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Abstract The hardware architecture and the software development of a real-time knowledge-based
distributed control system for the supervision of a wastewater treatment pilot plant are presented. The
operation scheme is based on an A%/O system (anaerobic, anoxic, oxic) and includes organic matter
removal, nitrification/denitrification, and Enhanced Biological Phosphorous Removal (EBPR). The hardware
architecture involves different supervision levels, including two autonomous process computers (plant
control and analysers control) and a PLC. The software architecture includes a Knowledge-Based Expert
System (KBES) as the top control system. The KBES has been developed in G2, an expert system
development environment based on object-oriented structural design. This system is fed with data obtained
from the plant monitoring (in-line, on-line and off-line data) and with actuation data of the lower control levels.
Using this information, the KBES supervises the pilot plant in order to help with fault detection and plant
maintenance, but also modifies setpoints and other variables of the local control level to adapt the system to
the different influent conditions. The overall system has been implemented and validated at pilot scale.
Keywords Activated sludge; expert system; knowledge-based expert system (KBES); real-time;
wastewater treatment

Introduction
The real-time control of wastewater treatment plants constitutes a quite complex problem
dueto thelack of reliable on-lineinstrumentation and simplicity of model s used to describe
the microbiological processesthat take placein the bioreactors (Serraet al., 1993). The use
of knowl edge-based techniques has been widely proposed to improvethe actual situation of
these systems (Gall and Patry, 1989; Barnett et al., 1992; Ozgur and Stenstrom, 1994). This
paper presents the hardware architecture and the software development and implementa-
tion of a knowledge-based distributed control system for the supervision of a wastewater
treatment pilot plant (WWTPP) with biological removal of organic matter, nitrogen and
phosphorus. In previous works, the main prominence was oriented to the knowledge struc-
ture development (Serra et al., 1993; Sanchez et al., 1996; Serra et al., 1997) and control
strategies (Moreno et al., 1992), but the real-time implementation of the data knowledge
structureisthe main essence of our current work (Baeza, 19993, 1999b).
Inthisdevelopment, asthe main tendency in the actual real-time control and supervision
of processes, all the possible knowledge and the top autonomous decision capacity at every
subsystem of the process is applied. In this supervisory control outline, every element
supervises elements situated hierarchically under its control. This increases the system
complexity, but obtainsimportant advantages, such astheincreased control of processfail-
ure and the possibility of using the top-level control to work in the system supervision. In
our case, thistop-level control is occupied by a Knowledge-Based Expert System (KBES)
designed in G2 (Gensym, 1995) a development environment for creating intelligent,
knowledge-based, real -time applications.

Methods
The process under study is biological wastewater treatment based on AZ/O multistage con-
figuration (EPA, 1993) with nitrification-denitrification and enhanced phosphorus removal
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Figure 1 A2/O process for nutrient removal
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Figure 2 Process diagrams workspaces

(Figure 1). Thistreatment isdivided into three different zones: anaerobic, anoxic and oxic.
Themain processesinvolved in this configuration are summarised next. Inthe oxic zonethe
nitrification processiscarried out, and the nitrate produced in this zone is recycled with the
mixed liquor to the anoxic zone (internal recycle), where the denitrification process takes
place. Thereturn sludgefromthe settler isrecycled to the anaerobic zone (external recycle),
where the influent and the sludge are mixed in anaerobic conditions. |n addition, the alter-
nation of anaerobi c/oxic conditionsimproves phosphorusremoval by meansof thegrowing
stimulation of phosphorus accumulating microorganisms.

Figure 2 shows a schematic diagram of the pilot scale facility, which consists of an
anaerobic selector (9 litres), threeidentical aeration tanks (28 litres) and asettler (60 litres).
The oxic state of these three tanks may be easily configured from the expert system, there-
forethe oxic and anoxic volumeisvariable. Thefirst tank usually isused as an anoxic reac-
tor, but an aerobic operation mode is also possible. The feed to the anaerobic selector isa
mixture of theinlet wastewater and return sludge. The inlet wastewater isa synthetic influ-
ent made by mixing two concentrated complex sources of carbon (glucose, saccharose and
starch) and nitrogen (peptone, ammonium chloride and urea) diluted with tap water.
Different concentrations and flows are automatically assigned and scheduled to simulate
real situations.
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Figure 3 Outline of the distributed system for supervision and control

The hardware architecture (Baeza, 1999a, 1999b) contains different supervision levels,
including two autonomous process computers (plant control and analysers control) and a
PLC. In the PLC program, operation failure detection and the possible corrective actions
have been included. The software for the plant control computer is developed in C lan-
guage, and includes graphic monitoring, data backup, PL C supervision, and control of key
process parameters (DO, flow-rates, stirring rates, etc). This computer permits the control
of the WWTPP with a set of prefixed setpoints, the usual level of control we can findin a
WWTP. Another computer controls two on-line automatic analysers for nitrate-nitrite
(Gabriel et al., 1998) and ammonia, and an automatic sampling system. Both process com-
putersarelinked viaEthernet to adataserver executed inaSun Sparcstation running Solaris
operating system. Thisgateway isbased on TCP/IPcommunication, and it allowsthe main-
tenance of areal time database with theinformation generated in every subsystem.

The KBES developed in G2 4.0 running on the Sun workstation is on the top of the sys-
tem architecture. It systematises the knowledge about the process, which is based on the
existing scientific knowledge and the practice acquired in our particular system. The ES
acts as the master in a supervisory setpoint control (SSC) scheme. It is based on adistrib-
uted architecture integrated by a supervisor. The knowledge is organised in severa mod-
ules, representing the available knowledgefor every sub-process. The ESisfed within-line
data(pH, T, DO, ORP, aeration and flows) and on-linedata (NO3, NO; and NH) generated
by the plant using the data server. Qualitative data (odours, colours, microbiological obser-
vations data) and discrete data from off-line analyses (PO;?‘, COD, TSS, VSS, TKN, and
SVI) can be sent to the KBES. Both the latter tasks are accomplished using the Internet asa
vehicle. Each specialised operator can send specific data from any computer using aform
page on the WWW. HTML code generates an e-mail formatted message using the PERL
script language. The KBES is able to read these messages, and to use this symbolic and
numeric knowledgeto update on object’sattributes. Using rulesbased on the avail able data,
the expert system continuously decides the optimum control to achieve the required nitro-
gen and organic matter removal. Finally, control actionsare transmitted to the process com-
putersthat actuate each element of the plant. The definitive schemeisoutlined in Figure 3.

Results and discussion

KBES Implementation

All the KBES knowledgeis structured through awhol e set of rules and proceduresfor each
subsystem of the WWTPP. Knowledge representation in G2 is maintained and extended
through classes. Classes have attributes, which define the inherited and locally defined
properties of the class. Main classes considered include process units (14 definitions),
instrumentation (38 definitions), connections (27 definitions), sludge and microorganisms
(84 definitions), and computers (4 definitions). Every object isan instance of aclass, which
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is defined through an object definition. Figure 2 —the process diagrams workspaces — pres-
ents severa objects with their icons and connection stubs. The workspaces are the blank
pages upon which G2 permits the creation of objects. A knowledge base (a container in
which a set of knowledge about real or virtual entitiesis collected and organised) can con-
tain one or many workspaces. A logical hierarchy of objects and workspaces to group and
organise rules and objects can be created. In our prototype, the workspaces Definitions,
Process Parameters, Modules, Plant Diagrams, and Graphical Monitoring were considered
asmain workspaces, although the total amount was more than 200.

Inthe KBES (Baeza, 19993, 1999b), a set of rules (319) and procedures (45) to help fault
detection, plant maintenance, and nitrification — denitrification cycle operation was imple-
mented and validated at pilot scale. The knowledge is organised in several modules, repre-
senting the available knowledge (the prior and the acquired experience) for every
sub-process of the WWTPP. This knowledge distribution has some advantages, as for
example obtai ning modularity, and therefore reusability and extendibility of the system, or
obtaining a system abl e to manage the increasing complexity of these artificial intelligence
systems. All the independent modules share a common database that can be used to
exchange information between them. The modules act as independent agents applying
numerical algorithmsand rules when the situation isnormal and they are controllingasim-
ple process parameter. These parameters are generally data driven through forward chain-
ing when new data arrives at the real time database. When the independent modules are
unableto manage adetected situation or when acomplex parameter hasto be cal cul ated, the
supervisor requiresinformation to be sent to the necessary modul es and deducesthe correct
control action to be made. The rules and procedures implemented in the main modules are
described next.

In the Bioreactors Module, some rulesfor the supervision of the operation of these units
have been established (specialy the aeration, stirring and probes subsystem behaviour).
The possible deactivation of local control loops, like the oxygen control, isincluded in this
module. In the Settler Module, rules for settler supervision have been implemented. These
rules mainly monitor hydraulic and microorganisms load to this unit, sludge settleability
and TSS concentration in the outlet, in order to have an earlier detection of problemsinthe
water-microorgani sms separation. The Pumping System Module hasrulesto supervise the
operation and maintenance schedul e of pilot plant pumps, and isalso in charge of maintain-
ing the desired recycling conditions. It can work with different strategies, as for example,
fixed flow or fixed recycling/inlet flow ratio. The Feeding System Module supervises the
automatic feeding system, checking the total volume and concentration of compounds fed
to the pilot plant. This module makes an estimation of the volume of concentrates used, and
advises the operator when the vessel of concentrate should be filled. The COD Removal
M odul e estimates the ratio food/microorganisms, and advises when this relation can cause
problemsfor the plant. Some predefined usual situations, such asoverload or low-load, can
be detected by the implemented rules and then the programmed control actions are applied
to minimise future problems. In the Nutrient Remova Module some control algorithmsto
improve nitrogen removal without affecting phosphorus removal are implemented. Here
areincluded rulesfor thevariation of theinternal recycleratio (toimprovenitrateand nitrite
removal), the modification of external recycleratio (to face up toload increase) or the mod-
ification of oxygen setpointsin thethreereactors (in order to obtain better nitrification rates
or to minimise oxygen consumption in low-load periods). Other different modulesimple-
ment rules to maintain a predefined sludge age or to monitor the microorganisms present in
the sludgeto detect bulking problems.

In these rules and procedures, every measure is checked using different criteria. The
measures should be in a predefined band, the rate of change should not be too fast or too
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Figure 4 COD and N-NH; loads in the pilot plant

slow and the measures should not bein contradiction with other measures. If the dataiscon-
sidered not reliable, the KBES can deactivate local control loops and establish constant
actuation, based on normal values.

Experimental results

To ensure the behaviour of the whol e system, different series of experiments have been car-
ried out. In these experiments, some strategies to improve nutrient removal, implemented
by meansof rulesinthe KBES, were checked. Asan exampl e of the strategi esimplemented,
theinternal recycleratio variationisshown. Thepilot plant wasfed with asynthetic mixture
made with the automatic feeding system. Different flows of C-concentrate, N-concentrate
and tap water were assigned and schedul ed to obtain theloads shown in Figure 4. These pro-
files emulate the situation in areal plant, with different loads during 24 hours, including a
high-load period and alow-load period.

In addition to the N-NH load described in figure 4, there are other contributionsto the
total nitrogen introduced in the pilot plant. Thereisan organic nitrogen contribution dueto
the peptoneincluded in the N-concentrate, and thereis also a nitrate concentration because
of thetap water nitrate content. In table 1 are summarised the different contributions of the
nitrogen formsto the plant influent during every 24-hour periods studied.

In order to compare the behaviour of the pilot plant, the results of two experiments are
shown here. In experiment (a), thelocal control maintained the recycle flowsin a constant
prefixed ratio, but in experiment (b), the KBES modified the setpoint of internal recycle
ratio to improve denitrification, based on the effluent measures acquired by the analytical
subsystem. In both experimentsthe external recycle (sludgefrom the settler introduced into
the anaerobic selector) was maintained at 0.5 times the inlet flow (external recycle flow=
0.5 Oinlet flow). Thisrecycleratio of 0.5 has showed good results of biomass separationin
previous experiments, so it wasthe one selected.

In referenceto the internal recycle flow, the plant can work with afixed flow. However,
to achieve a better nitrate removal, a flow based on the influent flow is generally estab-
lished. Although in the A2/O operation scheme it is not possible to achieve a 100% nitrate

Table 1 Total nitrogen introduced in the
pilot plant during the 24-hours periods

Integrated load of nitrogen (g/d)

N-NH; 7.264
N-Norganic 5.049
N-NO3 0.709

N total 13.022
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Table 2 Setpoints of oxygen and recycle ratio in the pilot plant in experiments (a) and (b)

Oxic state (DO setpoint mg O,/1) Recycle ratio
Experiment Reactor 1 Reactor 2 Reactor 3 External Internal
(@) Anoxic (DO=0) Oxic (DO=3) Oxic (DO=3) 0.5 2
(b) Anoxic (DO=0) Oxic (DO=3) Oxic(DO=3-1) 0.5 1-2-4

removal, itisclear that when theinternal recycleratio increases, more nitrateisrecycledto
the anoxic reactor. If the nitrate input increases, and there is no COD nor reaction velocity
limitations the denitrification would happen to a larger extent. The limit for this recycle
comes, in general, with the economy of the process.

In experiment (a), a fixed recycle ratio of 2 is maintained (recycle flow from oxic to
anoxic zone is twice the influent to the pilot plant). In experiment (b) the recycleratio is
modified by the KBES depending on the concentration of nitrogen N-NO, (nitrate plus
nitrite) in the effluent. There arethree different setpoints depending onthislimit of N-NO, :

N-NO, <0.5mg/l Fir/Fi=1
0.5mg/l <N-NO, <1.5mg/l Fg/F =2
N-NO, >1.5mg/l Fr/F =4

The maximum recycle ratio used was 4, because it is the biggest that can be obtained with
therecycle pump for the maximum influent flow. The minimum used was 1, becausethereis
aways some ammonium in theinfluent, which will haveto be nitrified and then denitrified.
The medium recycle ratio used was 2, a value which permits generally good results. This
was al so the fixed value used in experiment (a).

In Table 2 are shown the different setpointsthat establish the conditionsin every experi-
ment. The oxic state was anoxic in reactor 1 and oxic (3 mg/l) in reactor 2 in both experi-
ments. In reactor 3, different conditionswere established, depending ontherecycleratio. In
experiment (a), it was maintained with a3-mg/| setpoint, whilein experiment (b) it had two
different values. When arecycleratio of 1 or 2 was used, it was maintained with the same
conditions as experiment (a) (3 mg/l). If therecycle ratio was set to 4, the oxygen setpoint
wasreduced to 1 mg/l, in order to minimisethe oxygen input to the anoxic reactor that could
interferein the denitrification process. | n previous experiments, it was shown that reducing
the oxygen setpoint from 3to 1 mg/l did not reduce considerably the nitrificationin the sys-
tem, nor did it increase the denitrification significantly, because of the absence of readily
biodegradable COD inthisthird reactor.

The different setpoints are sent to the local control system, which is able to modify the
corresponding variablesin order to maintain those values. In reference to therecycleflows,
it modifies these flows to maintain a constant ratio of flow recycle/flow influent, according
to theinfluent flow changes.

In Figure 5 the monitoring results for effluent anmonium, nitrite and nitrate and the
flows during the 24-hour period are shown. Figures 5(a) and 5(c) correspond to experiment
(a) and figures 5(b) and 5(d) to experiment (b). In figures 5(c) and 5(d) the influent flow to
the pilot plant (continuous lines), the internal recycle flow (dotted lines) and the external
recycleflow (dashed lines) are shown. As can be seen from thefigure, in the experiment (a)
the external recycle flow is modified to keep the predefined recycleratio of 0.5, whilst the
internal recycleratio flow isvaried to maintain aratio of 2.

Ascan be seen from figures4 and 5c¢, the maximum load of nitrogen and COD to the pilot
plant matches with the maximum of theinlet flow, at around 16:00 hours. However, if we



Table 3 Effluent characterization

Experiment N-NH; (g9) N-NO3(g) N-NO5(g) Nqora (@) Nremoved(g) %removal %N-NH;  %N-NO3 % N-NO;
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Figure 5 Effluent concentrations of nitrogen and flow variations in experiment (a) (Figures a and ¢) and
experiment (b) (Figures b and d)

look tofigure 5a, it can be observed that the maxi mum concentration of N-NH is produced
around 20:00 hours. Thisdelay is produced because of the residence timein the pilot plant
(about 6 hours with the flow during this high load period). From 16:00 to 24:00 hours
approximately, the pilot plant is not able to nitrify the load applied, therefore the effluent
containsahigh concentration of nitrogen intheform of ammonium. Whentheload and flow
diminish, the pilot plant is ableto nitrify the accumulated ammonium with the same opera-
tion conditions. Thisincreases the nitrate and nitrite concentration in the system, however,
theinfluent flow decreases, and theinternal recycleisreduced inthesameratio. Inthissitu-
ation, although the flow of internal recycle is twice the inlet flow as the control system
maintains, it isnot enough to denitrify the nitrate and nitrite produced.

One solution to improve the situation could be to increase the internal recycle ratio set-
point. A constant ratio of 4 would help the system to denitrify all the nitrate and nitrite; on
the contrary it has also its drawbacks in the economic point of view. In order to apply this
recycle ratio only when it was necessary, the commented limits of the oxidised forms
of nitrogen (N-NO,) were implemented in the KBES. Those limits were applied in
experiment (b).
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In Figures5b and 5d the results of thisexperiment are shown. If thelevelsof nitrogen are
compared with respect to experiment (a), asimilar concentration of nitrogen asammonium
can be observed in both experiments. Comparing figures 5b and 5d, it ispossibleto observe
that when thetotal N-NO, exceedsthe defined setpoint of 1.5 mg/l, the KBESincreasesthe
recycleratio setpoint to 4. As can be observed, the nitrate and nitrite concentrations are kept
alower level thanin experiment (a). In addition, the KBES decreasestherecycleratio when
high valuesare not needed anymore; around 3:00 a.m. theratio isreduced to 2 and after 5:00
am. itisreduced toitsminimum ratio, 1. With these conditions, the high recycleratios are
only used when it is necessary, improving the economy of the process.

In Table 3 are summarised the different nitrogen contributionsto the effluent. Firstly, the
grams of the species analysed in the effluent are specified. Then, the total nitrogen, the
nitrogen removed and the N-removal percentage are specified. Finally, the percentages of
the speciesin the effluent are shown.

The removed nitrogen and the % removal are obtained using the datafrom Table 1. As
can be calculated from theseresults, thereis adecrease of 30% in the nitrogen asnitrate and
nitrite presented in the effluent. This percentage would have been better if morerestrictive
limitsfor N-NO, had been defined, but it would have had anegativeimpact in the economy
of the process. With respect to the total nitrogen the total amount is reduced, although the
fraction of ammonium increases because of the N-NO, diminution.

The ammonium nitrogen is not affected by the strategy shown, so the total amount of
ammonium isalmost the samein both cases. Asthis specieisthe biggest contributionto the
nitrogen in the effluent, the percentage of removal does not decrease to a great extent. To
improve the ammonium removal, other strategies have been implemented (Baeza, 1999b)
which permitted to reduce the total amount of nitrogen in the effluent to almost 50%.

Conclusions

The main achievement of this prototypeisaversatile framework ableto deal with different
plant configurations, based on the object-oriented paradigm and on rule-based reasoning.
Theon-linefeatureisanimportant innovation of this system, particularly for datamonitor-
ing and supervisor control. In our system, different control strategies can be easily imple-
mented 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 ashort time because of object-oriented design. Finally, this system is running con-
tinuously for more than 800 days. The supervisory KBES shows an excellent performance
to managethe WWTPP. The devel oped system detects and controlswrong and special oper-
ations, as for example: pump failure, feeding problems, probes malfunction, equipment
maintenance, analysers control and maintenance, etc.
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