An Expert supervisory System for a pilot WWT P

Baeza, J.; Gabriel, D.; Lafuente, J.

Departament d ’Enginyeria Química, Universitat Autòno ma de Barcelona.

08193 Bellaterra, Barcelona (Spain) e-mail: {Baeza |Gabriel |Lafuente}@uab-eq.uab.es

Abstract: T his paper presents the develop ment and implementatio n of a real-time expert system (ES) for the supervision and control of a wastewater treatment pilot plant (WWT PP) with biological removal of organic matter and nutrients. T he ES has been developed using the G2 environment, and it is implemented for real-time operation. T he hard ware architecture co ntains different supervisio n levels, including two auto no mous process co mputer s (plant control and analysers control) and a PLC, being the

ES the top supervisor ylevel. T he ES actuates as the master in a supervisor ysetpoint control (SSC) scheme. It is based on a distributed architecture. T he kno wled ge is organised in several agents, representing the available knowled ge for ever ysub-process of the WWTPP. Inaddition to these independent agents, a supervisor agent acts as the master of the independent agents.

Keywords: E xpert System; Kno wled ge-based System; Real-time; Monitoring; Activated Slud ge.

1. INTRODUCTION

Actual trends in process control are det ermining an increase in complexit yat each control level. Utilisation of automatic anal ysers, industrial controllers, P LC (Programmable Logi c

Controller) and industrial computers is continuously increasing. The application of computer technologyto control and supervision of technological processes has lead to a spectacular increase in the information acqui red b ythese s ystems. However, this increase in frequenc y, qualit yand diversification of process dat a has not lead to an equivalent s ystem improvement.

The amount of information is so vast that its depth studyis impossible. The results of this technologyare Data Acquisition S yst ems, with the purpose of giving a process situation overview. To improve this situation, utilisation of Artificial Intelligent techniques for processing this information has been proposed [Serra et al., 1993; Serra et al., 1997; Patr yand

Barnett, 1992].

Monitoring of the components of wastewater t reatment processes is an import ant feature in order to assure its control, particularl ywhen simultaneous organic matter, nitrogen and phosphorus removal are involved. The complexit yof these s ystems, due to the number of biological processes implicated, makes necessar ythe development of reliable on-line instrumentation. Furthermore, a reproducible and robust sampling device is a critical fact to provide reliable data of the process. On-line and in-line measurem ents continuousl yobtained from the process, combined with a model and di fferent control strat egies implemented are capable of making wastewater t reatment plants more effi cient.

A Knowledge-Based Expert S ystem (KBES) is a possible framework where measurem ents, rules and models can be integrated. Barnett [Barnett et al., 1992] presents an extensive literature review on application of KBES for the activated sludge process. Most of the systems here summarised are off-line KBES mainlydi agnostic and advising tools to help operators [Gall and Patr y, 1989; Oz gur and Stenstrom, 1994]. Some KBES have been designed with the main purpose of on-line supervision [Verheijen, 1997] though the emphasis on real-time supervisor control is usuall yabsent.

In the present work is shown the hardware architecture and software development of an intelligent distributed control syst em for supervision of a wastewater treatment pilot plant with biological removal of organi c matter, nitrogen and phosphorus. This development can be defined as a knowledge distributed s ystem. This means that all the possible knowledge at ever ysubs ystem of the process is applied, as the main tendenc yin the actual real-time control and supervision of processes. In this supervisor ycontrol outline, ever yelement supervises the elements situated hierarchicall yunder its control. This fact increases s ystem complexit y, but some important advantages are obtained. Firstl y, control of process failure is increased to assure s ystem securit y. Secondl y, the top-level control can be used to work in s ystem supervision. With this architecture is eas yto obtain a fault tolerant syst em. In our case, the top-level control is occupied b yan Expert S ystem elaborated with G2 [Gensym , 1995], a tool to develop real -time expert systems.

PLC

PILOT PLANT

EXPERT

SYSTEM

CONTROL

COMPUTER

ANALYSERS

COMPUTER

DATA

SERV ER

PROBE

CONTROLLLERS

NITRATEAND

NITRITE

ANALYSER

PHOSPHATE

ANALYSER

AMMONIUM

ANALYSER

MONITOR ING AND

CONTRO LSYSTEM

AN ALY TICAL

SYSTEM

Figure 1. Outline of the architecture of the control system

2. ARCHITECTURE OF THE SYSTEM

The architecture of the intelligent distributed control system is outlined in Figure 1. The whole system can be divided in five blocks: the pilot plant, its monitoring and control s ystem, the anal ytical devices, the dat a server and the Expert S ystem.

In this architecture, the different control dynamics that are found in a real WWTP are reflected. The fastest d ynamic is the operation of oxyge n control. This parameter should be controlled in a ver yfast d ynamic therefore the utilisation of an independent controller as for example a P ID can be necessar y. It depends on the aeration system used, but in our plant, the necessar yfrequenc yof actuation is about 10 seconds. Other fast parameters are the different flows of the plant, the stirring speed, etc. All these param eters should be cont rolled directl y with local control loops. In our plant, this is done through the utilisation of an independent monitoring and control system.

In order to acquire more information about the process in the pilot plant, another subs ystem has been desi gned and implemented. This is the automatic anal yti cal s ystem. This is independent from the monitoring and control syst em, and is controlled b yother computer.

These two s ystems are ph ysicall yindependent, but are linked through the data server, which permits the data transmission between these computers and the expert system. The independence of ever ysubs ystem assures the securit yof the other subs ystem if a problem appears in one of them.

The monitoring and control subsyst em is able to maintain the plant performance in normal conditions, but this control acts with a fixed behaviour. When not normal conditions appear, this subsystem could not be able to take the plant to a good performance. Is in this moment when the need for a higher supervisor ylevel appears. These tasks, that cl assical control systems are not able to manage, are the ones where expert s ystems are a good tool.

2.1 The pilot plant

The process under stud yis a biological wast ewater treatment based on A 2 /O multistage configuration [EPA, 1993] with nitrification - denitrification and biological excess phosphorus removal. The pilot plant is full yautomated and is able to treat 500 litres per da y of a s ynthetic influent. Figure 2 shows a schematic diagram of the pilot scal e facilit y, which consists of an anaerobic sel ector (9 litres), three identical aeration tanks (28 litres) and a settler (60 litres). The oxic state of these three tanks is easilyco nfi gured from the expert system. The first tank usuall yis used as an anoxic reactor, but an aerobic operation mode is also possible. The presence of an anaerobi c selector is due to phosphorous removal. The inlet wastewater is a s ynthetic influent made b ymixing two concentrated complex sources of carbon and phosphorus, and nitrogen diluted with tap water. Different concentrations and flows can be automaticall yassi gned and scheduled to simulate real situations.

Aer obic

Aer obic

An a er obic

An oxic

Settler

Pumps

In fl ow

Syn th etic feed

Wa ste

Figure 2. Scheme of the pilot plant.

2.2 Monitoring and control system

Each mechanical unit of the plant (pumps, level detectors, nipping valves, etc) is controlled b y a P LC, that allows to automate all those elements. In the P LC program, the operation failure detection and corrective actions are included. This is the first control level. Ever yreactor of the pilot plant has in-line sensors (dissolved ox ygen, pH, ORP, temperature) connected to probe controllers. A control and monitoring computer supervises the P LC (via RS-232). This computer also acquires data from the probe controllers (via RS-485) and it controls the dissolved ox ygen (DO) through the manipulation of the pneumatic control valves of ever y reactor (via 4-20 mA loop). This control loop is based on a di gital P ID al gorithm programmed in the computer. The software, developed in C language, includes graphic monitoring, data backup, and control of key process paramet ers (flow-rat es, stirring rates, etc).

2.3 Analytical system

Flow Injection Anal ysis (F IA) and Continuous Flow Anal ysis (C FA) techniques have been implemented for ammonium, nitrate, nitrite and phosphate monitoring. The anal ytical s ystem developed focuses on automation, reliabilit yand long-term stabilit yto operate the maximum time in an unattended manner. The anal ysers are an automation of standardised chemical procedures. The yare controlled with a computer via a RS-485 bus where all the modules of the three s ystems are connected.

FIA for simultaneous determination of nitrate plus nitrite [Gabriel et al., 1998] is based on the

Shinn method. A copper-coated cadmium reduction column for nitrate reduction to nitrite is used. Ever y8 minutes, a volume of 250 m l of sample is injected. Nitrate and nitrite are detected in a range of 0.23 to 11.3 mg N-NO -

3

l -1 and 0.015 to 1.52 mg N-NO -

2

l -1 . The maximum sampling rate is 180 samples per da y.

FIA for phosphate determination is based on the colorimetric det ermination of the vanadomol ybdophosphoric acid previousl yformed b yaddition of vanadate-mol ybdate reagent. This anal yser is based on the reverse-F IA technique where reagent is injected to a sample flow. The volume inject ed is 50 m l . Phosphate is determined ever y3 minutes in the range of 0 to 30 m g P-PO 3-

4

l -1 , and the detection limit is 0.35 mg P-PO 3-

4

l -1 . The maximum sampling rat e is 480 samples per da y.

The CFA for ammonium is based on potentiometric determination of ammonia. The sample is continuousl yfeed to the anal yser and mixed with a flow of sodium h ydroxide to obtain quantitative ammonia. This flow passes through a gas diffusion unit where ammonia is transferred to a crosscurrent flow of ammonium chloride buffer solution. This flow passes through a cell with a fl at pH elect rode where the pot ential is read. The s ystem is able to determinate ammonium in the range of 0 to 40 m g N-NH +

4

l -1 . Detection limit is 0.4 mg N-

NH +

4

l -1 . The maximum sampling rate is 90 samples per da y.

An automated sampling system was mounted to obtain a continuous biomass-free sample flow. It is constituted byaspiration and feedback circuits for each reactor, coupled with a peristaltic pump and a Minitan Ò (Millipore) tangential filter. A set of computer controlled nipping valves is used to select the sampling circuit.

The software for the analysers computer has been developed in C language and it includes data acquisition, graphic monitoring, data backup, and control of the sampling s ystem. In addition, it actuates each module of the anal ysers (three-wa yvalves, injection valves and pumps).

2.4 The data server

The process computers (Pentium processors) are linked via Ethernet to a data server executed in a Sun Sparcstation running Solaris operating s ystem. This gatewa y, developed in C language, allows the maintenance of a real time database with the information generated in the system.

Anyon-line real-time ES should receive data when it is produced. In addition, if the ES has to control the plant, a wa yto send information from the ES is required. A bi-directional communication system, pilot plant Û ES, has been developed for this purpose. This s ystem also accomplishes G2 communications requirements. The data server is able to receive a petition from G2 at an ymoment, and it sends the required inform ation immediatel y. The data server is capable of maintaining several communications with different clients simultaneousl y to avoid anydela yin the connections of the clients.

TCP/ IP protocol, which is based on a client/server architecture, has been used to solve communication requirements. With the implemented system, communication between an y client computer connected to Internet and the data server is possible. In our case, the computers that monitor and control the pilot plant and the anal ysers are the clients of the services offered b ythe SUN workstation. This bridge has been developed in C standard (GCC

2.2.7).

2.5 Expert System

The expert system developed in G2 (version 4.0), running in the Sun workstation, is on the top of system ’s architecture. It actuates as the m aster in a supervisor ysetpoint control (SSC) scheme. The ES s ystematises the knowl edge about the process being based on the existing scientific knowledge and the practice acquired in our particul ar s ystem. All this knowledge is structured trough a whole of rul es and procedures for each subs ystem of the pilot plant, coordinated with a supervisor yagent.

WASTEWATER TREATMENTPILOTPLANT

SUPERVISORY

AGENT

MONITORING AND

CONTROLSYSTEM

ANALYTICAL

SYSTEM

IN-LINE / ON-LINE

DATA SERVER

G2 EXPERT SYSTEM

OFF-LINE

DATA SERVER

OFF-LINE

ANALYS IS

EXPERT SYSTEM

DATA BASE

USER

INTERFACE

USER

SLUDGEMCRT

PUMPING SYSTEM

SETTLER FEEDING SYSTEM

NUTRIENTREMOVAL COD REMOVAL MICROORGANISMS

BIOREACTORS PROCESS ECONOMY

INDEPENDENTAGENTS

DATA

LEVEL

DISTRIBUTED

KNOWLEDGE

LEVEL

SUPERVISORY

LEVEL

LOCAL

CONTROL

LEVEL

Figure 3. Scheme of the Expert Systemarchitecture.

3. ARCHITECTURE OF THE EXPERT SYSTEM

The expert system is based on a distributed architecture integrated b ya supervisor, as was defined in previous works [Serra et al., 1994; Sànchez et al., 1994; Sànchez et al., 1996]. The knowledge is organised in several agents, representing the available knowl edge for ever ysubprocess of the WWTPP. In fi gure 3, a scheme of the ES architecture is shown. The s ystem is divided in four different levels: Local control level, Data level, Distributed knowl edge level, and the Supervisor ylevel.

3.1 Local control level

The WWTPP is built with a distributed control system. This hardware architecture permits the independence of the monitoring and control system and the ES. This level of control allows direct control of the pilot plant, with a set of pre-defined setpoints. These setpoints can be a fixed one, or theycan be an ES defined set. This control could work without the presence of the ES, although it would be with a fixed behaviour. The local level control is the level of the architecture where more numerical control is applied.

3.2 Data level

The data level includes the bi-directional data transmission between the local control level and the expert system. It also includes the real-time database maintained b ythe ES. This data level profits of the real-time interfaces and assures a real-time environment for the ES. This level not onl ytakes into account the data transmission from the pilot plant to the ES, but also is in charge of the transmission of setpoints from the ES to the distributed control s ystem.

3.3 Distributed knowledge level

In this level, several independent agents take charge of a part of the WWTPP. The actual number of agents is nine, although some additional integration is possible. The specific agents are:

· Bioreactors agent. It supervises the operation in the bioreactors, speciall ythe aeration and stirring subs ystems behaviour.

· Settler agent. This agent takes in charge the supervision of the settler operation. This is an important element to assure the correct performance of the activated sludge process, because the water - microorganisms separation is a general source of probl ems in

WWTP.

· Pumping system agent. It supervises the operation and maintenance schedule of the pumps used in the pilot plant. A problem with anypump produces a disturbance of the biological process because the plant has to stop. In these conditions, an earl ydiagnostic of an ypossible problem is a great help for the whole process.

· Feeding s ystem agent. This agent supervises the automatic feeding s ystem. It integrates the total volume and concent ration of compounds fed to the pilot plant. This agent makes estimations of the volume of concentrat es used, and advises to the operator when the vessel of concentrate should be filled. It also estimates the ratio food / microorganisms, and advises when this relation can produce problems in the plant.

· Process econom yagent. In all the WWTP processes, econom ymust be t aken into consideration. In some situations, the main restri ctions come from the economic point of view, therefore, it should be taken into account when necessar y.

· COD removal agent. The organic matter removal is the most important task in a

WWTP. This removal must accomplish some legal requirements and it should be supervised to assure those requirements.

· Nutrient removal agent. Nutrient removal is a new requirem ent for WWTP. The processes involved are more complicated than the COD removal. The combination of

COD, phosphorous and nitrogen removal produces new problems in a more complex framework. The COD removal and the nutrient removal are two ver yinterrelated agents, so the co-operation through the supervisor agent is ver yimportant in this case.

· Microorganisms agent. This agent uses the information obtained off-line with the microscopic observation to supervise the microorganisms present in the sludge. These observations are ver yuseful to infer future probl ems. Taking into account these possible problems, preventive actions can be executed in order to avoid them.

· Sludge MCRT agent. MCRT is an important paramet er of the process that determines the species of microorganisms present in the system. For its cal culation, in-line and offline data are required, therefore is a complex ke yparameter. The MCRT setpoint is calculated b ythe supervisor agent taking into account information provided b ythis and other agents as the Process econom y, the Nutrient removal or the Microorganisms.

Theyact as independent agents appl ying numerical al gorithms and rules when the situation is normal and are controlling a simple process parameter. When the situation is not normal or when a complex param eter (as MCRT) has to be calculated, the supervisor requires information to the agents and deduces the correct control action to be made. These agents can be deactivated or partiallydeactivat ed b ythe Supervisor agent when some problems are detected, so the supervision and control over the agents is guaranteed although the yare independent.

3.4 Supervisory level

The Supervisor agent is the manager and master of the distributed s ystem. It receives the information required to the independent agents and concludes if a supervisory control action is necessar y. If no action is required, the agents maintain active its algorithms and rules. In addition, it controls complex operational parameters that involve information generated from several agents.

The Supervisor agent permits the data interchange between the user and the ES, b ymeans of the user interface. This interface includes graphical monitoring of the data acquired and an explanation module which allows the debug of the wa yused to arrive to a determined conclusion of the ES. This module is ver yuseful for the ES validation, usuall ya long and difficult task.

4. EXPERT SYSTEM IMPLEMENTATION

G2 permits the organisation of an ES in knowledge bases (a cont ainer in which a set of knowledge about real or virtual entities is collected and organised). A knowledge base can contain one or man yworkspaces (the blank pages upon whi ch we create and maintain objects). The objects upon workspaces are capable of having their own subsidiar y workspaces. Thus, logi cal hierarch yof objects and workspaces to group and organise data can be created. In our protot ype definitions, plant diagrams, graphical monitoring, and agents are considered as main workspaces. The agents are subdivided in several workspaces, maintaining an organised structure.

Knowledge representation in G2 is maintained and extended through cl asses. Classes have attributes; these define the inherited and locall ydefined properties of the class. G2 m aintains class attributes within attribute tables. Main classes considered include process units (14 object definitions), instrumentation (38 object definitions), connections (27 object definitions), sludge and microorganisms (84 object definitions), and computers (4 object definitions). Ever yobject is an instance of a class, which is defined through an object definition. Figure 4 presents the ES shell with several workspaces, objects with their icons, and connection stubs.

The ES is fed with in-line data (pH, T, DO, ORP, aeration and flows) and on-line data (NO

3

- ,

NO

2

- , NH

4

+ and PO

4

3- ) generated b ythe plant using the data server. Qualitative data (odours, colours, microbiological observations data) and discrete data from off-line anal yses (COD,

TSS, VSS, TKN, and SVI) are sent to the ES. Both last tasks are accomplished using the

Internet as a vehicle. Each specialised operator can send specific data from an ycomputer using a form page in WWW. HTMLcode generates an e-mail form atted message using the

PER Lscript language. The ES is able to read these m essages, and to use this symbolic and numeric knowledge to update the attributes of the object. Using rules based on the available

ECAI 98 W7 Binding Environmental Sciences and AI Baeza, J.; Gabriel, D.; Lafuente, J. 34

data and the operator confirmation in problematic situations, the expert s ystem continuousl y decides the optimum operation. Finall y, control actions are transmitted to the process computers that act on the required pl ant elements.

Figure 4. The Expert Systemshell.

5 . APPLICATION

A detailed practical example of how the overall supervisor ys ystem works is shown, focusing

on the control of the Mean Cellular Residence Time (MCRT):

The operator realises a routine anal ysis and introduces the anal ytical results in the Web Page

using a standard browser. This produces an e-mail, with the data codified, which is sent to the

workstation.

The expert system checks periodicall yif a new e-mail message has arrived. When detected a

new e-mail, the data included is read. This data is used to update the corresponding attributes

of the defined objects.

The changes of the value of the attribute ’suspended volatile solids’ in the reactors produce a

new value of the MCRT. If this value is different to the previous value, the agent ’Sludge

MCRT’ is automaticallyactivated.

This agent checks if the new value was into the predefined band. This band is determined b y

the Supervisor agent, taking into account the information provided b yseveral agents, as the

’Nutrient Removal’, the ’Microorganisms’ or the ’Economical Restrictions’ agents.

If a difference between the required MCRT and its actual value is detected, a procedure is

activated. This procedure calculates the purge parameters to obtain the required MCRT.

These parameters are sent to the data server, who is in charge of transmit them to the

monitoring and control computer through the TCP/IP connection.

The control computer, with the new setpoints obtained from the data server, sends to the P LC

new setpoints, corresponding to the opening time of the purge electrovalve.

The P LC uses the new setpoints to open and close the purge electrovalve in the prefixed

intervals. The position of this electrovalve determines if the sludge rec ycling flow is directed

to the anaerobic reactor or to the vessel where the purge of the system is accumulated. The

change in the rec ycling flow derived to the vessel determines a new value of MCRT.

A change in the plant conditions, for example if the external rec ycling flow is modified b y

another rule, can produce new values for the parameters of the s ystem involved in the MCRT

calculation. These news values are detected b ythe ES, which will activate the necessar y

agents to conclude new control parameters if necessar y, as has been shown before.

6. CONCLUSIONS

The main achievement of this prototype is a versatile framework able to deal with different

plant configurations, based on the object-oriented paradigm and on rule-based reasoning. The

on-line feature is an important innovation of this system, particularl yfor data monitoring and

supervisor control. Recently, some papers with good results have appeared showing the

promising potential for implementing on-line monitoring and control [Balslev et al., 1996;

Nielsen and Önnetrh, 1996], though their knowledge integration is not as formal and versatile

as KBES would require. In our s ystem, different control strategies can be implemented for

activated sludge control of carbon, nitrogen, and phosphorus removal with different plant

configurations. In addition, the developed KBES can be adapted to a new plant in a short time

because of object-oriented design.

Finally, this s ystem was running continuouslyduring 400 da ys. In this period the operational

objectives of the pilot plant was changing periodicall y(nitrogen removal, phosphorus

removal, etc.). The supervisor yexpert system shows an excellent performance to manage the pilot WWTP. The system developed detects and controls all the wrong and special operations,

as for example: pump failure, feeding problems, probes malfunction, equipment maintenance,

anal ysers control and maintenance, etc.

7. REFERENCES

[Balslev et al., 1996] P. Balslev, A. Lynggaard-Jensen, C. Nickelsen. Nutrient sensor based

real-time on-line process control of a wastewater treatment plant using recirculation. In

Wat. Sci. Tech . 33 (1), 183-192. 1996.

[Barnett et al., 1992] M.W. Barnett, G.G. Patr y, M. Hiraoka. Knowledge-based (expert)

systems for the activated sludge process. Dynamics and Control of the Activated Sludge

Process , Technomic Publ. Co., Lancaster, pp. 231-243. 1992.

[EPA, 1993] Manual Nitrogen Control. EPA, Washington, DC, USA. 1993.

[Gabriel et al., 1998] D. Gabriel, J. Baeza, F. Valero, J. Lafuente. A novel FIA configuration

for the simultaneous determination of nitrate and nitrite and its use for monitoring an urban

waste water treatment plant based on N/D criteria. In Analytica Chimica Acta, 359 , 173-

183. 1998.

[Gall and Patry, 1989] R.A.B. Gall, G.G. Patr y. Knowledge-based s ystem for the diagnosis of

an activated sludge plant. Dynamic Modeling and Expert Systems in Wastewater

Engineering , Lewis Publ., Chelsea, pp. 193-240. 1989.

[Gensym, 1995] Gensym Corporation. Gensym G2 Reference Manual Version 4.0. Gensym

Corporation. Cambridge, Massachusetts. 1995.

[Nielsen and Önnetrh, 1996] M.K. Nielsen, T.B. Önnerth. Strategies for handling of on-line

information for optimising nutrient removal. In Wat. Sci. Tech. 33 (1), 211-222. 1996.

[Ozgur and Stenstrom, 1994] N.H. Ozgur, M.K. Stenstrom. KBES for process control of

nitrification in activated sludge process. In J. of Environ. Eng . 120 (1), 87-107. 1994.

[Patryand Barnett, 1992] G.G. Patry, M.W. Barnett. Innovative computing techniques for

development of an integrated computer control s ystem. In Wat. Sci. Tech. Vol. 26, No. 5-6,

pp. 1365-1374. 1992.

[Sànchez et al., 1994] M. Sànchez, I. R-Roda, M. Poch, U. Cortés, J. Lafuente. DAI-DEPUR

architecture: Distributed agents for real-time WWTP supervision and control. Proc. Of

IFAC/IFIP/IMACS Symp. on Artificial Intelligence in Real Time Control (AIRTC´94),

València (Spain), 147-152. 1994.

[Sànchez et al., 1996] M. Sànchez, U. Cortés, J. Lafuente, I. R-Roda, M. Poch. DAI-DEPUR:

an integrated and distributed architecture for wastewater treatment plants supervision. In

Artificial Intelligence in Engineering 1 , 275-285. 1996.

[Serra et al., 1993] P. Serra, J. Lafuente, R. Moreno, C. De Prada, M. Poch. Development of a

real time expert system for wastewater treatment plants control. In Control Eng. Practice.

Vol. 1, No. 2, pp. 329-335. 1993.

[Serra et al., 1994] P. Serra, M. Sànchez, J. Lafuente, U. Cortés, M. Poch. DEPUR: a

knowledge-based tool for wastewater treatment plants. In Engng. Applic. Artif Intell. 7 (1),

23-30. 1994.

[Serra et al., 1997] P. Serra , M. Sanchez , J. Lafuente, U. Cortes, M. Poch. ISCWAP: A

knowledge-based s ystem for supervising activated sludge processes. In Computers Chem.

Engng. Vol. 21, No. 2, pp. 211-221. 1997.

[Verheijen, 1997] L. Verheijen, I. Uchiakawa, T. Koba yashi, I. Endo. IMCS (Intelligent

Monitoring and Control S ystem) for wastewater-treatment . Book of Abstracts of 8th

European Congress on Biotechnology , Budapest, pp. 299. 1997.