol of one-compartment model with 0.035 d (10-step) and 0.07 d (20-step)
oprimisation horizons (control from time = 1d onwards)




1.6 On-line implementation

Isermann (1982) explained that adaptive control systems adapt their behaviour to the

changing properties of controlled processes and their signals. In the feedback adaptation
(closed loop adaptation, Figure 1.39) information on the process behaviour 1s gamed by
measunng process mput and output signals, from which parameters determining the

behaviour can be identified. Then, based on this information, the controller output signal can
be ca culated and .:d.‘.,"'.t'-_l

— re - ' n
Controller —y—

Pll‘\(\\

Figure 1,39 : Aduptive control structure
161 1-Compartment model as a basis for & identification

Ihe one-compartment model was chosen to be implemented on-line. However, some
modifications were made. There 1s evidence that the & value for chlonne loss 1s not constamt.
depending inter alia on the tme of the vear. The extended Kalman filter 1s simplified and used
-y

o find the kinetic factor & on-line as descnibed in the following equanions using the measured

- -

inlet and outlet chlorine concentration. the level and the inlet flow rate of the reservoir
Equation 1.5 can be re-wntten in the form

dC(r) 1, L & e Axh

C .1 «&k C(r) with r= (L.11)
dt r r F
wWiwre ( ?H;\'l chiionne concentration tmye. ‘ )
( outlet chlonne concentration (mg L)
! time (d)
A kinctic factor (d )

| arca of the resenvoirr{m-)

I water level (m)
F, inlet flow rate of the resenoirim .d ')
r theoretical residence time (d)

i)
5




If the first order decay 1s not included, Equation 1.11 can be integrated as

C(r+ar)=(e™)C(r)+N-e"")4 'BC (1) with 4 ! andB=-2 (1.12)
r

-
.

Now, including the first order decay with a simple Euler integration, equation 1.13 s
obtained from equation 1.12:

C(t+Ar)= AC(1)+B.C,(1)-kNC,(1)Ar  with A =¢"™ and B.=¢"™-1 (113

Thus, the main equation of the Kalman filter is obtained:
k(t + Ar) = k(1) + K[ A.C(1)+ B.C (1) - k()C(0)Ar - C(t + Ar) | (1.14)

Then, in the DMC algorithm, the dvnamic matnx (equation 1.10) i1s dependent on the kinetic
factor &, and can be updated cach time the extended Kalman filter runs, allowing for better
control of the outlet chlorine concentration. The number of optimisation steps 10 the horizon
for the DMC is set 10 40 points spaced at 3 minute intervals (2h honzon). For the 2-4 hour
response times observed under the typical reservoir volumes and flows that apply here, this
was a compromise bearing in mind the computational load.

1.6.2  On-line script program

The MATLAB test program (section 1.5) was translated into VISUAL BASIC, which is the
mathematical language read by the Scnpt Agent of ADROIT, the SCADA system operating at
the waterworks. The observed outlet chlonne concentration C(1) was filtered (10 remove
rapid measurement noise) using the following relationship:

Ceft+ ) = yCott)+( 1-3 )Cst)

where C, = filtered outlet chlonne concentration (mg/L)
C,. = observed outlet chlorine concentration (mg'L)
t = ume(d)
y = smoothing factor

This smoothed chlonine concentration is then used as feedback 1o the DMC, and, of course,
the DMC output is sent 1o the plant if the DMC. Figure 1.40 15 a ssmplified flow diagram of
the ADROIT program.
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1.6.3  Operation of the adaptive controller in the Adroit system




It is not possible to store variables in the program itself, and some of them need to be
permanently updated accounting for the previous moves. Where previous values are required
on each call of the algonithm, these vanables are defined as tags. It is then possible 10 obtain,
modify and relay them to the Configuration Agent between two runs of the program, thus
allowing them to be stored. Figure 1.41 shows the User Interface of Adroit.
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Figurc 1.41 : User Interface screen of ADROIT
1.6.4  Tuning of the on-line system

Extended Kalman filter tuning

Firstly, the extended Kalman filter gain gwas set to 100 and the Dynamic Matrix Controller
gain fFwas set to 10, both of which had been found optimal in testing the on-line system using
a model 10 represent the plant. However, the estimated kinetic constant & responded too
quickly on the actual plant. To obtain a smoother value, the extended Kalman filter gain £ has
been decreased 10 10, The Dynamic Matrix Controller gain fFwas kept at 10,

Hhpochlorite pump for inlet chlorine

The operators previously controlled the chlorine concentration in the inlet flow based on their
expenience. They did this by varying the pump flow rate of NaOC] (sodium hypochlorite or
kypo) Table 1.1 shows typical observed behaviour. Depending on the water inflow rate, and
on the inlet chlorine concentration desired, they set different values for the hypo pump flow
rate.




Table 1.1 : Inlet chiorine concentrations for different water inflow rates and different pump

’
flow rales

Inlet chlorine

te (N ® >
lion sate (ML) Pump (%) concentration (mg'l)
0 5 14
1o HS L)
140 7 14

In order to apply the required inlet chlonne concentration calculated by the DMC algonthm.
an open-loop predictor was added that sets the hypo pump flow rate 1o achieve the specified
inlet chlonne concentration, which n this case 1s the manmipulated vanable of the DMC. It was
found impossible to use the feedback measurement of the actual chlorine inlet concentration,
duc 10 large swings in this value as water is drawn to, or discharged from, the filter beds (See
Figures 1.12and 1.22)

Based on Table 1.1, the following relations have been used

(6.15x Pump Setting) +95.5
( Water Flow +2)

Predicted Inlet Chlonne Concentration = (1.16)

(Required Inlet Chlonne Concentration) = ( Water Flow +2)-95.5
6.15

Required Pump Setting =
(1.17)
I'he offset of the Water Flow by +2 1s merely a protection aganst division-hy-zero.

1.6.5  On-line performance of the adaptive DMC

I'he first part of the following graph (Figure 1.42) has no automatic control, as can be seen
from the occasional stepping of the hypo pump setting by the operator. Then the DMC
controller (incorporating the adaptive adjustment of the wdentified chlonine loss rate constant
from the Kalman filter) 1s switched on at the 80 hour (shown by the auwo switch, which goes
from zero to one). The chlonne set point is fixed 10 0.95 mg'L
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Figure 1.42 : Comparison of outlet chlorine control porformance v manual operation fup to

A howrs) and by adaprive Dynamic Matrix Controller (after 80 hours)




The automatic control is acceptable. perhaps marginally better than the occasional
adjustments of the operators. In fact there is some confidence in the new controller amongst
the operators. However. it is intended 10 improve the tuning of this controller using a longer
optimisation horizon (4 hours instead of the present 2 hours), and 10 increase the move
suppression (lower /. This will reduce the gain of the controller. which appears 1o be over-
compensating. Bearing in mind that this version of the DMC controller does not treat
constraints optimally (it simply clips hypo pump settings at maximum and minimum values),
one problem is that the hypo pump cannot be set lower than 0 ®s (whereas hypo is still being
added at 0 %6). On the plot. the main deviations from the set-point are all caused by excessive
control action - cach peak comes from an excessive hypo pump adjustment = making the
controlled variable a bit oscillatory. Other issues such as appropriate tuning of the Kalman
filter. for a desirable rate of variation of the predicted chlorine decay rate constant, should
also be examined further.




2. OPTIMAL OPERATION OF A WATER DISTRIBUTION NETWORK BY
PREDICTIVE CONTROL USING MINLP

2.1 Considerations in water distribution operational optimisation

Pumping is one of the most important operational costs found in water distribution systems.
This 1s particularly true in the Durban Metropolitan Area (DMA), which is a very hilly area,
where many pumping operations are required 1o transfer water from one area to another.
Consequently, e¢Thekwini Water Services has identified pumping operations as one of the
possible domains requiring operational optimisation. Generally, pumps are clectrically driven
and fall into two categones: the fixed-speed pumps and the variable-speed pumps. While
variable-speed pumps have several continuous operating points: fixed-speed pumps, on the
contrary, are operated according 10 binary choices: they are either on or off. Although
operating policies are applied so that pumps do not switch on during clectricity cost peak
penods as far as possible, no strategy is currently under use 10 restrain pumping operations
during intermediate and off-peak periods.

It is believed that filling storage capacities by means of pumping when the electricity is less
expensive, would allow cutting operational costs by a significamt amount. This rescarch
project was created 1o tackle this issue and it has been conducted as a case study.

General principles have been validated on a small-scale application. Once validated. the
methods have been implemented on an existing large-scale application, representing a
particular part of the water distribution network of the DMA. The maximisation of the use of
low-cost power for pumping operations is the mam optimisation objective and can be
achieved by using an optimal planning that will allow best use of gravitational flows, and
restriction of pumping to low-cost power periods (e.g. overnight pumping) as far as possible.
This objective is constrained by the maintenance of the minimum and maximum emergency
volumes in all reservoirs, as well as a good water quality in every pan of the distrnibution
system. Even if pumping operations are optimised, the new approach must ensure that
adequate chlorination is maintained in the treated water as it is distributed.

In the DMA the water is treated by means of chlonnation. As the network covers a wide area,
there is a need for re-chlorination at some stages. The quality of water can therefore be
guaranteed, even at final delivery points. Chlorine is a cost eflicient, casy-to-use disinfectant,
effective in killing bactena and having residual properties. Unfortunately, it produces odours
that are easily recognised by customers. When solving the problem of operational
optimisation of the water distnbution network, efforts are also made to find a compromise
between sufficient chlorination (10 ensure bacteriological quality) and providing the network
with water which consumers find pleasant to dnnk.

The combination of dynamic elements (i.e. reservoirs volumes) and discrete elements (pumps
or valves status, routing) makes this a challenging predictive control and constrained
optimisation problem. which has been solved by Mixed Integer Non-Lincar Programming
(MINLP). The MINLP algonthm is used for its ability to handle integer choices. In this
optimisation problem, the presence of integer choices arises from the use of binary valves,
and fixed-speed pumps in the distribution network. Integer choices are associated with the
status of these clements: valves open or shut / pumps on or off in this particular case.

A non-linear penalty function and several constraints are defined with respect to the equations
describing the dynamic behaviour of the system. This model is based on a standard modelling
clement, having one input and two outputs linked through a vessel of variable volume. The
physical properties of an element can be defined in such a way as to allow representation of
any item in the actual network: pipes, reservoirs, valves and pumps. The overall network is
defined by inter-linking a number of standard modelling elements. Once the network is
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represented within the model. the penalty function is minimised over a defined time honzon,
with input and output variables obeving the constraints

This non-linear optimisation requires the anticipation of a consumer demand profile, which 1s
obtained from histonical data stored by the SCADA system monitoring the network. Valve
positions, pump charactenistics, reservoir volumes, and clectnicity cost patterns are some of
the parameters required 10 achieve the operational optimisation of the svstem.

2-2 Water distribution in the Durban Metropolitan Area

I'he Durban Metropolitan Area (DMA) covers an area of approximately 1 370 square
kilometres (km') and has an estimated population of 2.77 million inhabitants residing within
its boundary. It has been extended at the end of the year 2000 and now includes large arcas of
former neighbouring councils as presented on Figure 2.1
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Figure 2.1 : Durban Metropolitan Area (DMA)

I'he raw water purchased by e Thekwini Water Services from Umgen: Water onginates from
Inanda. Nagle and Midmar dams. The toal capacity of these supply sources represents S00
million megalitres (ML) per year. Durban’s water distribution network is provided with water
amving mamnly from two waterworks: Durban Heights Waterworks and  Wiggins
Waterworks. Durban Heights Waterworks 1s the oldest and the biggest water treatment plamt
of the DMA, capable of providing up to 720 ML day of treated water. Wiggins waterworks
has been designed in the mid-cighties at a time when Durban Heights waterworks was utilised

at near full capacity. The imtial capacity of this new plant was 175 ML day. extended 1o
350 ML day in 1995




Durban Heights and Wiggins Waterworks are capable of providing to the DMA up to
1070 ML/day. of the total 1540 ML of treated water that Umgeni Water can produce each
day. During normal consumption days, only 790 ML/day are purchased from Umgem Water.
This is supplemented by approximately 23 ML/day from three small water-treatment plants
that ¢ Thekwini Water Services owns and operates.

Approximately 800 km of bulk mains convey treated water to 220 storage reservoirs within
the DMA. Water is further distnbuted via 4500 km of pipes. generally with a diameter less
than 300 mm. These secondary pipes radiate outwards from the storage reservoirs or water
treatment works. Approximately 160 test points in the piped potable water distnbution system
are continuously monitored by eThekwini Water Services 10 ensure compliance with quality
standard,

23 Literature survey of relevant techniques
2.3.1  ptimisation applied to water distribution systems

Whereas much effort has gone into the optimal design of water distribution systems, the
present work concerns their aptimal operation. The objective for this second family of
problems 1s mainly to generate control strategies ahead of present time. using predictive
techniques, to guarantee a competent service in the network, while achieving certain quality
objectives at the same time. Minimisation of supply and pumping costs, maximisation of
water quality and leak prevention are among the main targets (Cembrano er al., 2000).

The first approach of dynamic programming applied successfully on a large-scale water
distnbution system can be found in Fallside and Perry (1975). However, this attempt did not
achieve satisfactory results in the long term, which lead Coulbeck (1977) 10 offer a more
general and improved version of the original decomposition techniques developed by Fallside
and Perry (1975). Once the initial method became more robust and reliable, Fallside (1988)
conducted a study to identify what would be the requirements 10 implement the same
methodology on water distnbution systems not as highly monitored as the one they used
initially. They reached the conclusion that without the same degree of telemetry as the one
used in the Cambnidge (UK) area, it would be difficult 1o successfully apply the initial method
they developed.

In Spain, almost simultancously with Fallside and Perry’s research. Solanas (1974) created an
approximation of an existing dynamic programming algorithm, which was improved until
1988, and finally successfully implemented on the Barcelona distribution network (Solanas
and Montoliu, 1988). This approach was preferred to existing decomposition techniques
because of the highly interconnected nature of Barcelona network, which makes inefficient
the use of these 1echniques,

In the 1980°s, one of the most relevant applications was the implementation of the model
developed by Carpentier (1983), for the southem arcas of the Paris distribution network. His
method was based on the use of dynamic programming techniques, which take into account
the particular star structure of this supply system. Carpentier’s method has since been used
successfully on other areas of Pans distnibution system. For instance, Alla and Jarmige (1988)
present economic results concerming the use, since 1985, of this system on Paris’ western
areas. On the positive side, they highlight that the benefits, which can be realised with the
optimised sequence, lie between 0 and 5 %6 of the total operational cost of this particular part
of the network. However, on the negative side. these savings are expensive in terms of safety.
since reservoir levels often reach their lower emergency levels during periods where the
clectricity tanfls are high. Furthermore, pump and valve operations occur very often, which
increases operator workload significantly, since this tool does not provide automatic closed-
loop control yet.




About this time, a new trend arose due to improvement of computational resources, which
enabled the use of LP (Linear Programming) to solve the pump-scheduling problem.
Researchers became interested in LP because of the availability of new robust and efficient
methods to solve this class of problems. For example, Jowitt ¢r o/ (1988) described the use of
LP for the real-ume forecasting and control of water distnbution systems. Jowitt and
Germmanopoulos (1992) continued to work in this particular field and combined the use of LP
with an extended-period network-simulation approach. Their rescarch was aimed at
determining the minimum cost schedule of pumping, on a 24 hours basis, for a given
distnbution network. The method was apphied successfully to an existing network, for which
substantial savings on the pumping costs were achieved

In the long term however, it appeared that the resulting accuracy and relability of such
maodels could be quite poor. Consequently, one of the latest approaches consists in taking
fully into account the non-linear relationships. which are part of any pump-scheduling
problem. As for LP, the appearance of improved Non-Lincar Programming (NLP) algorithms
on the market. convinced rescarchers to rather apply NLP techniques to solve for this
problem. Chase and Ormsbee (1989), Lansey and Zhong (1990) and Brion and Mays (1991)
linked network-simulation models with non-lincar optimisation algonthms to determine
optimal operations. Yu ¢ /. (1994) also proposed a method based on NLP to determine the
optimal operation of general water distnbution systems containing multiple sources and
reservoirs. Their method does not require any network simplification. since full network
simulations are performed on the basis of optimal strategies calculated by the NLP algorithm
they used. These researchers state that they could achieve a profit of approximately 10% on
the operational costs, for a 50 node case-study network.

As NLP techniques are relatively recent, few references are available in the literature
demonstrating successful apphcation of these methods to existing installations. The work
conducted in this field is still at the stage of research. For instance. recently, a number of
European research programmes have attempted 1o produce tools applicable to a vanety of
water utilities across Europe. The most advanced one, WATERNET. aims to demonstrate the
benefits of introducing optimisation techniques to the water distribution sector. With their
work, Cembrano e¢r @l (2000) are pant of this research programme. Their work proves the
advantages of optimal control methods on the water distribution network of a Pornuguese
district. However, although they integrated their model successfully within the existing
supervisory control svstem. they have not been able to obtain integer strategies for pumping
operations, which is the final objective of the WATERNET programme.

t is nowadays clear that recent developments in the field of optimisation allow the resolution

of water distnbution problems. without applying major simplifications or decomposition
methods on the elements they include. Among rescarchers who began to explore this new
path. relatively few have reached a point where 1t 1s possible to use predictive techniques to
obtain optimal operation: using one optimisation step only, in a multi-reservoir system fitted
with several binary valves and pumps, keeping the binary nature of some vanables as an
essential pant of the formulation. The present project proposes an onginal approach to address
this important issue,

2.3.2  Model predictive control (MPC)

The methodology of all of the controllers belonging to the MPC class of algonithm is
charactenzed by the strategy summanzed i Figure 2.2, As presented in Camacho and
Bordons (1995), the future outputs for a determined honzon N (called the prediction
honzon) are predicted at each instant ¢ using the process model. These predicted outputs

depend on the known values for past inputs and outputs, up to the instant £, and on the future
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control signals, which are those to send to the system and to be calculated. The set of future
control signals is calculated by optimising a determined cnterion, in order to keep the process
as close as possible 1o the reference and conform 10 constraints, when they exist. This
criterion usually takes the form of a quadratic function of the errors between the predicted
output signal and the specified reference trajectory (or setpoint), over an N -step horizon.
Including the control effort in the objective function is optional. and ofien this term is rather
replaced by an economic objective.

PRESENT TIME

) PAST 4 FUTURE N
Predicton horzon
Control horwron
Past control signals
-aal
1 'y
J -1 n ' '-\_ Predicted controd signals
Sl
_‘ Past coputs
| J\//\
| | .
1 L1l ... t+M t*N Time

Figure 2.2 : Model predictive control strategy

The length M of the manipulated variables sequence represents the control honizon. When
the honzon i1s moved forward, only the first element of this predicted control sequence of M
steps is sent 1o the real process. Since the rest of this control sequence was calculated for, now
outdated, plant conditions, it is not adequate anymore and needs 1o be brought up to date with
the new plant conditions. This explains why the rest of control signals stored in the control
horizon are rejected

The whole sequence described above s repeated on each time-step. The penod between
controller intervention is commonly referred to as a time step or sampling instant. When this
strategy is applied 1o a constrained non-lincar model, an iterative optimisation method has to
be used for each time-step to solve for the set of future control signals
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I'he structure in Figure 2.3 shows how to implement this strategy with a controller. This
concept 1s behind most of the model predictive controllers.  The controller acts to reduce the
gap between the openloop trajectory and the setpoint trajectory up to the honzon

233  Mined integer non-linear programming (MINLP)

Mixed Inmteger Non-Linear Programming deals with optimisation technigues in which an

objective function 15 munimised (or maximised), while subjected 10 both equality and
inequality constraints, and where two types of variables can be specified: continuous or
integer vanables. Continuous vanables can take any real value within given bounds, while
integer vanables can either take 0 - 1 values or access a range of integer values. The unigue
feature of the method i1s precisely the capability of handling binary vanables, which makes it
particularly suited to represent discrete decisions in combinatonal problems. MINLP 1s a class

of these problems for which the functions involved in the problem are non-lincar

Grossman (1996) gives an extensive overview of mixedanteger techmques for algonthmic
process optimisation. The information presented about the different algonthmic families used
to solve MINLP problems has been extracted from Geoffnon (1972), Gupta and Ravindran

(1985), Duran and Grossman (1986z), Grossman ( 1989) and Quesada and Grossman (1992),

Ihe most basic form of an MINLP problem. when represented in algebraic form is as follows

minZ = /| v}

subjectto ¢ (v v)<0 jeJ (2.1)

~
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In(2.1). f(-) and g(-) are convex. differentiable constraint functions, while x and v are

the continuous and discrete vanables respectively. The set X' i1s commonly assumed to be
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In (2.2), the continuous vanables x are gencrally represented by process parameters, such as
flow rates, pressure levels, temperature, or even equipment sizing charactenstics. The
inequalities Dx € d represent lincar equalities or inequalities that involve these process

i .t _ .
parameters. As represented by x° € x € x 0, the set X' is generally constrained by known

. . l t
lower and upper bounds on the continuous vanables (respectively x° and x° )

In (2.3), the discrete vanables are generally restncted to 0 - 1 values in most applications,
which means that the corresponding set can be transformed as follows

rlaras " . |
¥ ”[l‘l&l”'l' .ALSaj- (24)

Numerous algorithms have been developed 10 solve the problem presented in equation (2.1)
However, with the application of MINLP techniques to large-scale systems, only three major
approaches have proved successful: the Generalized Benders Decomposition, the family of
Outer Approximation approaches and finally, the LP / NLP-based Branch and Bound. All of
these algorithms have in common the fact that the optimisation problem is partitioned into a
MILP master problem and several NLP sub-problems. The approaches differ by the way the
MILP and NLP problems nteract with each other.)

24 Modelling of a water distribution network for operational optimisation purposes
The modelling of the network of piping and reservoirs was based on a standard modelling

element, viz. a mixed-flow vessel equipped with one input and two separate outputs, An
optional auxiliary input can also be defined. This modelling element is presented 1in Figure
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Figure 2.4 : General representation of the standard modelling element




2.4.1  Mined-flow vessel

T'he inputs and the outputs of the standard modelling element are linked through a mixed-flow
vessel, which represents the most important part of the modelling element. The vessel’s main
parameter 15 its volume, which can either be fixed or vanable. Depending on how this volume
is defined. the vessel can represent an open storage tank. a reservoir under pressure or a pipe
offtake

When an open storage tank or an under-pressure reservoir is modelled with a standard
element, an initial volume has 10 be given. For an open storage tank, the volume i1s a vanable
of time, while for an under pressure reservoir this volume is fixed. In both cases. this volume
must be different from zero

Setpoint, low-emergency and high-emergency volumes must also be provided. Beside the
reservoir volume. the chlorine concentration in the tank also requires imtialisation. A setpoint,
a low-emergency level, a high-emergency level and a chlonne decay constant also need 10 be
defined for the chlonne property.

Within the framework of a modelling element. a pipe offtake (1. flow split) is equivalent to a
reservoir under pressure with a zero volume. Consequently, when a pipe ofMake is defined.
the volume of the mixed-flow vessel is taken equal to zero. No other parameter of the vessel
requires definition for this particular configuration

2.4.2 Application example

Consider the exampie in Figure 2.5, The lower pipe offtake of Element | (Just a pipe split) 1s
linked 10 the nput of the open reservoir Element 2, while the upper output of the open
reservoir is connected 1o the input of the pipe offtake. This configuration 15 equivalent to
having a pipe offtake linked to an open reservoir via a pipe in which water can flow in either
direction. It represents a good example of a complex configuration that can be achieved with
this model, since it 1s possible 10 feed the reticulation system linked to the upper output leg of
Element | with water coming from the open reservoir represented by Element 2

Pipe offtake connected to an open reservoir !
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On the first element, the main change occurs by the defimtion of an input leg, which is in fact |
an extension of the upper output leg of the second element. An input leg only appears on a

modelling elemem when there is an imerconnection between the current element and one or

serveral other elements. The main function of an input leg is to transmut the data from one

element to another, decoding and summing these data from the multiple legs which can anach

to the mput of the current clement.
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The input leg is the one pant of the standard element that does not need the definition of any
data in the main data table, since its properties are directly deduced from those set for the
output legs of preceding clements from which the current clement is fed. Time-dependem
vanables, like flows or chlonne concentration are the main vanables that are transmitted
between clements for the caleulation of the new volumes or chlorine concentration in the
reservoIrs.

Still on the first element, the new feed flow amriving from the second element is defined as
variable. Furthermore, the lower output leg is not connected to the reticulation system, but to
the input of the second element,

For the second element, an input leg is also defined: it represents an extension of the lower
output leg coming from the first element. Furthermore, the upper output leg of Element 2 is
linked with the input of the first element. It can be observed that the auxihary input flow has
been removed for this particular element. Typical data describing this system are presented in
Table 2.1. Negative items indicate variables which can be mampulated by the solver, the
absolute value being a srarting value for the solution.,

Table 2.1 : Topology, main, and auxiliary tables for the 2 modelling clements in Figure 2.5

(a) Topology table (b) Auxiliary data table
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2,43 Solution strategy

The optimisation strategy is formulated as a Model Predictive Control problem (MPC - see
section 2.3.2), which uses a moving-horizon, ahead of present time, as presented in Figure
2.6. The sampling period is fixed at | h. For each simulation, the length of the total period of
solution is fixed at 48 h. In other words, the solution begins a1 0 h and proceeds to 48 h. The
model is configured so that the algonthm looks ahead at immediate future demands over a
12h horizon, ie. the control horizon 12 steps ahead, and 2 total of 60 h of known feed flow




data and known user demand flow data has 10 be provided at the beginning of each new
experiment

I'is parametensation of the optimisation problem gives a good compromise between the
accuracy of the results, the amount of data to be provided and the computational ime needed

1o achieve a result
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Figure 2.6 : Maodel predictive control over 38 howurs with a 12 howr prediction horizon

2.4.4  Modelling strategics

Ihe above features are common to the two different modelling strategies successively
developed in the course of this project. However, although these strategies share a common
background, they are based on modelling concepts that do not use the same physical

principles to reach the solution of the optimisation problem

I'he first modelling strategy is referred to as the “calculated flows™ strategy. It 15 based mainly
on fnction losses and available heads. The resulting hyvdraulic model gives a detailed
pressure-halanced solution, which is used 10 ger a comprehensive representation of the
physical phenomena 1aking place in the network. Although accurate, this modelling approach
1s rather complex to solve. Intial solutions were limited to rather small networks, and it was
difficult 10 get true integer solutions for the binary vaniables - convergence was not
guaranteed. This situation would have improved had the “CPLEX"™ module been available
earlier in the project (this handles the MIP pant - Mixed Integer Programming) of the overall
MINLP solution)

Ihe second modelling straegy. known as the “available Nows™ strategy, s much easier to
solve, since it 1s based on a model where the pipe network hydraulics have been simplified.
Here, individual pipe sections are defined to have a maximum capacity — obtainable from the
observed rates of chang of level in the associated reservoirs, As more [‘Ipc.'..lnc.\ and

resenvoirs attempt 1o draw  from any single pipeline. the total low can become constrained by
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capacity. This new strategy was easier 10 solve, and with the arnival of the “CPLEX™ solver, it
was possible to go 10 a full representation of Durban’s Southern Aqueduct.

Since the “available flows™ strategy was ultimately used in the solution of the Southem
Aqueduct, it will be presented in reasonable detail. The details of the “calculated flows™
strategy, entailing the full pressure balance, are obtainable from Biscos (2004). Although this
presentation concentrates on the “available flows™ strategy, some case studies using the
“calculated flows™ strategy will also be presented.

245 Available Mlows strategy

The main feature of the available flow strategy is the definition of an hydraulic model which
simplifies the pipe network hydraulics by removing all of the pressure balances. All of the
network components are still represented using a standard modelling element, but the flows in
these clements are determined in a linear way, using a valve position or a pump status.
Essentially, the system hydraulics are solved using a mass balance approach without taking
into account the pipe frnctions. This new approach removes all of the problems of non-
hincarity linked to the use of pressure balances in the equations and simplifies the amount of
data to be provided in the model.

The standard modelling element on which this strategy 1s based is presented on Figure 2.7.

I'he mixed-flow vessel has a liquid volume 1, a volume setpoint Vg, a chlorine concentration
C. and a chlonne concentration sctpoint Cgp.
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Figure 2.7 : Represemtation of the standard modelling element for the available flows

strategn

It is constrained by the low-emergency and high-emergency volumes 1, and I, as well as
by the low-emergency and high-emergency chlorine concentration C,,, and C,.. A first-order
chlorine decay constant & 1s also defined. The auxiliary input leg is represented by its flow /.,
and its chlorine concentration C,,,. while for the output legs the upper output flow is
represented by £ and the lower output flow by /. X', and X are used to represent the valve
position or pump status, depending on which type of equipment 1s fitted on the upper and
lower output legs.
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A maximum available flow, referred 10 as £, + OF fouws # depending on the line
considered, is defined for each line. The current output flows are then calculated at each new
time-step, up to the prediction horizon, as the product of the maximum available flow of the
current pipeline and the actual valve position in this particular line. In this model. the
naximum available flows are equivalent to the flows provided by each output leg. once the
valve fited on the leg 1s fully opened. If there 1s an online pump 1n the same pipeline, its
contribution is translated into an additional Now, added 1o the initial maximum available flow
The pump contribution 1s represented by V.. « and V. 5 depending on which of the
output legs is considered

Output flows calculation

Output flows are obtained by multiplying the current valve position for the output leg by the
maximum available flow defined for that pipeline. However, the halance equations differ
slightly depending on the valve or pump configuration chosen for the current output leg

For instance. when a fixed or a binary valve is defined on the upper output leg of the current
maodelling element, the balance equation can be wntten as follows

" s '\l’omh\&d "‘.i)
Similarly, for any lower output leg
,F s ‘ 2 ’tnu-&“fﬂ ‘: H)

It is remembered that maximum available flows are fixed parameters comesponding to
maximum possible flows when valves are fully opened. These are obtained in practice from
measurements of the rates of change of reservoir volumes. Upstream limits may well mean
that sections of pipelines work below their maximum flows. When a pipeline 1s fitted with an
inline pump, the flow contibution of the pump must be added to the maximum available flow
defined with the pump offline.

’C . ,M'rl ¥ \,’-q'l ‘_",’

—s (2.8)

Fhe inflow of any modelling element 1s defined by:

i

Inflow = f__ + Z y

(29

The parameter nel, ... in equation (2.9) refers to the number of standard modelling elements
which are connected to the input of the current modelling element

Fo select the inputs that need to be included in the summing term of equation (2.9). usc is
made of a flow interconnection parameter, represented by the notation m,. This parameter may
only take values of 0 or |, depending on whether or not a connection is present between two
clements.

The values of the flow interconnection parameter are automatically determined by the model
using the topology table described above. Therefore. considening the standard element 4, the
expression represented by equation (2.9) can be transformed as follows

} im, j

Inflow = f

F asr




The index j used in equation (2.10) allows identifving the output legs of the other elements of
the network to which the input of the element i is possibly connected.

Concerning the output zone of a standard element, this is represented by the sum of both
flows leaving the current clement via its output legs. It is expressed by:

mmo“,=fl‘ -f‘ (2")
I'he volume balance is
dv e
-=.fm+z.fu-.fd-f,
dt x (2.12)
When integrated over the period £ 1o 1+ 4, the volume balance is expressed by:
dV
V(t=Ar) = V(1) + —Ar
dr (2.13)

The expression of the volume balance used at time ! is deduced from equations (2.12) and
(2.13):

o

Vievan, = V() + [ L)+ X L= £(1) = filr) A
[ |
(2.14)
When the modelling clement represents a pipe offtake or an under-pressure reservoir, a

constant volume has to be specified in the main data table (represented by a positive value).
From this, it is deduced that the term d17dr is equal to 0. Hence, the volume balance becomes:

Vir+ar), = V(1) (2.15)

Chlorine concentration balance
dvC

The accumulation is equivalent to the rate of vanation of the chlonne inventory dr
Inflow = [ _C._ + Z (r.C.)
=l '

Outflow = fC+ [,C

The consumption is represented by the natural chlonne decay inside the vessel, represented
here by first-order kinetics, This may be expressed by the term:

Consumption = kVC (2.18)

In this equation, & represents the first order chlonine-decay constant.

The chlonne concentration balance can then be deduced from equations (2.16) to (2.18):
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X . used 10 represent the vector of valve positions and pump status, or 1o/ which is the
vector of output flows. These vectors are organised as follows:

(X, ) ( f.)
“va‘ .fﬂ,
X, )
X=|Xp | f=| Ns
X, a

\X'-‘ / \ ¥}

Certain other vanables are organised similarly.

Ohjective function

I'he objective function for this optimisation problem was defined according to the work
presented about MPC techniques in section 2.3.2. In the particular example of the operational
optimisation of water distnbution networks, the move suppression factor was replaced by an
cconomic term associated 1o the cost of using fixed-speed pumps during pumping operations.

= au Wam fow .2 . == AT.sm fem =
J =(V-Vg) W,(V-Vy)+(C-Cy) W (C-Cy)
+ (7' Pump, + I’ump_.)l;'“N
In this expression. W', and W, are appropnate diagonal weighting matnces which
respectively penalise squared deviations from volume set-points, and squared deviations from
chlorine concentration set-points. Pump,; and Pump: are vectors containing the slope and

intercept of linear pump power relationships with flow, whilst E, . is a scalar representing
the relative penalisation for power consumption.

Available flows strategy problem specification
The overall problem specification for the available flows strategy is summansed in Figure
28.
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It 1s obvious that the avarlable tlows strategy. while simpler and casier 10 solve. does not
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provide an accurate model of the complex hvdraulic behaviour of a water distribution svstem
~ b, : LRl . ] > 1 o 4 : e i 4 : . 1 hend . " N
Such a simplified model can only be relied upon if validated using a full hvdraulic model of
the system, It is recommended to combine the use of the modelling strategy presentes this

paragraph with the public domain software package ePANET (Rossman, 200400), ePANET is
widely accepted as the world standard in hydraulic and water quality modelling of water
distnbution svstems, However, ¢PANET cannot be used alone 10 meet the objectives of this
project, since it 1s not an optimisation tool

2.5 ['ests of the operational optimisation using small-scale case-studies

Before ipplying the model on a real wreet .-rf\"..:'l.v' it was decided 10 deve ].~p several case
studies of limited scale to check that the two modelln 2 strategios gave lowical and reliable
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2.5.1 Case-study using the calculared flows strategy

This case study involved four standard modelling elements. Its main objective was to fulfil
chlonne concentration set-points in two demand reservoirs by mixing water armiving from two
different storage reservoirs. Since all of these reservoirs were interconnected, water could be
routed from storage reservoirs 1o demand reservoirs using several valve armangements.

As this case study concentrated on the satisfaction of chlorine setpoints, no specifications
were required on volume setpoints. However, constraints relating 1o reservoir volume hmits
and demand flows of users were still defined. It was hoped 1o provide an integer strategy for
all of the binary vanables over the complete prediction horizon.

The water distnibution system is represented by the 4-element configuration shown in Figure
29.

\ (a) Normal representation (b) In terms of modelling elements
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Figure 2.9 : Chlorine case study — d=clement configuration

The first feed reservoir has been designed so that there is always a high chlorine concentration
available @ any time: therefore, a high volume and a chlorine concentration of 1.5 mglL’
have been fixed. On the contrary. the second feed reservoir was used to supply low chlonne
concentration water to the network (chlorine concentration fixed at 0.5mg.L "). The initial
capacity of both feed reservoirs was fixed at a relatively large volume of 50 ML, so that the
volume constraints of these reservoirs had no effect. For each feed reservoir, two binary
valves were available, one for cach output leg.

At the other side of the network, the two demand reservoirs have been deliberately designed
with a small initial volume (5 ML cach) 10 speed up the concentration response in these
reservoirs. The setpoint for the concentration in both demand reservoirs was fixed to an
intermediate value (1 mg.1.”"). The first demand reservoir was initialised with a high chlorine
concentration, while the second one was initialised with an low chlorine concentration.

In both reservoirs a first order chlorine decay constant was used with a value of 2.d" (Powel
et al., 2000). All demand flows were set 10 40 ML.d ', and 10 ML.d"' was provided in each
demand reservoir by the auxiliary feed flow.,

This example was solved with the MINLP solver DICOPT=+, still associated with the MILP
solver OSL and the NLP solver CONOPT, at a ime when a license fo the CPLEX solver was
not yet available. The optimised sequence was achieved with respect to the secunty
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constraints specified on the volume in the reservoirs and on the chlorine concentration in the

resenvoirs. A good example of this can be seen on Figure 2.10 and Figure 2,11
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Volume setpoimt \‘

Volume (ML)

Figure 2.10 : Evolution of the volume in Reservoir 1 ($-clement configuration)
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Figure 2.11 : Ewvolution of the chiorine concemtration m Reservoir | (4-clement

onlivuralion)

[he optimised sequence of valve switching does not correspond nigorously 1o @ binary one,
since the solution had to be refaved tor some of the time-steps of the prediction honzon. Ths
al “ * 1
can be seen on Figures 2.12 and 2,13, which represent respectively the valve status at the inlet

of Resernvorr | and Resenvorr 2
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Figure 2.12 : Fahe positions of the binary valves positioned ar the input of Reservoir
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Figure 2.13 : Falve positions of the binary valves positioned at the input of Reservorr 2
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This result was disappointing since. in this particular configuration, the number of standard
elements used was very small. Therefore, 1t was obvious that the complex pressure-balanced
approach, which represented the core of the calculated flows strategy, had to be simplified.

252 Case-study using the available flows strategy

The I10-clemem system considered is shown in Figure 2.14. This represents a water
distnibution system which includes a waterworks composed of one storage reservoir,
connected 10 a network consisting of several pipelines linking one pump-station (composed of
a fixed-rate pump) with four storage reservoirs (preceded each by a binary valve). This
network has seven different connections with the reticulation system to users.

The purpose of this case study was to highlight the ability of the modelling approach referred
10 as the available flows strategy to produce the operational optimisation of a typical water
distnbution network. The main objective here was to reduce the pumping cost 10 & minimum,
satisfving simultaneously volume setpoints in storage reservoirs and user demand flows out of
the reservoirs, using valve arrangements and flow redirections. Water quality objectives are
also considered, but this optimisation objective was secondary. A typical electnicity cost
pattern was also defined and user demand flows were specified on output legs connected 10
reticulation. A simulation penod of 24 h was used, with a control horizon of 8h. As a result,
32 h of data had to be provided. (Later, with the purchase of a licence granting access to a
more powerful MILP solver (known as CPLEX), rather than the OSL solver used here, i
became possible to tackle the water and chlorine objectives simultaneously, and over a full
60h peniod with 12h control horizon).

—
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Figure 2.14 : Operational optimisation of water supply svstems - 0-clement configuration

Two separate simulated experiments were conducted with different electricity cost structures,
as represented on Figure 2.15.
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Figure 2.17 : Evolution of the voldume in Reservoir 2 (10-¢f
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Figure 2.18 : Available flows strategy OSL ~ li-element comfiguration: electricine cost
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H‘.L‘ l.'_T\I pattermn IS referred to as comvrant electricin cose: 1 uses the same cf(\'ln\';t\ cost

tor over the whole prediction honzon. The second structure uses time-varving parameters

for the electnenty cost

Ihe results show that the oplimised  seguency has been achieved for the two clectneny

structures. while observing the security constraints applicable 1o resenvoir volumes. A good
example of this can be seen on Figure 2,16 for the configuration based on a constant cost, and
on Figure 2.17 for the configuration using the binary (two-level) cost structure. These graphs

represent the evolution of the volume in Reservour 2 tor the two electnicity structures
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Figure 2.18 : Pump status at the pump station for different electricity cost structures
(10-clement configuration)

The electricity taniff structure has a strong influence on the optimised sequence of valve and
pump switching resulting from the operational optimisation of the system. As Figure 2.18
shows, while a constant electricity structure clearly results in a unrestricted use of the pump, it
15 obvious on the contrary that a vanable electncity cost leads to a restriction of the use of the
pump. The use of several tanff levels also results in larger deviations from the volume
setpoint in the demand reservoir. In this example, for the panicular weights chosen, the
penalty incurred from the electricity cost during the peak periods clearly outweighs any
benefit of attempting to keep the reservoir volumes close to their setpoints. A good example
of this can be seen on Figure 2.16 and figure 2.17. by looking at the differences occuming in
the evolution of the volume in Reservoir 2 when different electricity patterns are chosen.
However. the use of the pump dunng peak periods can become necessary to avoid infringing
one of the emergency volume constraints of one of the reservoirs.

This case study is also very interesting in the way that it highlights once again the anticipation
phenomenon. This can be seen on Figure 2.18 (configuration (b)), from the 11" hour of
simulation, when the pump switches on in the middle of a period when the electnicity is billed
at i1s peak rate. This preventive action occurs 1o respond 1o a problem of volume in Reservoir
2, which would only occur from the 19™ hour of simulation if nothing had been done carlier.

This study made it clear that the problems of convergence encountered with the calcuiared
Sows strategy were not only due 10 the complex modelling choices that were made, but also
probably 1o the less appropnate optimisation tools deployed initially. With the subsequent
purchase of a licence granting access 10 a more powerful MILP solver (known as CPLEX),
reliable solutions were obtained for the available flows strategy, for simultaneous water and
chlonne optimisation, for larger systems over a full 48h period with a 12h optimisation
horizon.
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2.6 Large-scale application: The operational optimisation of Durban’s Southern
Aqueduct

Ihe potable water supply 1o the Durban Metropolitan Area (DMA) 1s mainly provided from
two punfication works, which are controlled by Umgeni Water. These waterworks, known as
Durban Heights and Wiggins, abstract water from the Umgeni River. While Wiggins 15
located in the Cato Manor arca. Durban Heights is situated in Reservoir Hills, above Durhan
Durban Heights is the largest punfication plant operated by Umgeni Water and 1t supphies
Durban via the Northerm. Central and Southem Aqueduct svstems. The punfied water s
purchased in bulk from Umgeni Water and 15 distnbuted throughout the city by eThekwim
Water Senvices

2.6.1 Southern Aqueduct

The Southerm Aqueduct (Figure 2.19) supplies more than a half million people and some large
industnal areas in the southem environs of Durban. It links Durban Heights 10 Northdene,
Queensburgh. and Chatswonth. and allows the provision of water to the Umlaz: and
Amanzimtoti arcas. The oniginal aqueduct, which was installed in the carly 1960°s, 1s
equipped with a pre-stressed concrete pipeline, having a 965 mm internal diameter, It passes
mainly through suburban residential arcas, with a section traversing the Paradise Valley
Nature Reserve, It is 9 km long

The throughpat of this main was originally 128 ML.d " Since sections of the southern zone of
supply can also be fed by the central agueduct svstem via a circuitous route, the mitial
configuration could give a total peak capacity of 189 ML.d " for the south of Durban (1988
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Figure 2.20 : Representation of Westville pump station within the supervisory control system
(courtesy of ¢ Thekwini Warer Services. a non-retwrn valve appears to he missing on the main
line)

eThekwini Water Services® telemetry system links more than 60 1elemetry outstations at the
various reservoirs and pump stations, and 15 used to monitor and control the complete
Southern Aqueduct system from the central control room at eThekwini Water Services head
office in Central Durban. All of the major clements constituting the Aqueduct are represented
by a mimic graphic display on the SCADA system. Figures 2.20 and 2.21 are examples of the
interface used for representation of the Southermn Aqueduct within the supervisory coatrol
syslem
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Figure 2.21 : Represemtation of Dawncliff reservoirs and reticulation system within the
SCADA svstem (courtesy of ¢ Thekwint Water Services)

The current control strategy applied 10 the Southern Aqueduct is relatively simple. Hyvdraulic
considerations have led to the creation of a set of rules that prevent non-desirable
configurations. The relevant rules and constraints are now part of the supervisory control
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system, which means that there 1s a pre-defined response for all of the known behaviours of
the Aqueduct. For instance. when an excessive pressure drop is detected in the Umlazi arca.
the response of the supervisory system is to switch on one of the pumps of the Chatsworth
| / Umlaz: booster pump. Similarly, when the volume in Chatsworth 4 reservoir reaches its
low-emergency level, one of the pumps located at Northdene pump station is started until the
volume in the reservoir reaches a satistactory level again. It 1s obvious that the current way of
operation 15 not optimal.

On Figure 2,19, it is seen that the water can be directed to the different reticulation zones
connected to the Southern Aqueduct via several routes. Each route represents a different way
of operation of the scheme: currently. there are three different scenanos to operate the
Southern Aqueduct. The first scenario consists in maximising the use of the gravity between
the Durban Heights waterworks and the Umlazi reticulation system. The second scenanio
conveyvs the water from Durban Heights to Umlazi by transferring it via the Chatsworth 4
reservoir, Finally, the third scenano consists in simultaneously feeding Chatsworth | and
Chatsworth 4 reservoirs with the water armiving from Northdene

Only the first scenano will be considered here, as it also formed the basis of the operational
optimisation in this work. The use of the pumps is reduced as far as possible in favour of the
use of gravity, where and when possible. To achieve this objective, the pump station located
in the Northdene area is only used to supply Shallcross and Chatsworth 4 reservoirs with
potable water. The water entenng Chatsworth 4 reservorr does not go further than this
reservoir, as shown on Figure 2.22. In this scenario. the pumping taking place at the
Chatsworth | ' Umlazi booster pump only occurs in case of unexpected consumption or
during emergency situations. This first scenano is interesting in the way that it reduces the
number of pumps that must be used to convey the water as far as the Umlazi area. This
explains why this scenano, represented by Figure 2.22, was the reference for the operational

optumisabon
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2.6.2 Operational optimisation of the Southern Aqueduct

To set up all of the data tables required for the operational optimisation of the system, a large
amount of data collection had 10 be undenaken. Fortunately, an electronic version of the
Southern Aqueduct, in the ¢ePANET format, was available from eThekwini Water Services.
This file gives a very accurate representation - it is mainly used 10 test the hydraulic
feasibility of the different operating scenanos of the scheme, or to test the influence of any
maintenance operations on the hydraulics of the system. In the present work the modelled
version included 14 reservoirs, 4 pump stations equipped each with a single fixed-speed
pump, 8§ binary valves, 10 continuous valves and 15 connections with the reticulation system.
This version was kept as a reference for the construction of the data tables required by the
available flows strategy.

No post-chlorination is required after the potable water has left the Durban Heights
waterworks. Therefore, water quality objectives have no real impact in this particular example
of operational optimisation, and therefore they were dropped in favour of objectives
concentrating on the satisfaction of volume setpoints and the respect of low / high emergency
volumes. In other words, the results given by the optimisation sofiware only had to comply
with users” demand flows, as well as all of the constraints specified for low and high
emergency volumes, and at the same time minimise the pumping cost.

All of the simulations were conducted over a period of 48 h, using a control optimisation
horizon of 12 h. Therefore, according 10 the Model Predictive Control (MPC) theory
presented 1n section 2.3.2, it was necessary 10 provide data tables with 60 h of known time-
varyving rates for clectricity cost and demand flows. This allowed the algorithm to look ahead
at future demands over the full period.

The electricity cost structure for this particular example is represented in Figure 2.23.

Tarif -
t
Pock 4 Th 10h 18N g 20 B
Repeated for the following 30h
Standard - 1 4 zan
' ' 1 :
! |
Off-peak - 1 ' S =7
' | | g V0 —
0 N 12h 24h 30n 500 Time

Figure 2.23 : Electricity cost structures used with the Southern Aqueduct configuration

This tariff structure, referred to as the rrue eleciriciny cost, was based on the bulk supply
agreement offered to industnal customers by Durban Metro Electricity. It is a 3-zone tanfT
structure divided into oﬁ'-rcak. standard and peak periods. While the off-peak power is
charged at R 0.09610kWh', the standard power costs R 0.150009 kWh™' and the peak power
is billed R 0.268030kWh'' (2002 figures, courtesy of Durban Metro Electricity). Thus, with
this tanfT structure, the normal power is one and a half times more expensive than the off-
peak power and the peak power is almost three times more expensive than the off-peak

power.

The optimisation was performed with the MINLP solver DICOPT=+, associated with the
MILP solver CPLEX and the NLP solver CONOPT. An optimised sequence was achieved
with respect to the constraints specified on the emergency volumes in the reservoirs, as well
as the user demand flows.




The behaviour of the Lea Drive pump for the “true electncity cost™ tanft structure (Figure

2.23) 1s presented in Figures 2.24 and 2.25
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Figure 2.24 : Pump status at the Lea Drive pump station for the true electricity cost structure
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Figure 2.25 : Evolution of the volume in Lea Drive reservoir (rue electriciny cost)

I'he pump is on for the first four hours of the simulation: this is 1o make best use of the off-
peak electricity and fill the reservoir while the clectneity 1s cheaper. However, since the
volume reaches its upper limit before the electncnty tanff is switched to standard. the pump
has 10 be tumed off 10 respect this particular constraint. The pump remains off until the 7
hour, where it is used again for one hour. It can be observed at this point that the clectncity
tarifl is at the peak rate. Therefore, tuming the pump on at this particular time appears
undesirable, but there i1s unfortunately no choice since the volume has reached its low-
emergency constraint. This action brings the volume closer 1o its setpoint, which justifies
stopping the pump. However, the demand out of the reservoir 1s steady. and turning the pump
off causes an immediate a drop in the level. This makes it necessary to switch on the pump

again at the next ume-step. although the tantl is sull at the peak rate. This on * off situation

goes on until the 19" hour of simulation and. inside this interval. the optimiser needs 1o find a
compromise between the amount of electneity consumed and the respect of the low-volume
constraint. Then, the pump remains on until the end of the 23 hour of simulation. This 1s to
make best use of the cheaper electricity, which is charged in standard or off-peak rates
However, since the volume is quickly corrected by the use of the pump to reach its high
emergency constraint, the pump must be tumed off. although at the end of the 23" hour the
clectneity cost still belongs 10 the off-peak tanfi. When the second day of simulation starts,
the situation in the reservoir is very similar to that at the beginning of the simulation
Iherefore, the pump behaviour and volume evolution over the next 24 h are much the same as
has just been desenbed for the first day of simulation.
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Figure 2.26 : Northdene 3 reservoir, pump station and reticulation system

Let us now descnibe the pump behaviour at the next pump station located in the Northdene
arca (Figure 2.26). This behaviour i1s quite different from that occurning at Lea Dnive, as
shown in Figure 2.27
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Figure 2.27 : Pump status at the Northdene pump station for the true electricity cost structure

I'he results obtained here are indeed less oscillatory. This can be explained, since the pump
here is an in-line pump that is used to boost the flow leaving the Northdene reservoir system,
for the remote arcas of the water supply system (Shallcross, Haninager drive, Klaarwater and
Chatsworth 4 reservoirs). In constrast, the pump used at Lea Drive was used to abstract water
from the main distnbution trunk and to convey it to a single relatively small reservoir.
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Furthermore, the water flowing from the Northdene pump station can be directed 1o several
different areas. As a result, when one of the reservoirs reaches its high emergency volume,
there is no need to switch off the pump if the electnicity is still charged at the off-peak rate.
The water may indeed be conveved to one of the other reservoirs of the arca. Therefore, for
this particular pump station. the results show that the proposed optimal pumping sequence
makes best use of overmight pumping, with the pump rarely switching on dunng peak and
standard peniods. From an operational point of view, since the retention time in all of the
reservoirs of the Southermn Aqueduct is low, the reservoirs empty rather quickly: therefore, this
explains why the pump in the facility of Northdene pump station has to be working for 20 h
over the 48 h of the simulation.

The following pump station is located in the facility of Shallcross, just before the input of
Klaarwater resenvoir, as presented in Figure 2.28. Once again, the behaviour of this pump is

in Figure 2.29.

The use of the tanfl structure conforming to the bulk supply agreement gives a pumping
sequence that 18 even less oscillatory than that of Northdene pump. Since this particular
behaviour 15 linked to having the Klaarwater pump draw water out of a main line 1o conveyv it
10 a storage resenvoir, the analvsis of the optimised sequence of operation in the facility of
Klaarwater can only be conducted by looking simulancously at the evolution of the volume
in Klaarwater reservoir (Figure 2.30).
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Fi:ll’t 2.29 : Pump status at the Klaarwater pump station for the true electricity cost
structure
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Figure 2.30 : Evolution of the volume in Klaarwater reservoir (true electricine cost)

The optimised pumping sequence stants with the pump off for the first four hours of the
simulation, although the electneity is billed at the off-peak rate. Since Klaarwater reservoir
volume is initialised at its setpoint, the optimiser prefers to distribute the water armiving from
Northdene pump station to the Shallcross reservoirs and reticulation system where 1t 1s most
needed. However, once water is again available for Klaarwater reservoir, it is sent 1o the
reservoir 10 try 1o cormrect the deviation from the setpoint that resulted from not feeding the
reservoir for the first four hours. Therefore, the Klaarwater pump is switched on for two
hours, until the tanff switches to the normal rate, which reduces the gap between the current
volume 1n the reservoir and its setpoint. From this point, it could have been expected that the
pump would not switch on before the next off-peak period occurring from the 22™ hour of
simulation onwards. However, this is not the case, and as Figure 2.29 shows, the pump 1s
switched on almost for the rest of the simulation, not taking into account anymore the
different tanfl zones. Furthermore, despite the action of the pump, there is a lot of difficulty
in reducing the gap between the reservoir volume and its setpoint,

The explanation for this unexpected behaviour can be found in Figure 2.31, representing the
evolution of the user demand flow out of the Shallcross reticulation system, to0 which the
output of Klaarwater reservoir is connected.
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Figure 2.31 : User demand flow out of the link 1o Shallcross reticulation system




This figure shows clearly that at the time there is a need of water in Klaarwater reservoir,
there is also a strong demand in water from the users located in the Shalleross area. Therefore,
all of the water pumped into the Klaarwater reservoir is immediately sent to the reticulation
system, which explains why the volume remains steady in spite of the action of the pump. In
other words. the action of the pump is not sufficient to correct the deviation of the volume
from its setpoint, and the level 1s not far from the lower constraint, which explains why the
pump remains on during peniods of peak electncity cost.

T'he situation in the Klaarwater reservoir only gets back to normal at the end of the 25" hour
of simulation, with the volume crossing over its setpoint. This is made possible by the use of
the pump. in conjunction with a strong decrease in the consumption by the Shallcross
reticulation system. Since at this time, the tanff is charged at the off-peak rate. the pump
remains on for some time after the setpoint has been crossed. This is 10 make best use of
overnight pumping. which allows stonng water for further use. Unfortunately, the relief on
this particular reservoir does not last for long, with the increase in the Shalleross user demand
which materialises again from the 30" hour of simulation. With the reservoir volume
dropping quickly towards it low-emergencey constraints, there is no other choice but 10 use the
pump once again to prevent the volume crossing this low limit, with no regard to the current
cost of energy.

To summarnse the analysis conducted on the Klaarwater reservoir, it can be said that once
again these results suggest that the emergency volume limits that have been applied to the
Klaarwater reservorr are not optimal. Similarly 10 what was presented on the Lea Dnve
reservoir, important savings would be achieved on the pumping costs by allowing a more
flexible range of operation on this particular reservoir
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Figure 2.32 : Chatsworth | reservoir, pump stations and reticulation area
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Finally, the last pump station integrated in the optimisation problem is in the arca surrounding
Chatsworth | reservoir. It is used 10 boost the flow used to feed Chatsworth 2 and Chatsworth
3 reservoirs (Figure 2.32). (The pumps located in the facility of Chatsworth 1/ Umlazi
booster pump station are never switched on in this first scenano of operations).

For this particular pump station, the use of the eleciricity cost structure of the bulk supply
agreement gives results that are more complex to analyse, as shown in Figure 2.33,
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Figure 233 : Pump status at the Chatsworth | pump station for the true electricine cost
structure

The pump 1s indeed switched on over almost the full length of the simulation (38 hours of use
for a 48 h simulation), whereas the volume in Chatsworth 2 reservoir (reservoir to which this
pump station is linked) never reaches its low-emergency constraint, as shown in Figure 2.34.
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Figure 2.34 : Evolution of the volume in Chatsworth 2 reservoir (true electricity cost)

Furthermore, despite the continuous action of the pump, the volume of this reservoir remains
relatively steady and around its setpoint. Tt could be thought that this comes from the strong
user demand requested in the Chatsworth 2 area at the time, but as @ combined look at Figure
2.33, Figure 2.34 and Figure 2.35 shows, the use of the pump does not allow any correction in
the volume of the reservoir, even during low consumption periods
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Figure 2.35 : User demand flow our of the link o Chatsworth 2 reticulation system




In fact, the explanation resides in the fact that there i1s a lack of water in this part of the
Aqueduct at the time the pump tries to comrect the volume in Chatsworth 2 reservoir.
Therefore, the flow entering Chatsworth 2 reservoir by the action of the pump is far below its
maximum available flow and does not succeed in bringing the volume in the reservoir much
above 1its setpoint. This behaviour 1s an important charactenstic of the available flows
modelling strategy: the maximum available flow defined for each pipeline cannot be
guaranteed at cach-time step. This 1s another example, which shows that in general not all of
the objectives of an optimisation problem can be satisfied simultaneously. Unfortunately. this
behaviour will have strong consequences on the overall electncity cost

Although it has not been possible to compare the results given by the optimiser with the
current strategy of operation, 1t has nevertheless been possible to highlight some interesting
behaviours of the optimiser. Several examples of the presence of the anticipation phenomenon
have been given. This 1s one of the most important features of the optimiser regarding to the
operational optimisation objective, since it makes best use of overnight pumping by storing
water in the reservoir when the electricity 1s cheaper. Furthermore, it was shown that, by
extending the modelling strategy to a large-scale application, there 1s even more chance of
having 1o compromise between conflicting objectives.

Besides the final vahdation of the modelling choices presented earhier in this document, the
results obtained on the approximate version of the Southern Agqueduct have also opened a new
field of application for the particular modelling 100l developed here. For instance, to improve
the economic savings, it is clear that the software may be used to test the sensitivity to the
emergency constraints chosen for the reservorrs. Furthermore. it could be envisaged 1o use
this software tool to test the influence of different elecincity patterns on the operational costs,
therefore helping the management during their negotiations with electneity providers. Finally,
this software could also be used for the development of new scenanios of operation that are
more efficient from an economic point of view, by testing several configurations, on the same
supply system. This would however require that the hydraulics of the mew scenario be
valdated betore by software similar to ePANET for instance (10 obtain the “available Nlows™).

However, before initiating further developments, like a commercial version of the modelling
ool for instance. the next phase would be 10 calibrate more closely the model used to
represent the Southem Aqueduct. This step would be necessary 10 estimate how large the
savings on the operational costs could be on the Southermn Aqueduct. with the new sequence of
operations provided by the modelling tool. To check that this calibration 1s reliable. a good
test would be to check that the rates at which the reservoirs il are similar in both the model
and the actual network.

It 1s indeed true that the available flows strategy on which this optimisation tool was based,
while easier to solve, does not provide a complete representation of the hydraulic behaviour
of a complex distnbution system. Such a simplified model can only be relied upon if it is
validated using a full hydraulic model of the system. This 1s why 1t 1s recommended to use
this modelling tool in combination with the public domain software ePANET. to determine all
the required maximum available flows, as explained in the above sections.

Nevertheless, it 15 now clear that the modelling method developed especially for the
operational optimisation of an existing water distribution syvstem needs some adaptations
before it can provide on-line optimisations of such systems. The computational complexities
escalate rapidly as the network size grows. It is now ¢lear that the algonthms currently used,
even with the most powerful PC computer technology available nowadays would not allow
the solving of such large problems, in amounts of time compatible with an on-line application.
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3. TECHNOLOGY TRANSFER

The project aimed 1o build capacity within the industry to appreciate and apply advanced
control techniques, targetting semor management (for an appreciation of the potential),
middle management (for project identification and management) and engineers (implementers
of the advanced control systems

In the case of the chlorination control at the Umgeni Wiggins waterworks, the installed
adaptive predictive controller has gained acceptance by the operating staff. In the process of
setting up the system and solving a range of problems, it was necessary 10 work closely with
management, operators, and control’ instrumentation technicians. There is an appreciation of
the method there, and some ability to do basic maintenance on it. In the case of the optimised
operation of water distnbution for the ¢Thekwini Water Services, there were a number of
meetings with management, who appreciated the objectives. However, the study was largely
into feasibility, and was performed off-line, so no finished software product was handed over.

When the projects first started, there were frequent meetings with the management staff at
cach nstitution, to agree on the objectives and facilitate the work. In the case of the
chlorination control, liaison progressively moved downwards to those most directly involved
(operators and technicians). For the water distribution, the main contact remained at the
management level, with some input by other engineers'technicians, eg. for Epanet data or
SCADA operation.

Unfortunately, the project did not succeed in the aim of training local students 10 become
advanced control engineers. We were not able to recruit local candidates with the requisite
mathematical and computational skills at this time. However, two full-time MScEng students
from Toulouse, France. were ideally suited from the modelling and control perspective, and
were available. One benefit from this has been to strengthen our cooperation with (and access
to water and control technology held by) the two home institutions in Toulouse, France:
LIPE-INSA (Laboratoire d’Ingénienie des Procédés de I'Environnement, Institut National des
Sciences Appliquées) and CNRS/LAAS (Laboratoire d’Analyse et d’Architecture des
Systémes). The project team members have benefitted greatly from the expenence and
expertise of the French partners.

The overall aim of the project was ro demonstrate the use of advanced process control for
integrated management of water and wastewater svstems in the Sourh African Water Industry,
This was achieved directly throught the implementation of the chlorination control system at
the Wiggins Water Treatment Works, and indirectly through the following publications:

Biscos C, Mulholland M, Lelann Optinsal operation of a 2001 Intermationa! Waer Associanon Conforence
M, Backles €A, Brouckacr C) potable water dissnbetion an Waser & Wasiewaser Managemens for
Bailey R & Rowstan M network Developange Cownmries, Awvala Luvmpue. 29-31
Okctober. 201 Associationd onferinternational
. Warter Conference on Water & Wastowaser
| Mamagemont fir Developimg
Pastre A, Mulholland M. Lel ann Control of potable water 2001 Imtermanomal Waser Associaton Confer ence
M-V, Buckley CA, Brouckaert CJ, chlonnation | on Warer & Wastewater Manage mont for
Roustan M & Mabeer V Developung Countries, Kuala Lasmpeer, 29-3]
Ocsober 2] Assocsament for Doveloping
Coumiries. Auaka Lumpur, 29-31 Ociober
NN
| Pastre A, Mulholland M, Modclling and Coneral of 2002 Waser Science and Technology, 469103
- Brouchaert CJ, Buckles CA, Le Potabie Water Chlonnation 108 (2002)
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4. CONCLUSIONS AND RECOMMENDATIONS

The field of control enginecering is a wide one with many diverse aspects, such as
measurement  techniques, sensors, signal  conditioners,  signal  transmission  systems,
information flow, actuators and control algorithms. In this project the focus was purely on
advanced control algorithms. The conclusions drawn here must be seen in this context, they
have a firm basis where they relate 1o 1ssues within this rather narrow focus, but become
somewhat more speculative when they relate 1o other issues.

Conclusions

Although the project was envisaged as considering both water and wastewater applications,
the two studies that were chosen afier consultation with Umgeni Water and the ¢Thekwini
Municipality concerned only potable water, not wastewater. In South Africa wastewater
treatments tend 10 be designed to operate without automatic control: this might explain the
lesser interest in wastewater applications.  This is not to suggest that waterwater treatment
systems cannot benefit from the application of advanced control systems: however a great
deal of infrastructure needs to be in place before one can apply the kind of algorithmic
methodology that was the focus of this project. For instance, the measurements that are
routinely made at wastewater treatment works to monitor the biological processes do not lend
themselves to automatic control.

The chlorination control study led to a successful application of the technique at the Wiggins
Water works, However this study did not really address the issue of integrated system
control: it amounted to the use of advanced techmques to a control a difficult single process.
On the other hand. the water distribution network was very much a complex integrated
system. In this case the study only reached the stage of developing the control algonithm and
demonstrating the feasibility of the concept.  Implementation would have required a much
greater logistical effort than for the chlonnation control because of the extent of the system,
and this required a political commitment and a budget from the eThekwini City Council:
something that was not within the power of the project team 10 secure.

The water industry has lagged in taking advantage of advanced control techniques which are
becoming common in the chemical processing industry. Process control does not appear to be
considered a high priority in the industry. There is definitely potential 1o benefit economically
and in terms of safety through the use of these methods, as demonstrated in more
accurate appropriate chlorine dosing (minimising excesses), minimisation of the use of high-
tanifl electricity, or merely complying with the minimum and maximum emergency levels
required 1n reservoirs.,

The bamers to implementation are largely related to capacity within the water industry. The
beliel is quite often expressed that advanced control can compensate for lack of sophisticated
operational personnel, however this is only true to a limited extent. Supporting and
maintaining the advanced control system requires even more sophisticated personnel, though
possibly a relatively small number of them. Thus advanced control is not likely 1o provide a
solution for small, poorly operated systems in the near future. If it is desired to have
treatment plants operating under remote control and monitored by a central core of expen
staff, then the industry needs 1o attract control engineers and build up this capacity. However
the large cities in South Africa are developing sophisticated integrated systems in response (o
the need 1o extend services to as many people as possible while using as few resources as
possible. Advanced control clearly has an important role to play in making these systems as
efficient as possible.




Recommendations

Regarding chlorine dosing control

The situation encountered at the Wiggins Treatment Plant must be similar to those at many
water works around the country. There 1s therefore scope 1o replicate the control scheme in
patnership with a commercial vendor of process control systems,

I'he reasons why the process 1s difficult to control anse 10 some extent from the hydraulic
design of the system, which was clearly undertaken without controllability in mind. New
installations should be designed 10 make their control as casy as possible.

Nevertheless, despite the complex channelling and dead-volume behaviour predicted by CFD,
the actual chlorine loss behaviour was quite adequately modelled using a single stirred reactor
volume, albeit with a smaller active volume. Very significant vanations in the effective
chlorine decay rate constant were identified by the Kalman filter - by a factor of up 10 2d™.
Although this was probably an anificial result of the simplified model, it was shown to
control the process well in practice.  Thus model based control is a viable option where
circumstances make an awkward hydraulic design unavoidable.

Regarding water distribution control

The situation encountered in Durban’s Southermn Aquaduct is also similar in other large cities,
so there is potential for the envisaged control system to be replicated widely. Because of the
very large power requirements of water distnbution systems, the peak load shedding method
developed during the project could have significant implications for power distribution
management as well as for water management. This could be a very beneficial line of
rescarch.

Further work needs 10 be done to make the control algonthm practically implementable. The
main issues that sull nced 10 be addressed are reducing the computation time and
incorporating feedback 10 account for deviations from anticipated water demands.

Regarding advanced control in the water industry

Both these studies made use of receding-horizon predictive controllers to achieve an optimal
control. Such computer-based approaches have proven themselves in other industries (e.g. the
oil and chemical industries). and the present study confirms that the water treatment and
distnbution industries would benefit in the same way.

There is a growing need for integrated management of resources, of which water is one of the
most important. Advanced control methods will be required as part of the management
strategy. and the water industry therefore needs to build technical capacity in this area. This
will involve training and recruiting of control engineers and technicians, and promoting the
application of advanced control through forums such as WISA. In the field of wastewater
treatment, the philosophy of designing and operating wastewater treatment plants will have to
be extensively revised in order to establish an environment which is conducive to the
application of integrated control techniques so as to improve performance and reduce costs
and environmental burdens.
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Other related WRC reports available:

Application and conceptual development of genetic algorithms for optimization
in the water industry.

Van Vuuren SJ; Van Rooyen PG; Van Zy! JE,

This project will provide conceptual development procedures to implement genetic

algorithms into the procedures used in South Africa for resources assessment,

These are

1 - Hydrology and water resource assessment
2 - Network optimization

3 - Optimisation of rehabilitation, extension and upgrading of distribution networks

during the planning and design phase

4 - Operation and maintenance scheduling
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this procedure in a number of prionty water related problems in South Africa. This will
be achieved by the presentation of courses, development of utility software and the
conceptualisation of procedures to use GAs in the assessment of the yield of surface
water rasources
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