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Abstract

Fully automated operation is introduced in drinkimgter treatment plants. This will open the
possibility of model based process control but walise erosion of skills and knowledge of
daily operation supervisors as well. For trainirfgsopervisors of fully automated drinking
water treatment plants a simulator is developedutare the same simulator will be used by
process engineers for offline and online processnigation.

A pilot simulator has been developed for the saftgmplant of drinking water treatment plant
Monster. A Stimela water quality model for softeminsing fluidised pellet reactors was
defined and validated. When the need for simulatiggraulic behaviour of the plant was
identified, an EPAnet hydraulic model was defined aalidated basically. Simulator training
functionality was identified and partly realised fine pilot project. The economical and
technical feasibility of a simulator was studiedheTpilot simulator is operational and inspired
nine Dutch companies to start the WATERSPOT project
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1 Introduction mathematical analysis for operational improvements
, of these treatment processes is still youhiging
In February 2000, the Journal of the American Watghathematical models to represent each unit process
Works Association published a “next generatioyng connecting processes to represent the entire
scenario” for water utilities. According to [1] af#], \yorks, factors such as quality (good, constant and
in 2050 a drinking water treatment plant will bereliable), quantity, costs, environmental impactw(l
controlled from a central control centre. Advanceggsiqual levels), design redundancy and flexibitign
process and control models will be incorporatethé e evaluated and operational conditions can be
process control software. The process will b@ptimized, using the existing infrastructure as
monitored using on-line qualitative and quantitativ efficiently as possible [3]. With models supervisor
indicators. Ir_movative analysis techniques a_ndt()sof can be trained and supported in making decisions
sensors  will supply the program with theqyring calamities. The use of models will lead to a
comprehensive information necessary to make affcreased understanding of the processes in general
implement control decisions. Real-time performancgn to fewer mistakes in the rare critical situagioAs
indicators will constantly evaluate the effectives®f 5 consequence supervisors will be more criticahéo
each process. Furthermore, the system will bemb"?performance of the process and the process
evaluate the effects of control decisions for fatur 5,tomation system. The use of models and simulators
decision-making processes, leading to an increase ik common in the process industry, aviation, eleityr

knowledge about the treatment plant. At presefroduction, power distribution, car driving and
(2007) current water treatment process models W@urgery [4].

not deliver on this vision, but water supply comigan ) )
are gradually changing to a fully automated operati In this paper a case study is presented where sodel
The drivers for this change are increase of efficje are used to feed a drinking water treatment siraulat

and a higher and more stable water quality. for training of operators in fully automated dr.ingi
water treatment plants. The case study consists of

Fully automated treatment plants will require MOr®ellet softening step at Duinwaterbedrijf Zuid-
sophisticated operator care than manually operateghjand. A hydraulic model and a model of the pelle
plants. Operators .wiII become more sqphisticate@oﬁening [5] programmed in Stimela, are validated
have more specific knowledge and will have tQyata obtained from a full-scale plant. A simulator

understand what is happening behind the “treatmefy the different models and tested. Finally, tases
plant chatter” [2]. The distinct difference is théile  om daily operation are simulated.

supervisor will be responsible for the entire tnest

(mu|t|p|e p|ants) and the transport- and distriboti ObjeCtive of this research is to determine the riex=i
System from source to tap During normal Working'ind economical feaSlblllty of a simulator for d“m
hours he will validate production data, analyzévater treatment plants and to determine the acoepta
deviations and check the health of the automatiodf the simulator by its future end users. The added
system. In shifts, the supervisor remains resptemsibvalue of using a simulator will be determined in
for dealing with emergencies, alarms and for “longomparison to the use of water quality models.
distance” problem solving. To excel in both tagke,

supervisor needs to
understand the entire
treatment, transport and
distribution system
thoroughly. He needs
to speak the language
of automation and data
communication

fluently and have the |

ovd
o]

oz |||

(P

knowledge as well as s | o .
the skills to be able to| 83 g% e L[ ol g
react adequately in the| 3 g a5 S :
one percent non regular
situations.  Education
requirements will rise e,
and high-powered © ©
computer  programs & & =l
will assist the
supervisors. Bad(wafv;e/,\

treatment
Although drinking
water treatment has a
long history, the Fig. 1 Process flow drinking water treatment plsliainster
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2.1 The Monster plant system

3 —
Object model Operator's log

For the case in this study the softening plant ¢
drinking water treatment plant Monster was selecte: opc
The choice for Monster was made because automati

. =
of the plant was finished. The choice for softenivay JI e OUSE) ?pm ] -

2 Methods and materials g ! Copy ofprocess ’_ﬂ s e

made because a well calibrated dynamic pell
softening model was available [6] and because ©f tt
possibility to validate the model with data frometh
Katwijk plant of which the softening plant is
comparable to the one in Monster.

OPC

Database

The Monster plant has a capacity of 1008/hnand I e i
uses artificially recharged dune water as a sodroe. Simeia
dune water is treated with softening, powder atdiga

carbon, aeration, rapid sand filtration and slowdsa
filtration, see Fig. 1. No chlorine is dosed.

To decrease the hardness of the water and to redt
the copper and lead solvent capacity of the wate,
fluidised bed reactors remove calcium ions from th
source water. Source water has a typical totalrtessl
(TH, magnesium concentration plus calciun?.3 Water quality model

concentration) of 2,0 to 2,5 mmol/l. For an optimaIThe softening process consists of a number of
effluent quality the reactors have a constant upwarijized bed reactors with one single bypass. The
flow of 90 m/h being 285 ith, and a effluent TH .chemical reactions in the water take place in the

down to 0,8 mmol/l. The untreated by pass flow iseactor. The mixing process of reactor effluentd an
maximised up to 55%, yielding the mixed effluent TH, ,aq water is modeled as instantaneous mixing

is as low as 1,5 mmol/l. As in the Katwijk plant in ... ; : Qe
. : ; taking the calcium carbonic equilibrium into acou
Monster sodium hydroxide (NaOH) is used as th ithoSt any reaction kinetics. g 0

chemical to increase the pH to let the calcium

precipitate as calcium carbonate. The Stimela model for softening is a dynamic model
of the pellet softening process. The model is based
the calcium carbonic equilibrium, which determines
A pilot version of the Waterspot simulator was usedhe crystallization in the reactor, the fluidizatiof the
The architecture of the pilot simulator is basedaon bed, which determines the available crystallization
copy of a part of the process automation systethef surface in the reactor and the crystallization keteed
Monster plant, including the man machine interfac@n the crystallization surface and the calcium oaib
(MMI) where the behaviour of field objects isequilibrium [7].

simulated with water quality models and a hydraulit%
model. The need to run programs and models on
different platforms defined the architecture of thelo predict basic hydraulic behaviour of the softeni
simulator. The field controller functionalities, plant, the EPAnet hydraulic model is connected with
including MMI and a virtual object model werethe simulator [8]. EPAnet performs extended period
defined as a subsystem running on ABB’s Industrigdimulation of hydraulic and water-quality behaviour
IT platform. The Stimela water quality model runs o within pressurized pipe networks. A network can
a Matlab Simulink platform. The scheduler,consist of pipes, nodes (pipe junctions), pumpkiesa
containing all training and report functionalityhet and storage tanks or reservoirs. EPAnet tracks the
interfaces between the subsystems and the hydradfiew of water in each pipe, the pressure at eaadeno
EPAnet model was assigned to a third subsystethe height of water in each tank, and the concgatra
containing the USE platform. The USE platform is @f a chemical species throughout the network duaing
commercial platform for object modelling basedsimulation period comprised of multiple time steps.
programming of applications for the process industr EPAnet is public domain software that may be freely
The final architecture of the simulator is showrFig. copied and distributed.

2. For practical reasons each subsystem was ptated
a dedicated PC.

Fig. 2 Architecture of the drinking water
treatment simulator

2.2 Simulator

4 Hydraulic model

A basic model of the softening plant of Monster was
defined and validated.
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2.5 Cases work with fully automated operation filled out
guestionnaires. Special attention was paid to the

Two cases were studied in the simulator. In thst fir 3. . . S
the effect of changes of the flow trough the reactod'ﬁerences in perception of responsibilities betwe

was studied on the height of the fluidised bedzuperws_ors and managers and between the two
: ) . - . ompanies.

Typically, increasing the flow will increase theidet

of the bed. For different flows the bed height isAfter completion of the pilot simulator, five futr

calculated using the simulator. supervisors used the simulator and filled out

In the second case the effect of the dose of Na®H guestlonnalres agan.

the reactors on the TH of the mixed water i€stimation was made of the costs of developmeat of
simulated. For a TH of source water of 2,0 mmdédt, simulator for a complete drinking water treatment
five different sodium hydroxide dosages, the TH iplant.

calculated using the pilot simulator. To producé so

water, optimal TH is believed to be 1,5 mmol/l[9]. 3 Results and discussion

softening plant can be optimised. ) S )
In Fig. 3 the visualisation of the topology of thiéot

2.6 Users and functionality is shown. The water flow is represented by the rgree
From literature, company visits and commercialine, including by-pass flow. The red line repretsen
websites required functionality for the simulater i e caustic soda dosage to the reactors. The yellow
derived. During development of the pilot alternativ i€ represents the grain material dosing systene T

end users will be identified. dialogue boxes at the right side of the reactosvsh
_ o the effluent total hardness, the fluidised bed hieig
2.7 Economical feasibility and the pressure drop over the bed. Most right the

The economical feasibility depends, upon othergsin total hardpess _of the effluent of both reactorshiswn

on the need for a simulator by its end users. THYter mixing with the by-pass flow. The grey square
simulator is believed to be an essential tool ®vent buttons give access to a screen in which predefined
erosion of skills and knowledge of operators irlyful changes of process values can be selected and
automated operation. To investigate this, first th§*€cuted, i.e. increasing of flow with ten percent
responsibilities of nineteen supervisors and marsagd"crease of total hardness of the dune water weith t

from a company working and a company going t&€rcent

ﬁ‘ PompStation Monster - Nested Schematic

H00%6 - <Defauk Layers v [ Layers Selection Merged

Wanneer U waarden overschrijft in onderstaande weergave worden deze 1-op-1 overgenomen in het ABB Plenty
systeem. PAS OP Er vindt geen validatie van de waarden plaats.
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3.2 Hydraulic model 3.3 Continuous versus discrete

During development it appeared that the object hod&he simulator is implemented as a discrete event
did not present the effect of changes of actuators simulator as this introduces only a number of \@ea
accompanying sensors. The presentation of thestates in time and allows the simulator to advance
effects is essential for the acceptance of the lsitmu time, accelerate/decelerate, from event to event |

by its end users. The need for development andtinseiscrete event simulator the operation of a sysitem

of a hydraulic model was identified.In a quick sthe represented as a chronological sequence of events.
hydraulic models Synergee [10], Aleid [11], Wand&ach event occurs at an instant in time and marks a
[12] and EPAnet were compared and EPAnet washange of state in the system [13]. This as opptsed
chosen because it is well known, widely applieda continuous simulator, where state variables
reliable, user friendly and free downloadable. continuously change with respect to time (e.g. gisin

In EPAnet a model was defined as shown in Fig. Elfferentlal equations).

The fluidised bed was modelled by a valve withngsi 3.4 Interfaces and traffic rules
resistance at increasing flow. Design parametets a

model properties were derived from drawings angv
field measurements. :

ith the existing simulators a connection to a copy
eld systems cannot be made, making it imposgible
train in the company specific look and feel of the
For validation of the model first the junctions’automation system. That's why the decision was made
properties were checked to be logic for an averade develop a new simulator that easily can be
steady state. Then the model was validated for tlmwnnected to a (copy of) a field automation system.
actual operation of the softening plant on Februdry

2007 when one reactor was in operation with 2&4m Communication standard between the subsystems for

and the by pass flow was 335%m The model process data is OLE for Process Control (OPC). OPC

calculated the pressure under the bottom of thetaea is the general accepted interface protocol forveari

to be 105,9 mwc. The measured value was 107 mwacpplications in the process industry. Most bigger

The pressure just above the bottom of the reacas erndors of process automation systems offer th|s
rotocol as a part of their systems or will do 80 i

calculated to be 85,9 mwc and was measured to

91,5 mwc. The bigger difference between® Uré:

measurement and model calculation for the latter iBhe Stimela models were extended with an OPC

believed to be caused by higher turbulence therimterface. Non process data is written by the sitaul

Results are thought to be accurate enough to rely to databases using ODBC. An interface to the C

the EPAnet model in the pilot simulator. libraries of the EPAnet model was developed and its
libraries were extended to meet OPC standards.

Reactor 2

"; Pump 6521.P-002 ®

& 20 13 . ‘

Reactor 1

I Pump 6511 P-001

QRSF

3/ a7 }
LN ®
Q Influent Bypass

Fig. 4 Hydraulic model of the softening plant of iMiber
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Using discrete event simulation as the basis fer th Tab. 2: TH per reactor at different NaOH doses as
simulator introduced the complexity of correctly presented in the pilot simulator. Incoming TH 2.00

identifying the model precedence for each discrete
event in order to determine the new system state.

The difficulty lies in the interaction between the
models — a change in the outputs of the Stimelamwat
quality models influences the hydraulic EPAnet miode
vice versa. Additionally the chosen training type
introduces a further complexity with respect to
scheduling of the events that influences the system
state. In case based training sessions there are tw
types of events that influence the simulator: salestl
events, e.g. the introduction of an upset an’
unscheduled events, e.g.. a user changing a setpo™

s

mmol/I|
NaOH dose [I/h] | TH per reactor [mmol/[]
64 0.7
48 1.1
32 1.5
16 1.9

REACTORPOMP | [VACT 202

Precedence is given to scheduled events in suas ca®

(three-phase approach [14]).
3.5 Cases

Increasing the flow through the reactor leads t

increase of the height of the fluidized bed, seb.Ta
and Fig. 5.

Tab. 1: Bedheight at different flows as presented i

the pilot simulator
Q [m3/h] | Bed height [m]
140 3.81
175 4.03
210 4.25
245 4.47
280 4.70
] Reactor 1
Niveau %E
470 n
=

Natronloogdosering
Debiet K
72,0 h
r—

Y 81%

’7W 285meh
X 280meh

Debiet
280 mh

HAND
80,0 %
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1 =

21 —
Snelheid &
88 mh

Fig. 5 Screendump bed height at chosen flow
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Hardh
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90 mm

Fig. 6 Screendump TH at chosen NaOH dose

Debiet
284 meh
R z

HAND
81,0%

The results of the cases match the expectationshend
behaviour of the pilot simulator is close enough to
reality to be credible.

3.6 End users and functionality

Most operator training simulators aim on operatafrs
petrochemical plants. Simulators in general cortist

a process model, a control model, an 1/O model, a
trainee interface and a trainer interface. See for
example the commercially SIMSCI ESSCOR
simulator of Invensys or the INDISS simulator ofIRS
Simcon. Studied simulators are suitable for mutipl
operation modes:

e normal operation;

» troubleshooting in daily operation;

« abnormal situations and emergencies;

e start-up and shutdown procedures;

e causes and effect analysis.

From literature, websites and company visits tollShe
(Pernis) and the Dutch power distributor Tennet the
following functionality was identified as common in
simulators:

Decreasing the dose of NaOH leads to an increase.of pjay - pause - resume and run step by step;

the TH per reactor, see Tab. 2 and Fig. 6. As in

practice a new equilibrium for the TH is reachetdiaf
approximately 15 minutes.

ISBN 978-3-901608-32-2 6

Execute the simulation faster or slower than real-
time;

* Record and replay simulation runs or states;

« Make a shapshot and return to last snapshot;

« Define and change initial conditions;
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» Activate instrument and equipment faults and’he costs of development of a simulator for a
malfunctions, if preferred delayed and or rampedgcomplete drinking water treatment plant would extcee
« Create and execute scenarios, being a group bfM€. The development would include all described

malfunctions; functionality, validated water quality models and
. Manage users (accounts, prof“esy dedicate@/draunc models, but exclude simulation of the

exercises); source- and distribution system. These costs were
«  Monitor process and control variables; considered too high for Duinwaterbedrijf Zuid-
+  Generate reports; Holland to carry alone. A consortium was formedhwit

nine companies, amongst which four water supply
companies, to share costs and efforts. The design a
At the start of the development, besides a fréai@  expected products were made generally applicable in
mode, one use case for regular operation was definghe world, thus opening an opportunity to Senter
and one use case for calamity operation. For thgovem (Dutch Ministry of Economic affairs) to award
definition of the two use cases Unified Modellingthe spin off project with an export grant.

Language (UML) sequence diagrams were used L :
These diagrams describe the actions the trainee T’Ee prpﬁts in terms of cost saving are hard.to
expected to take during a case, as well as therecti etermine.  Use of the simulator by —operation
of the trainer and the system. The use of umESUPervisors will lead to a smaller chance of human
sequence diagrams based use cases was disappoi akes threatening public health and the. image of
because of the effort required to define the exabct € Water supply company. Process engineers are
actions in detail. This is a serious risk in acaepe of €XPected to realise cost savings through minimal

the simulator after introduction. Furthermore tree u €N€r9Y and chemical use gnd through dela'\y' of
of a strict definition of the expected aaionsmvestments because of optimal use of existing
discourages creative solutions of supervisor§onventional treatment plants.

Automated reuse of the already defined process )

protocols and procedures could be investigated. 4 Conclusion

During the development the end user proceds is concluded that development of a simulator of
engineer, FAT (factory acceptance test) enginedr aflrinking water treatment plants for proactive ofiera
administrator were identified. With small adjustrisen and training is technically feasible. If the sintolais

the simulator can be put into action for offlinepess applicable in every water supply company facing the
optimization by a process engineer. In future thgew possibilities and problems related to fully
simulator might be useful to test updates of saftwa automated operation, the simulator is economically
more thoroughly. feasible as well. Future end users are operation

supervisors and process engineers.

* Concurrent use in training.

3.7 User acceptance and business case
The pilot simulator contains a Stimela water qyalit

The overall response of questionnaires of the e&ret ,14el an EPAnet hydraulic model, a copy of the

supervisors and their managers showed that thempany's process automation system and a simulator
supervisor in fully automated drinking water treafit - ongine connecting the different parts and offering
is responsible for the water delivery from souroe tp,qic training functionality. The two models

transport mains, in terms of pressure, quantity andentioned have been validated for the softeningtpla

water quality. It was concluded that the number-ongyt ihe Monster drinking water treatment plant. They
fear of managers as well as of supervisors is &ck hroved to be so accurate the simulator behaves
knowledge of the operation. credibly.

In general no large differences were identifiedtia |, comparison to the use of water quality models, a
perception of responsibilities between SUpervisors g jator has a friendlier user interface. It isgible

managers. One company mentions the importance @f -onnect efficiently with any (copy of a) process

team spirit and communication skills, employees of ;;omation system or water quality- or hydraulic
the other company emphasize that manual operatigh,ye| supporting OPC communication.
should be prevented.

i _ ) Results of this pilot and reactions of end users
After completion of the pilot simulator four futuesd encouraged nine Dutch companies to start the

users evaluated the performance of the simulatafaTERSPOT [15] project in which a generic
They_ expect to use the simulator once a month, @ 1ator will be developed, company specific
practice, to understand the process and to replaynjators and the possibility of model based pssce

situations that occurred. They accept the use ef thyimization. WATERSPOT is sponsored by Senter
simulator for testing of skills. The use of the gayf Novem, Ministry of Economic Affairs of the
the company specific MMI was valued by theygaiherlands.

supervisors. The general opinion was positive.
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