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ABSTRACT

In this survey the state of the art of wastewater treatment system

control is presented. Instrumentation, dynamical models and identifi-
cation applications are reviewed. Current practice in control is

described and computerization of wastewdater treatment plants is discussed.
Biological treatment systems have been emphasized. The interactions between

unit processes and between the sewage treatment plant and the sewer

network are also considered.
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INTRODUCTIGN

Wastewater treatment is a relatively new field for the application of
control theory. Quite vecently there has been an increasing interest in
questions concerning autcmation and on-line instrumentation of wastewater
sypatment systems. Special symposia on instrumentation and automation have
heen arranged [ 7 13 [29 1[66 ]. In the USA a special Instrumentation

and Automation Advisory Committee for Wastewater Management has been formed

recently under the Environmental Protection Agency (EPR} [65 1.

The concern about envirormental quality hes naturally contributed to this
interest, and move strict regulations have heen stipulated by reguiatory
agencies. The investment costs for wastewater collection and treatment
systems are enovmous and it is decirabls to use the systems as efficiently
as possible. The operational costs for the plants have risen dus to

increased costs for power, chemicals and wanpower.

As most wastewater treatment systems are public systems, they tack the
incentive of a profit-making process. This is one reason why the develop-
ment of thess svstems have been sTower than that of the chemical process

industry.

It is important to remember that the contaminant concentrations in waste-
water are very small. Domestic wastewater is 99,95% water. For most uses,
however, the water must contain much lower Tevels of contaminants. Waste-
water technology, therefore, must phase the problem to extract very smatl

concentrations of different pollutants to very small levels, There 1s also

a great diversity of contaminants. In fact, this diversity is so great and
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the concentrations are so Tow that only a few substances exist at a

measurable level. This makes much of the instrumentation a major problem.

In order to characterize the influent and effluent water cualities, some

gross measures are used such as bicchemical oxygen demand (80D}, chemical
oxygen demand (coB), total organic carbon (TOC), total phosphorus, nitrogen
and suspended solids concentrations. In addition, there are several more
relevant parameters, such as heavy metals, trace organics, pesticides and
viruses. The problem for the operating or control engineers is to find

the most relevant measurement information for estimation and control purposes.
The great problem is, that one has vary 1ittle control over the influent "raw
material” but 211 the time has to produce an acceptable "product” of the

plant.

Wastewater treatment should be considered as a part of a larger water quality |
system if an adequate systems analysis should be sdﬁcessful, Basically one i
can distinguish between four sub-systems of a water quality system:
(1) potable water abstraction, purification and distribution i
(1i) water coliection system, including the sewer network , |

-and urban run-off i

(1i1) the wastewater treatment plant, including both wastewater
and sludge treatment

(iv) the recipient |

The main object for this paper is the treatment plant, but because of the

strong interaction from the water collection system, both thase subsystems

will be considered from a control point of view.




In section 2, some of the typical problems for wastewater treatment
control are summarized. Some of them also appear in other processes,

but taken together they define the unique features of wastewater treat-
ment control. The collection systems are considered in 3. Some of the
problems in modeling and the current practice in operation are reviewed.
The most used and important unit process in biological wastewater treat-
ment is the activated sludge process. It is also the process wheve
control theory may be most profitable. The dynamics of the process is
reviewed in section 4, and current practice in operation of activated
siudge plants is discussed in 5. The general problems of identification
of biological systems are discussed in 6. Sowe applications are mentioned
and a study of the dissolved oxygen dynamics in an activated sludge plant

is described in more detail.

Chemical treatment is applied widely in wastewater treatment. Settling
or sedimentation is discussed in section 4 in connection with the
activated studge process. In 7 the process of phosphorus remeval by
chemical clarification has been chosen to represent chemical treatment
processes. In 8, instrumentation and measurement problems are discussed.
The application of process computers 1niwastewater treatment is reviewed
in 9. In 10, some overall problems for plant design and control and

process interactions are mentioned. Some personal thoughts about essential

control problems and the future development are made.




SOME TYPICAL PROBLEMS IN WASTEWATER TREATMENT CONTROL

Control theory does not, in itself, pay any special attention to the system's
physical or chemical nature; the plant is just a set of differential equations
or transfer functions. In the design of control systems for a wastewater
treatment system, theve are, however, some special features which must be
considered. Some of them are also typical for other process control problems.
Added together, however, they define the special type of approach which 1t

may be necessary to take for the control of a wastewater treatment plant.

In a workshop on Research Need for Automation of Wastewater Treatment Systems
held at the Clemson University in 1974 [29 ] problems were 1isted and researci

priorities were set up. Here we will look at some of the problems from the

control engineer's point of view.

(1) Disturbances

The usual regulator task in process control is to keep certain variables or
time-averages of variables constant despite external disturbances to the
plant. In chemical process control these disturbances are often related to
the influent feed stream. In contrast to many chemical processes the influent
disturbances in a wastewater treatment piant or a collection system have a
significant amplitude, both in flow rate and in composition. 1In a small plant
with a concentrated sewer network the ratic of peak to minimum flow can be as
much as ten. In a large plant with a more distributed network, this ratio

may be 1.5 or 2. The flow changes are both regular ones - Tike diurnal
variations - and sudden chock loads - like the hydraulic locad after a rain-

storm. Diurnal concentrations changes are often in phase with the flow rate

changes, which amplifies the total load variations to the plant. Also,




concentration and composition can change rapidly, for exampie caused by
industrial effluents of either high concentrated organic nutrient material
or toxic substances. As opposed to flow rate changes, concentration and
composition variations are very difficult to measure. For example, heavy
metal or other toxic disturbances to the plant most often cannot be

observed until they have affected the process output.

(2) Flow Rates

The flow rates in a wastewater treatment plant ought to be compared to that

of chemical processes. A very large oil refinery may have a daily output of

100,000 barrels, i.e., some 0.2 m3/sec. A medium sized wastewater treatment
piant has a flow rate of 1.5 = 2 mg/'sec.s while the largest plants have flow
rates of about 50 m3/sec‘ Because of this fact, flow equalization is
unrealistic in many domestic’piantss and the incoming variation has to be
accepted. 1iIn industrial wastewater treatment plants, however, flow equal-

ization is more common. |

(3) Transportation Lags and Measurement Lags

As in many chemical processes, flow transports create time tags which can
cause stability problems. There is also a significant time delay in the
instrumentation. Because many measurements are based on analysis, the
control action can be delayed. The time delay not only creates stability
problems; sometimes it creates total process faiiure, Examples of this are

toxic materials entering an activated studge process or a wrong pH vatue in

‘ an anaevrobic digester,

(4) Sensor Problems

Only a very smat) fraction of the interesting variables can be measured.

In order to define the influent stream a large amount of highly sophisticated




6

measurements should be needed. Even for a large plant, it would be impossible
to do this. Even if it were economically possible, the time delay from the
neasurement to the process might be too Targe, so the damage has already
been made. To measure bioTogical parameters is an awkward task. Mostly,
they have to be measured indirectly by physical and chemical parameters.
Often the measurements can be misinterpreted or obscured by unaccountable
effects, and therefore, all measurements have to be carefully analyzed
before they are used for contrel. One example may suffice here. Dissolved
oxygen (DO) is consumed due to biological activity. The DO concentration
can increase because of two completely different mechanisms. Either the
substrate concentration in the feed can go down or toxic material can

enter the plant. The real cause of the disturbance must be judged based

on, for exampie, time scale and Jocation of the DO change.

There is certainly a severe limitation in squipment and sensors. Due to
the Tack of dynamical models it is also difficult to identify which are

the essantial process variables and the needed process instruments.

(5) Time Constants

There is an immense difference between the smallest and largest time constants
in a typical biological treatment plant. The word 'time constant' may not

be adequate in a strongly nonlinear system like a wastewater treatment plant,
and the word response time may be preferred. The response times for equip-
ment Tike pumps and blower systems are of course fast, less than a minute.
Also, chemical flocculation is in the order of less than a minute. The

oxygen transfer of gaseous oxygen to dissolved oxygen in an activated siudge

process takes place in about 15 minutes. The hydraulic time constants for a
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typical plant are several hours. The biosorption process - when the

bacteria cells first capture the substratgl- take place within 10-30 minutes.
The biological synthesis is a process over days and the endogeneous respiration
is even slower. Anaerobic digestion of sludge typically operates over almost
a month or several weeks. On top of this, there may be strong seasonal
variations, primarily depending on temperature. As biolocgical species are
temperature sensitive, the control problem may look quite different during

summer and winter in many countries.

(6) Nonlinearities

This is, of course, not unique for wastewater treatment processes, but it
must be emphasized here. Linearizations are seldom adequate because of the
Targe amplitude disturbances. Moreover, the control problem is not so much
a setpoint regulator problem, but is more to control the plant for large
size disturbances in concentration or flow rate. Very often the task is

simply to save the pilant.

(7) Couplings

Counlings in each unit process often play a large role, but still no
mu]tivarigb1e control has been implemented in any plant. Often the wide
span of time constants can be used to decouple the control loops. The
interaction between different unit processes has been considered to a very
Tittle extent, even if this possibility and problem has been reccgnized
for a long time. The relation between sewer network operation and plant
control is important, if the plant size should be properly designed and
operated. The coupling between sludge and water treatment is very

significant. The energy saving possible from anaercbic digestion methane

as Se . .
9as production is important and s used in many places.
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(8) Spatial Distributions

spatial distribution problems are common in wastewater treatment piants.
In a sedimentation basin the spatial distribution of the concentration
ss essential to understand, both from a design and a control point of
view. One example is the settler for biological sludge, following the
sarator in an activated sludge system. The spatial distribution of settied
sludge concentration must be known so the total stored capacity of sludge
could be calculated. This is directly related to the control authority of

the return sludge flow rate. In an activated sludge process, the spatial

distribution of oxygen uptake can be used as an information to estimate

the biological activity. As in other processes spatial dependence

creates theoretical probiems of different kinds, i.e., where to place

instruments ., how many sensors are needed, etc.

Another kind of spatial probiem is the geographical gistribution, especialiy

in water ccllection systems, but also in large treatment plants.

(9) Process Chenges
In a biological reactor the process itself may change character during a
time period of some days. Due to substrate composition or dissoived oxyden
changes the cowposition of the bacteria culture can change and consequently
the whole dynamics of the system is changed. One example is when the floc
bacteria are Iimited by substrate and filamentous bacteria take over. A
toxic material can also kill certain species but save other. This type of
Problem naturally makes 1%t sometimes difficult to reproduce experiments

successfully. It also demands regulator paremeter changes and sometimes even

Structure changes in the control system.




(10) Control Objective

The apparent control objactive for a wastewater treatment plant is to

produce an acceptable {for the reguiatory agency!) effluent quality to
minimal cost. The real difficulty, however, iz that so l1ittle is krown about
which parameters, variables or even unit processes will affect this quality

dynamically. Therefore, there is a clear need for better understanding of

basic principtes as well as of accurate dynamical models, useful for control

purposes.

(11) Control System Structure

There is a multitude of control structures possible for the contrel of a
wastewater treatment plant. It is by no means clear 3 priori which control
variables to use and what to measure. Different control variables have

different control authorities and are useful in different time scales.

Before the control law even can be formulated the problem of dynamical models

and control cbjective must be tackled.

A substantial progress would be possibie if process design would be more

integrated with contro? system design. Sanitary engineers are in general

designing processes from steady state calculations with fnsufficient

attention to dynamic behaviour and controliability. The lack of communication

should not only be blamed on the sanitary engineers. I believe, that the

control engineers have s great responsibility to educate prucess engineers

and to get deeply involved in real applications to show what is possible to

achieve.

Too much work and time have been devoted to develop control strategies

for over-si s g .
| r-simplified models. This has a tendency to turn off sanitary engineers
instead of encoura

ge them to try better control.




ol -

10
(13). Non-Profit Industry

The incentive to build an 'optimally designed’' process is too small. One
reason is, that governmental grants are given oniy for investments and not
for operating costs. Therefore, there is a tendency to overdesign the
precess in order to minimize operating problems, and the trade-off between
design and operation is seldom analyzed enough. Another problem is that
designers have Tittle incentive to minimize the construction cost, as the
profit is often related to the total construction cost. Because of the

quarantee rules few designers dare to minimize the design and compensate

it with & more advanced operation.

There is also a lack of incentive for instrumentation manufacturers to

develop new instrumentation. The Tack of fundamental knowledge concerning
benefits vs. costs of automated treatment is a major chstacle to a general

appiication of more elaborate control.

WASTEWATER COLLECTION SYSTEMS
The operation of wastewater collection systems is often overlooked in
wastewater treatment systems, despite the fact that the cost of the sewer

network is a major pert of the total investmeni. It is, therefore, natural

_ that the design and cperation should be performed in such a way that the

Costs and the undesired effects of a overicaded sewer system network would

be minimized.

F a . : .
rom a homenwner-taxpayer's point of view the sewer system should be

(4} . .
Perated and designed in order tc avoid stoppage, inadequate capacity and

disc
harges of untreated polluted water. From the treatment point of view,

th& coll i on
ect1 4 K - . n " y
system shoyl d be Gpe rated such that flow rate or water
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quality changes could be early predicted and the flow rate to the plant

could be controlled within certain limits.

The problems of wastewater collection system control can be split up into
the two subproblems:
o the determination or prediction of inflow to the sewer
network from urban run-off and municipal usage
o the routing of flows across the sewer network to ocutfalils
‘ and wastewater treatment plants
| In terms of a variable and controliable transportation delay some of the
necessary storage flexibility may come from several potential Tocations

within the sewer network and buffering wells at the treatment plant.

3,1 Models For Design, Flow Prediction and Routing

Not unnaturally, the probiems of sewer network modeling and control are
similar to those of a river system for hydroelectrical power generation.

A sewer network has a large number of input flow sources and is generally

distributed over a large area. The flows are collected into few or maybe
only one large trunk sewer, that enters the treatment ptant. The input
Streams to the system can be quite different in flow rate and in water
quality. From municipal consumers there is generally some periodic diurnal
fow variations, and the composition of the pollutant does not vary
slgnificantly. Industrial effluents are more diversifiesd, both in flow
rate and composition. There is a higher potential risk for toxic materials
1a the streams Trom industries. Réinstarms, meiting snow and infiltrations

pn cause major changes in the flow rate. In a big sewer network the local

Vari i i ‘
BRBLIOns in rainfall must be taken into account in order to make the
Proper Operations.
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In order to predict urban run-off several models have been developed

during many years. The models are generaily extremely complex and deter-

ministic and consider a multitude of properties pertaining to the surface

topography and cover, e.g., asphalt, turf, etc. Also, processes like

infiltration, surface retention, overland flow and gutter flow are meostly
considered. Examples of models for storm water run-off can be found in Chen

and Shubinski [ 33 ] Papadakis and Preul [ 92 ] and Offner [ 86 ]. The

complexity and the amount of physical details is remarkable to say the least.
There are, of course, considerable difficulties in establishing the para-
meters which characterize such a model. The part of the model that describes
the travelling time and the routing through the network is not Tess complex,
as the flow rate is calculated with the traditional hydraulic differential

equations in depth and flow velocities., see e.g., Harris [ 60 1.

Despite their complexity models of the mentioned nature have been success-

fully applied for the design and operation of sewer networks in two cities

which will be considered here, Seattle, Washington [ 78 ] and Cleveland,
Ohic [ 1 ], [94 1. In order to find a suitable design of the collection

System, a number of rain events were dynamically simulated. These events

represented the spectrum of local rain over a period of years. Typical

-hydPOQraphs were then generated and the actual mass balances calculated

for the network. Those values were used as inputs for the design programs,

in order to find suitable capacities of pipes and storage volumes.

The mentioned models have the obvious drawback, that no stochastic element

s ip . .
: ﬁcTuded. An alternative approach to the sewer models would be to derive

nput/o . )
- Utput stochastic dynamical models for the different sections of the
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Maximum Likelihood identification techniques, see Kstrﬁm-Eykhoff i1 1.
nas been applied to establish input/output relationship between wastewater
treatment influent flow data and rainfall data for the Kgppala wastewater
treatment plant at Stockholm, Sweden, see Beck [ 17 ]. The Box-dJenkins
[ 251 jdentification techniques have been applied in a similar manner to
model sewer Flows by Goel and LaGreda [ 51 ] as well as Berthoeux et al
[ 22 ]. It must be emphasized that it is very difficult to achieve accurate
flow rate data and representative rainfall data. The data given by the
meteorological institutes are often daily accumulated data and do not

cessarily represent the rainfall over the actual sewer network area.
ne

For the prediction of flow rate in different subsystems the flow rate can

of course be considered as a stochastic process with more or less structure,

depending on the 3 priori knowledge of the inputs. As the parameters in the

stochastic process model are slowly varying, an adaptive predictor can be
a useful tool for sewer flow prediction. Beck [ 17 ] has applied a self-
tuning predictor, developed by Wittenmark [123 ], based on the Estrgm—“
Wittenmark self-tuning regulator [ 12 J. A few attempts to approach the
sewer network system as a hierachical system for control have been made,

€.9. by Labadie et al [ 77 ]. For another approach, see Bell [201].

3.2 Current Practice in Operation

There is a tremendous difference in the operation between different
?PStewater coliection systems. Most of them are not operated or controiled

f?la]1. except some local pump control stations.

& an .
“f an advanced system for water collection control there are some natural

90a1s that shoylq be satisfied:
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o the storage capacity of frunk and interceptor lines within
the network should be utilized so that overfliows caused by
storm inflow are reduced or eliminated

o the daily flows should be regulated for the best operation
of the treatment plant

o overflow points should be selected to cause the least harm
to receiving waters, when overflows cannot be avoided

o early warning of exceptional water auality or toxic

materials should be given to the plant operators

The Seattle system [ 78 ] represents one of the most advanced operations of
a sewer network today. and may represent the state of the art. The system
is equipped with a central computer data acouisition and control system,
connected to the many remote control stations in the network. These
stations are either pumping or regulator stations. The essential control

. variables for the system are pump speeds and gate positions.

Obviously the most interesting measurement vavriable in the system is flow.
Other pertinent parameters, move or less essential for the operation of
the Sewer system, are metecrological, atmospheric and water quality
Parameters. It is not at all trivial to measure flow rates in open sewer
channels. Even for such a fundamental process variable as flow rate, the

Timitation of sensors is still a serious problem (see further Ch. 8). The

actual flow rate can for example be calculated from pipe configurations

and depth information. The calculations, however, can be complicated by

Upstream op downstream backwater and submergence effects.
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| Rainfall is the minimum meteorological data to be coltected and supplied

| to an automated system. Rainfall data from each subsystem will allow the
analysis of infiltration and will provide some predictive information for
control functions in a combined sewer system. Typically, 10 minute
readings are desirable. Some systems are now lTooking for an improved
rainfali orediction. An increasing interest in the use of radar as a

predictive device for short-term pattern has been shown, and even &

special conference on this topic has been arranged in December, 1975 [117 1.

Continuous monitoring of water quality data within the system are of great
value and is done in the most advanced sysiems, typically on an hourly
basis. in a control decision to select a point of overflow for exampie,

§¢ 1s essential to know the impact of receiving waters. Some important

parameters are dissolved oxygen, suspended soltids, tewperature, pH and

biochemical {or chemical) oxygen demand. Some of these measurements are

made with instream sensors. Others have to use automatic water sampling

equipment, which is installed at many places.

The systems mostly work under supervisory control, so the human operator

Pls to recognize the situation before he takes action. Local stations
‘Gan sometimes be switched %o automatic contrel, when desired.

S ACTIVATED SLUDGE SYSTEMS
BUring the 1act few years much work has been performed to develop dynamical

- . biological wastewater treatment processes. Still the under-

-?%;uimg OF dynamical behaviour of these processes is far from complete.

1 , :. -. »mce . . ) . i R .
3 8S failures are all too frequent and even when these are
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avoided, it is not unusual to Tind significant variations in process

16

efficiency, not only from one plant to another, but aiso from day-to-day

. and hour-to-hour in the same plant. The avsilable space does rnot permit
to review all available biclogical treatment processes, s¢ the problems
will be typified by the activated sludge process. This is by far the
most important unit process for wastewster treatment in large systems
and will prebably remain 30 formany years. It is also the wost

challenging biological process from the control engineers point of view,

4.1 Process Description

In the activated sludge process microorganisms react with the organic

pollutants in the wastewater and with oxygen dissolved in the water to

produce more cell mass, carbon dioxide and water. The aercbic environ-
ment is achieved by the use of diffused air or mechanical aeration or

even by pure oxygen. In the latter case, the tanks are covered. The

effluent of the reactor flows to a sedimentation basin, whera the activated

Sludge is separated from the liguid phase, Fig. 4.1. A portion of the

concentrated sludge is recycled in order to maintain enough mass of viable

organisms in the system and a reasonable food to mass ratio. Part of the

tled sTudge is wasted. The process effluent consists of the clarified

Overflow from the settler tank.

BCause of the recycle of studge the biologicat reactor is inseparable

the Settier. The recycle serves the purpose of both increasing the

ncentr; s . Rol = op .
ration of micraorganisms in the asrator and maintaining the organisms

S10logical condition, such that they will readily flocculate.

recycle also results in difficulties in understanding and modeling
[
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The activated sTudee process.
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the process since it creates a feedback lcop, thereby causing a strong

interaction between the aerator and the settler.

R 4.2 Dynamical Models

During the Tast six or seven years dynamical models for the aeration
chamber have evolved to relatively structured status. Smith [196 7 should
be credited with one of the earliest attempts to model the compiete waste-
water treatment process, later followed by other models [ 107 ]. Under the
leadership of Professor John Andrews at the Clemson University, $.C., a
great research program on dynamical wodeling of different parts of waste-
water treatment systems has ied to scphisticated models presented in a
series of PhD theses [24,28,31,32,96,108,112,113,119],

Por a more detailed review, we refer to Andrews [3,4 ] and Olsson [ 89 1.

All the models mentioned are complex dynamical models, which describe the

unit processes with deterministic equations in a mechanistic fashion.

Typically, they are non-linear, multivariable and space dependent and contain

Y parameters such as kinetic rate coefficients and mass transfer coefficient

‘value of these kinetic paramgters are sometimes difficult to determine

WELh precision. The models sti1? Tack verification at both the pilot and full

S€ale Jevels, and this remains an awkward problem. Hitherto, they have only

S€EN tested through laboratory experiments, literature searches and discussions

knowledgeable operations engineers. This is, at best, a semi-quantitative

Gation (responses in the right direction and right order of magnitude).

ther probiem may be even more significant. One sasily accepts the idea
- chy

acteristies o+ the sewage being treabted are not constant, that

1y does L . L
the BOD change with time but also that the composition and the

.
adabi14 . ,
; Yy of organic miverial feed probably change in time. The
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physiologica1 state of the microorganisms upon which we depend for treatwent
may be time varying as weil and their response to changes may reflect past
conditions as well as present. In other words, the state vector of the systen
not only must include present organism concentrations but also sowe variables,
that reflect how these concentrations have been reached - the history of the

organisms. This fact has been discussed for several years by bicchemists,

see e.g. Powell [ 97 7.

The time series approach is more open in the sense that we do not start with
an 3 priori model of the system, and stochastic modeling will be discussed
separately in Chapter 6. Some important cause-effect relationships can be
yerified in order to get weasonaﬁ?e control models as well as more knowledge
ofvthe internal parameters. The verification of internally descriptive

models can thus be approached piecewise by drawing inferences from black-

%gx.resu1ts, as in [ 91 1.

Properties of the Riclogical Reactor Models

@ structured model it is assumed that substrate {or pollutant) s

{gded in the following steps:
Ji’) the substrate penetrates the cell membrane by a purely
~_ Physicochemical process. The removed substrate is thus
"stored" in the floc phase. This process can take place
within 15-30 minutes if the sTudge is in the right
condition. This initial rapid uptake is encountered in the

S0 called contact stabilization process where as much as

ag?tof the soluble BOD can be removed in 10-20 minutes and
°€ Captured in the floc phase.
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(i1) The pollutants stored in the sludge are metabolized to
give viable organisms. This synthesis phase 1s a process
which has a response time of the order days.

(ii1) The organisms are degraded to inert mass through endogeneous
respiration and decay. Typical time scale for this process

is several days.

It can thus be observed, that the relative rates of these processes are
different by an order of magnitude. The steady state profile of substrate
and stored mass in a plug flow aerator can demonstrate what happens. Fig.

4.2 shows when sludge in the proper condition has been recycled from the '

settler. A proper condition means that the content of stored mass in the

floc is Tow at the tail end of the reactor, and there has been enough time

for metabolism of the celis. As Fig. 4.2 indicates, there is a relatively

high transfer rate from 1iquid phase BOD (soluble and collodial BOD) to

floc phase BOD (stored mass). Most of the soluble BOD is consumed already

s

after travelling time of about 15 minutes. Later in the tank the stored

Mass 48 consumed through the metabolism process along the tank.

B
--f;;-?1udge is not in the proper condition, the biosorption process is

th sTower, Fig. 4.3. There has not been\enough time for the metabolism

1€ recycled sludge, which is brought into contact with the substrate

111 a relatively high concentration of stored mass. Therefore, the

iEFation of soluble substrate is decreasing relatively sTowly and the

'S rate determines the rate. This type of behaviour is further

4 in O1sson [ 9% 1J.
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?ﬁa 2.2. ProFiles of liquid phase substrate (s) and stored mass (s_) in a pluc
flow aerator. The substrate is rapidly captured hy the ce$1s at the
head end. Later in the tank the stored mass is consumed by metabolism.

“

The travellino time in the aerator is 3 hours. From [90 ].

40

]
L]
| 0.5 |
€actor as in 4.2, but here the mass of sludue is smaller
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of the biological dynamics the hydraulics must be taken into
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On top
account. It has a response time of a few hours and can be widely varying
in nature, depending on the construction of the plant, all the way from

complete mix to the plug flow extreme.

Dissolved oxygen (DO) dynamics is important for two major reasons. First,
the DO concentration has to be kept above a certain critical Tevel, some

1-2 mg/1, in order to supply the synthesis and endogeneous respiration

with enough oxygen. For higher concentrations, the metabolism is indepen-
dent of the DO level. Therefore, it is important to keep the DO Tevel Tow in
order to save aerator power costs. Secondly, the DO concentration is related

to biological activities. A reliable DO dynamical model can be used for

. the estimation of biological parameters and ovganic loading, particularly
as the DO sensor is one of the few reliable on-line instruments available.
This leads to the concept of specific oxygen utiltization rate (SCOUR) as

an important parameter to estimate organism activity [ 8 1.

There are substatial difficulties to measure both pollutant and organism

concentrations. Moreover, ewen if they can he measured the probiem is

sti11 not solved since, for example, the poliutants may be nunbiodegradabie
and the microorganisms may have a Tow biological activity with respect to
metabolism of the poliutants. Measurements of Mixed Liquor volatile suspended
solids (MLVSS) is the most common index used for measuring the concentration
of microorganisms. However, this gives no indication of the activity of the
sludge with respect to the metabolism of pollutants especially not in a non-

stea 1 s
dy state situation. There has been considerable work devoted to other

measures 3
of sTudge activity such as ATP and DNA concentrations {see further

Ch. 8) and dehydrogenase activity.

However, none of these analyses seem to
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be adapted to on-line analysis. There is considerable disagreement in the

1iterature of their value as & measure of sludge activity. However, there

seems to be an almost universal agreement that the specific oxygen

utilization rate (SCOUR) is an indicator of biological activity in aerebic

systems. The SCOUR can be defined as mass of oxygen utilized per unit of

sludge per unit time and has been explored as a parameter for control

purposes by Andrews et al [ 8 1. SCOUR is intimately related to the

growth rate or organisms. When the rate at which oxygen is utilized for

organism decay is also known, the SCOUR variable can be used to calculate

the amount of pollutants present or indicate when the reaction has gone to

completion.

The concept of SCOUR thus can solve a serious dilemma and relate a compliex

biological variable to measurable quantities like dissolved oxygen.
Research is in progress to relate not only space independent measurements
of oxygen to biological activity, but to make use of the spatial distribution ' ‘
of the oxygen. Especially in long tank reactors, which can resemble tubular

reactors, the knowledge of the profile of dissolved oxygen can substantially

increase the knowledge of the biological activity and give better under-

standing for the type of contrel which is needed, Hitherto, steady state
:ﬁfcfpts have been used to find relations between organisms and poliutant
concentrations, and these concepts do not make sense at all in a dynamical

situation, particularly in a wastewater treatment system where influent

varfations are significant.

- 4.4 Settler Dynamics

Th . .
@ behaviour of the settler is crucial for the whole activated sludge

0
peration. The settler has three important tasks of different nature in
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the process chain. An ideal settler should give:

o a high underflow concentration (a good thickener)

o Tow suspended solids concentration in the overflow

(a good clarifier}

o a large buffer volume of sludge

The ultimate goal of the treatment should be to produce an effiuent with
minimal BOD and suspended solids content. Therefore, the whole biclogical
operation should be maintained in such a way as to produce a sltudge of
desirable settleability properties. Actually, very Tittle is known how
to produce such a sludge under dynamical conditions. It is known that the

condition of the floc determines the settleability and thickening properties.

The load condition also determines both the clarified effluent and the
underflow concentrations. On the other hand, a change in the underflow
velocity through a recycle flow change will change the underflow concen-
tration and consequently the organism concentration in the aerator. This
will in turn change the settling characteristics, which are depending on
the specific growth rate of the organisms among other things. It is there-

fore crucial, that an activated sludge process model also contain the

settler dynamics.

The primary purpose of a dynamical model of the settler is to predict:
G concentrations of solids in the underfiow

0 solids blanket height

0 solids concentration profile in the settler
O concentration of suspended solids in the averflow

Dynami
y", cal models for the settier/clarifier have not vet attained the same

level of so :
Phistication as the biotogical reactor models. Most of the models
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developed hitherte for the thickening process ave based on the theory

developed by Kynch [ 76 1. Basicly, Kynsch proposed a theory of sedimentation

which lead to the conclusion that the various thickened sludge concentration

layers rise at constant velocities, f.e., the settling velocity of a Jayer

is a function of the particle concentration within that layer only. Even
if the thickening theory contains a number of contradictions and disagree-
ments, it appeafs?tha% the Kynch theory can be used as a rational basis
for design, see e.9. Bick-Ewing [ 38 1, Dick-Jdavaheri [ 20 1. Dynamical

models based on the Kynch theory have been developed during the fast few

details. see Keinath [72], Fitch [457 Vesilind [114].TheKynch theory is

not suitable for a dynamical model. It cannet predict such &
fundamental variable as the sTudge blanket height and can only

predict steady state changes in the underfliow concentration. Therefore,
a more sophisticated medel is needed in the dynamical case. The Kynch
theory gives only mass balance equations. On top of this momenium balance

equations are needed -

Even if better models would be available for the setiler, it wust be
recognized that the parameters are time variable. For example, the
settling characteristics and solids flux velocity must be measuved on-

line in order to update the parameters. Here it is certainly a need for

real-time identification before & successful automatic contrel could be
implemented.




As the return sludge flow rate is an important control variable, it is
important to understand how it interacts with the settler. Its control
authority depends on the stored buffer volume of sludge in the settler
and also of the concentration of the recycied sludge. The latter in
turn is determined ﬁy the flow rate of the return sludge. A simple
measurement ¢f studge hlanket height and underflow concentration wou'ld

not be sufficient information. The concentration under the sjudge blanket
is not uniform and can be strongly affected by the underfiow rate. More-
over, it is not always desirable to operate the plant to keep the sludge
blanket height at a constant level. There are two reasons for this, Some
operational experiences indicate that with a high sludge blanket Tevel the
suspended solids concentration in the effluent would be much better. Then

by a purposeful variation of the sludge blanket the buffer storace could

be operated to be optimal when it is really needed under high Tead conditions.

CURRENT PRACTICE IN ACTIVATED SLUDGE PROCESS CONTROL

Hitherto, there has been no application of any contrel based on some of the
structured models meniioned previcusly. Instead, most contirel schemes in
current practice are sither very simple conventional contrels of Tocal
Toops, or are based on steady-state or guasi-steady-state assumptions.
Examples of this are found in Flanagan [ 46 1, Burchett-Tschobanogious

[30 1. and Smith [107 1. A more detailed Titerature 1ist is found in

Andrews [ 3 7] and 0lsson [ag 1.

' b £%
Ge

In a conventi : " g Geo
entional activated studge process there is quite & Timited choi

of control actions, mainiy:

0 air flow rate
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o recycle sludge fiow rate
o sludee wasting rate

These controls will be considered in 5.1 - 5.3. A fourth type of control -
-

step feed control - wili be discussed in 5.4,

The activated sludge procass thus is multivariable. The control, however,
is simplified by the fact that the inputs act in differant time scales,
which makes the couplings between the variahies relatively small. The air
Flow rate is used for controlling variations in disscived oxygen (DO)
concentration, and the response time is of the order 10-15 winutes. The
recycle flow rate can be used primarily o transpert sludge. and cannct
affect the process faster than a few hours. The wasting rate 1s usaed
primarily to affect the average Toading conditions to keep the daily ov

weekly average food to wieroorganism ration at a desired vilue.

5.1 Dissolved Oxvcgen Control

The air flow rate is primarily of importance in controlling process
economics and does not appear to have much effect on process efficiency

as long as the dissclved oxygen concentration remains above a mintwmum
level, some 1-2 mg/1. There are exceptions to this rule. when filamentous

organisms should be controlled or when pure oxygen is used instead of air.

S

In the cases the air flow rate has been contrelied there ave basically two
simple control schemes applied. In one the air flow rate is ratio controlied
to the influent wastewater flow rate, without any other measurement being
made. In the other scheme the disselved oxygen concentration is controlled

around a setpoint with & simpie P or

PL controller. There are severas

commercially avaitahi

» s N S ey § ] gegs = S A ; ) . ki
¢ D0 control systems avaiiable today. wenerally,
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they consist of a dissoived oxygen probe connected to a PI contralls

ate control (without any DO measurements) iz applied at
Air to flow ra

(wk
[
L]
#

plants in Los Angeles County Sanitation District {49 ], while setpoint

control is made in a coupie of other plants in the same district, Other

5

examples are plants in Renton, Washington [99 ] and Reno, Nevada [46 1.
An extensive study on dissoived oxygen control has heen preforwed in
Palo Atto [121 1. 1109 1, [ 93] as a joint project between EPA and
Systems Control Inc. Current studies ave performed at the Kappeia plant

at Stockholm, Sweden. The Achere plant in Paris i3 further referred to

in 5.3 [27 1.

In no presemc 00 control scheme, the distribution of D0 concentration or
air flow along the aerator tank has been taken into consideration. Onty
the totel air flow rate has been requlated according to one representative

dissolved oxygen conceniration measurement.

The air flow is of course Timited by the compressoy capacity. I the

Plant is properly designed this Timit chould not be any severs problem.

The air flow must not be too Tow sither, because the d¢iffusers or rechanical
aerators must aiso mix the Tiquid. Too low air flow may lead either fo
clogging of the diffusers or to insufficibnt mixing., During low Toad

Periods, this may lead to dissolved oxygen concentrations much hi

tha \ » : AR ‘ .
fLnecessary. An example of this is shown in Fig. 5.1 from DO control

experi . o s
PEriments at the Kappala plant in Stockholm,

=5-2 Return Sludge Flow Control

If the rec
cle HOFatE T omedboo v T4
Y flow rate 1s. controlled at all, the most common contrel i

to vary the sl
UG recye N - ) -
g2 ¥ i g 1 W rate 1 i DY QOCY tion to t e Wastewator Flow

rate. This cont
B ntpo? aSLyY "E‘" (0 & e o2 . -
strategy is not perfect as could be expected. It does
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not take concentration variations of the influent water into consideration.

Neither does it consider changes in the recycle flow concentration. An
increase in the vecycle flow can, within limits, increase the total mass
of sludge in the aerator. However, it also increases the loading to the
aerator, consequently, to the settler. With the combination of increased
solids loading and additions! turbulence in the settler this can result

in an increased carryover of solids in the process effluent.

Ancther simple controi scheme is suggested by Klei-Sundstrom [ 73 ]. The

recycle sludge pumping has been manipulated in a feed forward manner ai

a rate ecqual to some constant fraction of influent wastewater TOC contant.

5.3 Waste Sludge Flow Rate Control

The sludge wasting vate is controlled in & siower time scale than the

e

return sludge flow rate. In one control scheme the sjudge is wasted so
that the concentration of wixed Tiquor suspended sotids (MLSS) is kept
constant in the asrator; in other words a constant mass of sludge is
maintained in the system. Such a control is only possible i the incoming
wastewater has a relatively constant concentration. Otherwise, the food-
to-microorganism ratio will fluctuate considerable and consequently also
the specific growth rate of the organisms. This type of control is described
e.a. by Walker [1157, Jenkins-Rarrison [681, Flananan 146 land & specis]
application by Garrett [487 in Houston.

Sludae is also wasted based on sludoe blanket heiaht measuvrements. Sludee

blanket

of . , . ‘ s - . ;
the blanket. 1t is kept within these Timits hy on-off control. Sludae

Wast‘ ., s N . . " L. * ~ 3 i
o is also used §F poorly settling or bulkine sludae 15 encountered.

SENsors are provided to aive information about the hiah and low tevel
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in order to prevent the sludge blanket level from rising in the settier
until sTudge is discharged into the effluent. To waste sludge under buiking
conditions may be a wrong control action, if the bulking sludge is caused by
process overloading. By wasting the sludge, the total sludge mass in the
system is further decreased, thus resulting in still further overloading
with possible process failure. Here step feed control (see 5.4) would be

a proper action,

To keep the sTudge blanket height constant may often be undesirable, which

is easily realized by dynamical studies. The time when the sludge blanket

is at its highest (and the waste sludge pump will tend to switch on) is not
necessarily the best time to withdraw sfudge. If such a scheme is combined
with ratic control of therecycie flow some undesired results may occur.
During diurnal variations of the inflow the sludge blanket tends to have its
maximum when the inflow is highest. Then also the return sTudge flow has 1ts
maximum and consequently the underflow concentration is small. If the wasta
pump is used at that time, the waste sludge tend to have the smallest concen-
tration during the day, which tends to maximize the volumetric studge with-

drawal instead of minimizing it.

There is a large difference between the control authorities for the recycle

flow rate and the waste flow rate. In a typical plant the Tong term average

waste flow rate is only about 3 % of the return sludge Flow rate. Some

of the Proposed control schemes keep the recycle flow rate constant but
vary the waste sTudge flow rate in an attempt to keep the ¥ood to micro-
Organism ratig constant. Because of the small flow rate of the waste
Studge f1qy such a strategy will have only a marginal influence in a short

time s
, cale on the sludge content of the aerator. The influence is exerted

1l'|a : y
STow time scale measured in days.
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Therefore, to manipuiate the ratioc between food and organisms on an hourly
basis, it iz necessary to manipulate the return sudge flow rate, which

gives a better control authority.

An idea of estimation has been used in the control at the Achere plant in

Paris as described by Brouzes [27 ]. The 00 concentration is kept constant

with a2 separate controller. It is assumed that the oxygen transfer rate

is constant. Thenthe biological oxygen uptake vate can be calculated from
the known oxygen transfer. Using empirical relaticnships, the oxygen uptake
rate can be related to cell growth or sludae production rate. Then the
computer caiculates and controls the vate of studge wastina in order to

maintain a constant specific growth rate of the studge. As an extra control

&

he sludge blanket is measured and is not allowed to exceed a certain Timit.
As the remark in last paragraph shows, this control s quite & sTow controi.
The same type of idea has later been appiied at the Pale Alto plant wentioned

previously [ o3 1.

5.4 Step Feed Control

]

In the step feed activated sludge process, Fig. 5.2 there is an additional

L4

control action possible. The points at which the wastewater is added along
the aerator can be regulated. This control action was first analyzed by
Andrews [ 6 7, and further by Busby~Andrews [ 32 1, but had been used in
full scale by Torpey [ 1117 in New York City at the Bowery Plant already
during the 1940°s. This control is basically a Tong-term action with typical
response times of seversi hours up until a day. Basically what happens is
that studge s transported to different parts of the system, where 1% can be
TSt efficiantly y

0 © P e e e w o P T . L3 3 vl T 3l e
sed. This gives an Tmportant control tuol o take action

fiw}
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Fio, 5.2, The step feed activated sludne process.
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against sudden hydraulic shock loads, or to prevent process failure due
to poorly settling siudge or bulking siudge. Step feed control can also be

applied to avoid the consequesces of toxic infiuents as anaiyzed by Busby

[31 1. Altheugh several plants are constructed with the step feed facility,

the author is not aware of & single plant, where this strategy is used
regularly in the operaticn. Still 1% has a great potential for activated

sludge plant control.
IDENTIFICATION OF BIOLOGICAL SYSTEMS

The field of system identification and parameter estimation has been proved
to be useful in water quality and wastewater treatment system modeling.
Hitherto there has been few applications reported, but the applicabiiity

of the techniques has still been demonstrated.

5.1 Special Prohlems in Biological Systems

In a superficial manner many westewater treatment plants can be resembled
to any industrial process and many ideas from process identification can be
directly applicable to the wastewater treatment field. Practical consider-
ations as discussed e.g. by Gustavsson [ 5g ] are mostly vaiid also here.
There are, however, some major differences in the applicability of identi-
fication techniques to the wastewater field. Mainly they can be summarized
as follows: | ‘

o the flow rate, composition or concentration of the influent

stream can seldom oy never be manipulated
o instrumentation is a major obstacle

o the level of understanding the underlying phenomena is

often poor
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ynfortunately, it is a characteristic of water quality systems that only
natural excitations of the process dynamics can be observed in general

and artificial disturbances are precluded. This fends to mean that normal
operational records exhibit just one particular mode of process behaviour .
There is a Tow signal/noise ratio, and the routine measurement sampling
rate may obscure some of the most important time constants for the system.
This is particulariy true in a river system, see Beck et al [ 18 ]J. In a
wastewater treatment system there are better possibilities to perturb the
process. Sometimes even the flow rate of the influent stream can be
manipulated for experimental purposes, see Olsson et al [ 91 ], but stil
the influent stream concentration is not controllable. This fact plus the
fact that the concentrations and compositions cannot be recorded with the

frequency and accuracy desired can easily obscure the results.

In the majority of cases the observation of water quality variables is very
much a Tabour intensive affair of manual or automatic sampiing followed by
laboratory analysis. To get truly representative field data sets the
identification of biological processes somewhat apart from the average
industrial process modeling problem. Even when we can be sure of measuring
the desired process variables, it is probable that many current experimental
studies of biological systems will be inadequate, simply because there is

so little & priori information of the dynamical behaviour that we wish to

examine. Freguently, subsequent attempts at modeling show, that the

experiments should have included measurements of additional state variables.

When examining the identification and dynamic modeling of biclogical

Processes, one problem which faces the systems analyst is his level of

undarstanding of the fundamental theories which govern the process. Indeed,
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¢nis is a probTem which occurs with embarrassing regularity. A typical
probiem in the experimental design is the feedback structure coupling
hetween the aerator and the settler of an activated sludge process (see
section 4}. A disturbance not only affects the aerator, but also the
settler and is thus fed back at a Tater stage to the aerator. Therefore,
it is sometimes difficult to Tocate the reason for some phenomena.

especially as the dynamics of the settler is very poorly understood.

As there are several problems which are common in water quality and waste-
water treatment system identification, it is considered pertinent to
mention applications from both fields here. In a recent survey by Beck

[ 16 ] further references are given.

Time series analysis with the Box~Jenkins method [ 2% ] has been used to

analyze influent BOD data for a wastewater treatment process by Berthouex
et al [ 22 1. The authors found, that a first order autoregressive model
was adequate for the data. In another paper [ 21 ] the same authors have
made time series analysis of daily influent~effluent data from a treaiment
plant, but very poor quality of the parameters wers found. For a river
stream, thé dynamies for dissolved oxygen (DO} and biochemical oxygen

demand (BOD) has been identified with a similar type of time series analysis

by Huck et at [ 62 1. Beck [ 158 ], [ 18 ] has described the modeling and
identification of DO-BOD relations in a freshwater strveam, where both

Maximum Likelihood identification and extended Kalman filter estimation

has been appiied.
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Identification of activated sludge process dynamics was performed in the

pioneering work by Wells-Stepner [121 ] and it was followed by further
studies by Stepner-Petersack [109 ] and Petersack-Smith [ 93 J. Mostly
models for the DO dynamics were identified. As the plant is close to

complete mix the hydraulic pattern was favourable and point models could

be derived.

6.3 Identification of Dissolved Oxygen Dynamics

In this section a case study of DO identification will be shortly presented.
The experiments have been and are currently being performed on a full-scale

municipal wastewater treatment plant at Kappala, outside Stockholm, Sweden.

(1) the economic incenlive, and

(2) the relation between DO and biological parameters

The control of DO as a physical parameter is not an advanced control

|
|
|
|
As mentioned in 4.3 there are two reasons why DO dynamics is interesting: ‘
|
I
|
I
problem, at Teast not for complete mix reactors. For the estimation of

hinlogical parameters, however, it is clear that an accurate model 1is

needed.

The details of these identifications will be presented elsewhere [ 91 Is

but here some general ideas and spin-offs may be pertinent to mention.

The Kippala plant serves some 300,000 - 400,000 people in the ﬁcrthern

suburbs of Stockholm and was completed in 1969. The average dry-weather |
. 3

flow rate is about 1.3 m /5€C {~30 MGD). The dynamical experiments were

performed on one of thg six parallel aerators in the plant. Each aerator

has a yolume of 6000 m and a length of 100 m. Air is supplied by di ffusers
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uniformly along the tank. The raw wastewater is fed at four positions
between 30 and 60 m from the head end, in a step loading system, Fig. 5.2,
The plant is equipped with a computer data acquisition system. For the
experiments three different inputs were manipulated. Except the air flow
rate and the return sludge flow rate also the influent flow rate couid be

manipulated by redirecting the flow to other aeration basins during the

experiment.

There are four basic mechanisms that determine the DO mass balance:
(1) the hydraulic transportation or dispersion of DO in
the reactor
(2) the oxygen transfer from gaseous to liquid phase
(3) the oxygen uptake due to cell synthesis
{4} the oxygen uptakeldue to endogenecus respiration
Referring to Fig. 4.1 for the hydraulic flows the mass balance for a

complete mix reactor can be written

dc 0 ¢ S
dt v K+c K +s ’
c $
(1) - {2) (3) (4}
Where ¢ = DO concentration S = substrate concentration
¢ = DO saturation concentration x = microorganism concentration
S
¢ = influent wastewater DO K KS = rate Timiting constants
i o
¥ = reactor volume u = air flow rate
k = constants k u = oxygen transfer coefficient

i 1
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The term (2) obeys Henry's law and reflects that the oxygen transfer

approaches zero when the DO concentration goes to the saturation concen-

tration. In (3) it is shown, that both oxygen and substrate are Timiting
factors for the cell synthesis, while (4) shows that the endogeneous

respiration rate is assumed to be independent of the DO level.

For another hydraulic pattern eq (4.1) has to be suitably changed. A

dispersed plug flow reactor better reflects the KgppaTa plant dynamics,

%f . bzc . 3_5 c s
s _é?z ! - + _klu (cg-¢) - k2K+c T x = kgx  (4.2)
¢ S
Where z = spatial coordinate c = clz,t)
E = dispersion humber s = s{z,t)
v = stream velocity x = x(z,t)

As the metabolism is much slower than the oxygen transfer mechanism, it

can be assumed to be negligible during one or two hours. Also the hydraulic
time constants are much longer than the oxygen transfer time, which is
utilized in the experiments. The oxygen transfer coefficient k}u can
therefore be determined separately from-other parameters. This is
particularly important in an on-line situation, as k1 varies significantiy

with the operational conditions.

In order to test cause and effect relationships without any a priord

assumptions about the structure the canonical Astrom structure [ 10l

was used:




40

-1 P -1 -1
Mg ) y(6) =Z B (a ) u (£) +hele ) elt)

where A, B, and C are polynomials in the shift operator q while y and

u, are the output and inputs respectively. The disturbances e(t) is a
séquence of independent gaussian zero mean stochastic variables. The
parameters were identified with the Maximum Likelihood method. No

further comment will be given the identification method as such, as it will
he discussed elsewhere in this conference. In this type of identification
where relatively little is known about the structure and relationships

in the process the feature of an interactive identification program has
been of particular value. The program IDPAC, developed &t the Department
of Automatic Control in Lund, Sweden [57 ] was used for the data analysis
parameter estimation as well as model analysis. With the interactive

feature a large number of models and input-output retationships could

be tested relatively easily (see also [ 13 ]).

Instead of just mentioning the modeling results we will discuss some

spin-off effects of the identification. The air flow input is the major
input to the DO concentration. A first order model with about 1% minutes
time coﬁstant would be expected. This time constant should be independent
of the location of the probe, even if the profile is not at all uniform.
Nevertﬁeiess, the time constant for a probe located close to the tail

end of the reactor was found to be nearly twice as long, 30 minutes.

The only explanation was that the degree of mixing was smaller at this
location. Probably the prneumatic resistance of the diffusers around this
probe was too large due to clogging. In another experiment it was found

a very rapid response of one probe, indicating two time constants, one in

the normal range of about 11 minutes and the other 11 seconds., After some
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confusion it got clear that the DO sensor was sensitive not only to

dissolved oxygen but also to gas bubbles. It was shown that the
membrane was failing, giving the wrong results. These two relatively
simple results show how identification can be used systematically to
detect process and instrumentation problems. Due to the different time
scales they can be easily identified in on-1ine operation. In a normal

operation they were not at all detected.

The other types of disturbances made were of hydraulic nature, either

the influent flow rate or the return sludge flow rate. The influence
from these inputs is of an order of magnitude smaller than that of the
air flow rate. The parameters themselves may be of minor interest in
this presentation, but alsc here some interesting spin-offs resulted.
When a flow rate is changed there are two mechanisms that influence

the DO concentration. The first one is the dilution effect caused by
the changed flow rate as the volume of the reactor is constant. This
is an instant response. The second effect has a larger amplitude, but
is siower and is the DO transportation through the tank, and this
concentration transportation determines the response time. In a complete
mix reactor the transportation is rapid and the major time constant is
defermined by the oxygen transfer dynamics, i.e. about 15 minutes. For
a tubular flow reactor the dominating time constant is determined by
this transportation time. Even if the amplitudes are relatively smail
it was possible to verify this hypothesis. By moving the sensors to
different locations different dominating time constants were achieved.

This gives a method to estimate the hydraulic dispersion in the tank

with the available on-1ine instrumentation.
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PHYSICAL AND CHEMICAL TREATMENT PROCESSES

There are a number of physical and chemical treatment processes also in
a biological wastewater treatment system, Processes 1ike sedimentation
and chlorination are important unit operations and are crucial for the

total performance of the piant.

Some problems of secondary (biclogical) settling were mentioned together

with activated siudge dynamics in ch. 4. In this chapter one process

will be emphasized, phosphorus removal by chemical clarification. It is

crucial from an economical point of view. At the same time it reflects
some of the typical difficulties in chemical treatment in wastewater

treatment.

0f course there is a minor treatment of physical nature in all systems
including flow routing and equalization, screening and degritting. They

will not be considered here, as they do not create essential control

problems. Other operations, Tike pH control are purely chemical operations

which are not unigue for the water and wastewater field. The operation
of deep-bed filters will be mentioned in connection with the operation of

the whole plant in 10,4,

It is to be noted, furthermore, that this treatise is not meant to be an

exhaustive review of the pertinent literature. Rather Titerature citations

have been made only to illustrate the general scope of research cuvrrently
being conducted. By purpose unit operations like chlorination and carbon

adscrption are omitted because of space limitations. For a recent survey

the reader is referred to Keinath [ 72 1.
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7.1 Phosphorus Removal by Chemical Precipitation

In most circumstances the only possibility to get a high phosphorus removal
from wastewater is by chemical clarification. Phosphorus forms essentially
insoluble precipitates with a number of substances. High rate of phosphorus
removal thus can be obtained when the right chemicals are added in proper
doses. Because of economical reasons the use of salts of aluminum and iron
or lime as chemicals is dominating. Both metal salt and lime precipitation
are very compiex reactions. The major reactions taking place when metallic
jons or lime are added to the wastewater are the formations of insoluble
phosphates. The distribution of phosphates depends strongly on pH and
about ten different phosphates can occur in raw wastewater. Lime, on the
other hand, alsc reacts with the bicarbonate alcalinity of the wastewater
to form calcium carbonate. This illustrates that part of the chemical added
does not remove any phosphorus primarily. Therefore, the necessary dosage

tends to increase over the stochiometric relation in the dominating reaction.

It 9s beyond the scope of this paper to describe the details of precipitation

chemistey. More of this can be found in standard books 1ike Weber [ 1181 or

Culp [ 36 1 or the surveys by Kugelman [ 75 ], Jenkins et al [g7 ] or

Olsson et al [88]. For further information see also the symposium
proceedings [95]. Here the main purpose will be to discuss in what way

the dosage of the chemicals can be controlied.

The pH is obviously a most important parameter to know for control purposes,
especially for metal salt precipitation. In Vime precipitation the biocar-
bonate alkalinity is crucial to know. The phosphorus or phosphate content

is also a most desirable information, but is very difficult to get, except

in terms of total phosphorus content, As the chemicals most often react also




with several of the other constituents of municipal wastewater, the
average dosage has to be determined experimentally for each individual

plant with its special wastewater composition.

From a process control point of view, the most essential measurement

information to get is therefore the following,

0

4]

o

0

0

A reasonable control law thus should be based on pH and flow rate as

a minimum requirement. Yeaple [125] has made a model to evaluate some

control strateunies for phosphorus removal.

7.2 Current Practice in Chemical Dosage Control

- ﬁ
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flow rate

pH

bicarbonate aicalinity (for 1lime)
phosphate content

organic pollution load (e.g. BOD or coD)

The control strategies applied can be divided into two basic groups. In
one group the control is flow proportional with manual updating of the
dosage rate. This is applied often in phusphcrds precipitation and in
sludge conditioning with chemicals. In the other group the control is
flow-proportional with on-line sensor-based feedback updating such as
pH controliers, analog or digital. In phosphorus removal control some

additional check is made, e.g. the turbidity;and the phosphorus content

of the effluent.

Automation of lime dosage has been demonstrated in some plants, e.g. at
the Blue Plains Pilot Treatment plant in Washington, D. C., see Schuk [ 1031.
Another demonstration in pilot scale is described by Schmid [ 1023, Lime

addition was paced by an automated pH control system with instrumental
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monitoring of plant effluent turbidity and orthophosphate concentrations.
The pH control system philosophy in the Time precipitation is also
applicable to other pH control systems, such as recarbonation, prechleri-
nation and breakpoint chlorination. This is also reported in the mentioned
report by Schuk [103 ]. For further information of pH control in general,

the reader is referred to Shinskey [ 105].

INSTRUMENTATION

One of the major problems in achieving reliablei operations except sufficient
process knowledge is the lack of adequate instrumentation to impreve plant
performance. The automation of wastewater treatment systems can be compared
to other industries and can be found to need further development. The non-
profit character of the process was discussed in 2 (13), Often it is also

an insufficient appreciat}on of the benefits of instrumentation and auto-

mation and the consequence is an inability to provide a strong incentive

based on a strict cost/benefit analysis.

Some general trends and special problems pertinent to wastewater treatment
will be described in this chapter. The instruments will be classified into
the groups physical, in-stream sensors, analytical instryments with auto-
mated wet chemistry and finally a special group for biological activity

measurements.

8.1. Recent developments and general trends

A vast amount of literature has been published on instrumentation during
the tast few years. Molvar-Roesler [B3] published a collection of about

600 abstracts summarizing technical articles related to instrumentation and

aytomation of wastewater treatment plants. These articles are published
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between 1967 and 1973. Other surveys are found in Roesler-Wise [100,101].
A special symposium on instrumentation and automation of wastewater treat-
ment systems was held in. London 1973 and is published in Andrews, et al
r71. The EPA has published a handbook [59] containing.reference
information for use in the planning and operation of industrial waste

monitoring.

EPA recently anhounced an expenditure for fiscal year 1975 of $4 bitiion[41]
for the construction of municipal WWT plants in the USA. Assuming an
average "control equipment" investment of 5% approximately $200 millions

of fiscal year 1975's $4 billions may reasonably be expected to be spent

for instruments and other control equipment

According to another survey by Heckroth [61] the biggest increase over
the next 10 years will be in the installation of process stream analyzers.
An increase of over 1100 percent should be shown for dollars spent on both

municipal and industrial water and wastewater process stream analyzers.

8.2 Special problems in wastewater instrumentation

Since most measuring devices in wastewater treatment interface directly

with raw sewage, mixed 1iquor or thickened sludge, these devices are subject
to continued fouling from solids depos%tidn, stime buildup and precipitation.
Accordingly, they need more frequent cleaning and calibration. Poor mechanical

reliability, interferences, and a lack of established measuring principies

are also responsible for the unsatisfactory state of some analytical sensors.

Although most plants have reasonably well-gualified instrument main-

tenance staffs, any plants that call for the addition of sogphisticated

instruments and automatic control devices must provide for upgrading the
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staff's qualifications. In a recent survey of about 50 US installations
of municipal and industrial wastewater treatment plants Molvar [84] has
remarked that unreliable sensors accounted for most of the difficuities
experienced with automatic measurements and control. The operating
experiences showed, that wastewater instruments require more mainte~

pance than their industrial counterparts.

Hitherto there has been too Tittle sensor requirement studies in paraliel
with modeling, simulation and control system design investigations. There

is today a lack of definition of necessary need of instrumentation, such as
what measurements are really needed in order to exert effective control

over the plant. Because of poor understanding of the dynamics there is also
insufficient knowledge abou? how frequently these measurements should be
made, how accurate measurements are necessary,and how much time delay between
the sampie is taken and the time when the results are known is tolerable

for effective control.

The possibilities to systematically use estimation theory in order to over-
come some of the instrumentation Timitations has only been explored to a
very Tittle extent, see Chapter 4. Especially for measurements of
biological activity, estimation seems to.be a promising way to progress of

control. One example is the SCOUR concept, see 4.

8.3 Physical measurements

According to the survey by Molvar [84] flow and level measurement
devices account for nearly half the instrumentation emplioyed in treatment

facilities, while position, speed, weight and other mechanical type

Measurements add up to about 15%. Instruments for these physical measure-
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ments generally do not create any big problems, as long as they are

properly maintaincd.

A special word may be said about storiwater flow measurements (see also
chapter 3). Accurate and reliable ficw rate monitoring for storm water

does pose special problems. Highly trancient flows, large operating ranges,
high suspended solids, and frequent collisions with large debris are only
some of the obéfac1es that an acceptable storm-water in-sewer flowmeter must
overcome. Consequently, a suitable stormwater flowmeter needs to be
developed that wili produce the accurate flow rate data required for sewer

regulation.

Studge level and sludge solids concentrations are.important to measure.
Since stiudge disposal acc&unts for anproximately 40% of the cost of sewage
treatment, any means of minimizing the volume of sludge passing forward from
the settlement tanks for further trectment is worthwhile. Sludge density
meters have been field tested with varying success, see Briggs R6].
Conductivity, ultra sonic and turbidity measurements for diTuted samples are
used. A sludge density meter; based on cross-correlations techniques has
been developed, see Wormald, et al [124], The method is based on the
measurement of conductivity fluctuations within a turbuient flowing stream.
Control of sludge withdrawal based on viscosity measurements has also been
applied, see Richards-Kirk [98]. Devices based on gamma absorbtion or

gamma back-scatter have been used as well, see further Molvar-Reesier [83].

Turbidity measurements for suspended solids concentration are widely applied.
The instruments make use of the optical properties of the suspension. As

a rule, these instruments will operate reliably, provided the optical

surfaces are cleaned automatically at least once daily and provided they are
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calibrated empirically with a frequency dependent on the particular size

and the nature of the solid material.

8.4 Analytical instruments

The very nature of po11ution control facilities demands the use of various
analytical measurements. The processes which are basically fermentation,
chemical or a combination thereof, have a much more complex chemistry than
most industrial ﬁrocesses. We are dealing with a variable quantity and
variable quality of raw material. It is necessary to know the characteristics
of both the influent and the effluent for control of the process as well as
evaluation of the results. The result is that analytical devices and systems

are of paranount interest to this field.

The analytical instruments can be divided into two major groups
o in-strean sensors or electrodes which generate an analog

signal of the variable measured

o automated wet chemistry, which samples a quantity from the flow
stream. The sample is subject to an automatic laboratory procedure,
requiring reagents. Although the procedure may be rapid, a certain

améunt of time elapse before the measured value is recorded.

Many of the in-stream probes or the automatic sampling system use well-
established principles, that are suitable for wastewater monitoring and
control activities. Still they require so much maintenance that many

users are dissatisfied with them. These instruments need improved main-

tenance characteristics before they will become widely used.
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8.5 In-stream sensors

At present the most widely used and successful systems are the simple

electrode systems for pH, conductivity and certain selected ions.

The electrode system for pH; designed for continuous process operation,

have improved greatly in the last few years. The reliability of this

basic instrument has reached very high levels. The pH measurements are
essential for fﬁe chemical dosage (see 7.2) as well as for characterization
of influent and effluent. It is also an indication of changing conditions
of the anaerobic digester. Despite the good properties of the pH probes
many pH control systems in the survey by Molvar [ 84] showed a poor per-

formance, because of faulty system design and installation.

The dissolved oxygen (DO) probe has been used successfully in several
installations and is considered one of the few reliable on-line sensors for
on-line activated sludge control, see e.g. Jones et al [69] and Briggs -
R6]1. The DO probe and ion selective systems are basically electrode
systems as are pH probes.  These are developing at an enormous rate and

are available for a number'of different ions and radicals.

8.6 Automated wet chemistry instruments

The second group on analytical devices on which work is being done are those
of the automated wet chemistry. They are used for measurements of organic

loading, nitrogen and phosphorus content of the stream.

The biochemical oxygen demand (BOD) is one of the most widely used- and

most fundamental- determinations of organic loading. It is, however, a

notoriously awkward variable to measure, since it takes five days (or more)
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to carry out the test. Indeed, almost by its very definition, it is

a measurement which defies automation. Today alternative means of moni-
toring organic pollution levels are available for use in the field. The
advantages to monitor organic loading by total organic carbon (T0C) or
total organic demand (TOD) or chemical oxygen demand (COD) has been pointed
out by numerous authors, e.g. Arin [9], Briggs [26 ], O'Herron [87]

and McDonald [81 ], Andrews, et al [ 7].

Nitrogen pollution control of both organic and inorganic forms should be
part of the functionality of wastewater treatment plants. This requires
quick-time parameter determination of different forms of nitrogeneous
materials in waters. The Total Nitrogen Analyzer when coupled with certain
specific ion selective probqs for nitrates and ammonium give relatively

quick measures of total oxidizable nitrogen (TOxN).

Analyzers for phosphorus (phosphate) analysis are also available. Usually

the analyzers measure total phosphorus.

8.7 Measurements of biological activity

Information of the rate of consumption of oxygen by activated sludge can

be of considerable value in the operation of aeration units. Depending on
the Tocation such a unit can be used both for the control of the ratio
between food and microorganisms and as a warning system for toxic loadings.
The biological activity in an activated sludge unit is strongly correlated
to the consumption of oxygen (see 4.3). Therefore dissolved oxygen probes

are invaluable in the operation of activated sludge units.

The problem to measure the percentage active mass in activated sludge is

a most advanced problem. Luminescence measurements have recently generated
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considerable interest as a potential tool for rapidly determining the per-
centage of active biomass. The biochemistry and basic applications of both
chemiluminescent and bioluminescent reactions have been described by Seitz

and Neary [104] and Chiu, et al [34].

Adenosine Triphosphate (ATP) measurements of viable biomass have been used

to control the fTow of return sludge at two fullscale municipal treat-

ment plants [23 ]. ATP concentrations responds rapidly to cell viability and
changes with population shifts and the cell growth phase. Therefore it

could be a useful variable in process evaluation and control. The sources

of error in measuring ATP were also emphasized by Seitz et al [104] .

Wise [122] and Chiu, et al [34 ] made a survey of commercially available

and relatively inexpensiveLATP analyzers.
THE ROLE OF COMPUTERS

Most plants being built today or recently finished are equipped with data
acquisition systems. It is estimated that over the world there are some one
hundred installations presently in operation or being built. Still com-
puterization in wastewater treatment is in its infancy, and not enough
operating experience has been accumulated to assess its desirability in

many plants.

Today several of the major process control manufacturers can offer computer
systems with hardware and software specifically developed for wastewater
treatment systems. The software is based on what is developed for chemical
process control. Advanced man-machine interfaces like colour CRT displays

are available. The standardization of instruments for computer use, however,

is still not at all satisfactory.




examples will be discussed here, wastewater treatment systems in 9.1 and

wastewater collection systems in 9.2.

9.1 Wastewater treatment plant computer systems
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Instead of giving an exhaustive 1ist of computer installations some specific
The new John Egan plant, operated by the Metropolitan Sanitary District of

Greater Chicago has been put into operation recently, and consequently no

| operational experiences are yet reported. Despite its moderate size

' (30 MGDe41.3 m3/sec) the plant is of particular interest. It is con-

structed with an unusually great flexibility so that new operational pro- |
cedures can be tested out. FExperiences from this plant will provide a

basis for modernization of the big 1.2 billion gallons per day (~50 msfsec}

piant in Chicago. The plant and the computer system has been described by

‘ Lynam [79] and Graef, et al [52] , The computer system is a dual

processor system. One processor is the normal on-line processor, while the '
other one is a back-up machine and alsc serves as an off-line computer for
engineering and program development.  The primary tasks for the computer

’ are supervision and data acquisition. Some analog setpoints are also con-
{ troiled from the computer. Then the computer controls the logic for operations
t

‘ like backwashing of deep bed filters, and sampling procedures like

| measurements of profiles of dissolved éxygen and mixed liquor suspended

| solids concentrations in the aeration tanks.

The Achere III plant in Parish serves about 3 million people and is probably |
the biggest one in Europe. A computer system is installed that makes data
acquisition and direct digital control of some essential toops (cf ch 5},

[43 1 [44 ]. Another good examplie are two activated sludge plants in

Bridgeport, Connecticut [40 ]. Also there a steady state caiculation is
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made to compute the biological oxygen uptake, based on dissolved oxygen
concentration measurements. Other computer systems are feound in Atlanta,
Georgia [ 641, Norwich, England [ 701, Arakawa, Japan [110], Palo Alto,
california [ 93], San Jose, Catifornia [19 ], Stockholm and Gothenburg,

Sweden.

In Philadelphia a very advanced system for both water distribution and
wastewater treatment is planned and partially completed. In a major im-
provement program for the city's wastewater treatment plants some $225
million will be spent on three major plants. Each plant will be equipped
with a process computer responsible for data acquisition but with the
capability to take over more and more control loops as soon as enough
process knowledge and operational experience have been gained. The idea of
decentralization of computer power is attractive in big plants because of
the Tong distances between the unit processes, and therefore dedicated small
computers will take care of local control Toops. Those "operating and con-
trol stations" are located at strategic points in the plant. Except for
local control they will also serve as trouble shooting stations, multiplexing,
alarm and communication centers, computer-to-process interface connections
as well as check points for operating personnel on their rounds. One plant
computer will be more sophisticated than the others. In addition to the
normal process control tasks it will provide off-line capabilities for

data reduction, report generation and prograh development for all three
plants. The three main computers will be interconnected in a computer net-
work and will ultimately be linked to a large management information system

computer. The goal is to achieve an integrated total system automation for

Philadelphia's water distribution and wastewater treatment facilities. The




55

systems have been described in several publications [14,50,54,55,56] .

9.2 Wastewater collection computer systems

The typical feature for computer systems in sewer networks is the long
distances between the sensors and the central computer. Sometimes the pubiic
telephone network is used, sometimes special purpose microwave networks

are constructed. Most often the computer performs supervisory control

(see chapter 3) and its main task is data acquisition and presentation for

the cperator.

The Seattle system [ 78] (See chapter 3) is suppiied with a central com-
puter system for the operation of the sewer network. To give an idea of
the size of the computer system, there is a 48 k internal core and 32 K
external core memory, a fixed head disk (1.5 M word) and two magnetic tape
units. The central computer room is supplied with eight CRT displays.

It communicates with 37 remote stations over telephone lines.

Some other installations are mentioned here too for reference. In Baton
Rouge, Louisiana, a computer supervices 120 unmanned pump stations and
alert a human operator if anythings goes wrong with the equipment [ 851.
Detroit ﬁas a monitoring system that includes telemetering, rain gauges,
sewer levels and overflow sensors [ 11@? The signals are transmitted to
a central computer and data logging facility. In England sewer network
supervision and control has been pr@cticed for some time [35]. In San
Francisco a real time computer system is developed to predict sewer flows

from urban run-offs {531 [821.

10.  TOWARDS MORE ADVANCED CONTROL

Some thoughts of the state of the art of sewage control have been presented.




Many problems remain to be solved. Here some areas will be emphasized,.
where there are strong research needs. In order to be able to formulate
suitable performance indices process knowledge is needed. This is discussed
in 10.1. The desired interaction between design and operation is emphasized
in 10.2. Some areas where estimation and prediction are useful tools are
shown in 10.3. Control of the unit processes and the whaole plant is dis-
cussed in 10.4. Finally, in 10.5 some personal reflections and conclusions

are made.

10.1 Control objectives and performance index

There are some obvious objeptives for the control of a treatment plant
like
o improved quality and a reduction of quality variations in
the effiuent water
o adjustment of the plant to varying influent concentrations and
flow rates
o reduced costs for power and chemicals
0 better detection of process problems and failure risks
o a certain quality of the waste sludge in order to save costs
for sludge treatment

-0 preferably no by-passing

Some of these objectives are difficult to quantify, and even the most

important one-effluent water quality-cannot be expressed with today's |
knowledge in terms of a reasonable berformancg index. There is a great

need for improvéd models, that tell which variables, parameters, unit

processes etc. actually influence the effluent water quality. Just an ex-

¢ s . . o 3 o |
ample: {g an increased turbidity of the effluent caused by changing |
|
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settleability properties of the cell mass, on different loading conditions,
on inadequate chemical dosage, on backwashing of deep-bed filters or on
supernatants from the anaerobic digester? This implicates the 'need for more
structured measurement information together with a more substantial process
dynamics knowledge in order to make the adequate control decisions. Needless
to say, the performance index should reflex the total system behaviour, that
is not even only the plant but the plant plus the collection system. A nice
way to improve the plant performance is to allow only a constant influent
flow and bypass the rest to the receiving water. The so called "midnight

valve" is still a frequently used control variable in some plants.

10.2 Process design and process operation

The integration of process ‘design with control system design is a largely
ignored area. This is not unique for wastewater treatment processes, as

Foss [47 ] has discussed in such an excellent way. The process should of
course be constructed flexible enough to allow the desired operations,

see Andrews [ 2 ]. Secondly, there is a trade-off between design investments
and operational costs, but this type of calculation is seldom done. One
reason is the grant system. Governmental contributions are given only for
construction costs and not for operational costs. Some work among these
lines to integrate design and operation has however started and notable
examples are the cities of Chicago with the Jéhn Egan Plant and the city

of Philadelphia {see 9.1)}.

The design of a blant is naturally coupled to the design of a sewer network.
If both of them were to be constructed at the same time there is a

tremendous potential in saving money by looking at the interactions between

the sewer network and the plant. If the collection system can be used
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systematically to attenuate the flow peaks to the plant, then significant
investment costs can be saved. It is more probable that many plants are
overdesigned, which means that control actions are hardly necessary. One
indication of this fact is found by Berthouex, et al [ 21]. They showed
that the effluent quality variabi1ity is very small in a well designed

plant, and it is hardly possible to detect any transfer function relationship
between the influent and the effluent water qualities. If the plant is large
enough the effluent quality is very insensitive to hydraultic or influent

substrate changes .

A fundamental problem in all wastewater treatment is pumping of water.
Sedimentation basins are extremely sensitive to sudden fiow changes. There-
fore the flow rate has to be changed smoothly in order not to upset the
settling too much. In many p]énts there are no variable speed pumps, so the
available pumps have to be started up stepwise. This can create significant
pulses of suspended solids concentration in the effluent. Many good control

actions can be spoilt by unsuitable pumping.

Bypassing of sewage should be avoided by all means. It might take many days
of good control to compensate for the detrimental effects on the recipient
after a bypassing. It is often a matter of suitable piping and reasonably
large hold-up tanks to manage to keep storm water flows, so that a peak load

can be treated at a later time.

The activated sludge process gives several examples, where an increased
communication between control and design engineers is rewarding. The oxygen

demand is varying along an aerator, $0 therefore many plants are supplied with

a 50 called tapered aeration. The air flow is maximal in the head end where
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the biological uptake rate is great. The spatial air flow distribution
however is a design constant and only the total air flow can be changed in
order to control the DO content. In most plants, however, the air flow is
designed to be uniformly distributed along the aerator. This results in a
strongly varying DO profile. This abundance of oxygen is of no biological
use, but is a waste of money. It is of course necessary to keep a certain
amount of mixing all the the time, and this can motivate a higher air flow
rate. As the spatial distribution of oxygen demand will vary with the
loading of the plant, it would be desirable to be able to control not only
the total air flow but also to some extent the distribution of air flow.

Such a control could probably save considerabie power costs.

In many plants there is a considerable variation in the plant load at
different seasons. Due to inflexible piping, however, it is often impossible
to change the water flow pattern to make the plant more effluent during

such changes. Especially at low loading periods the aerators may have too
dilute substrate in the feed. On the other hand it is always desirable to
use as many settlers as possible. If the flow could be redirected from fewer
aerators to all settlers the plant operating costs could probably be saved

to some extent. Morecver, the maintenance could probably take advantage of

this.

It has been shown ( 5.4 ) that step load is an important control variable
I in many situations, especially in a longer time scale of several hours or
more. To provide piping and the suitable valves to make step loading possibie

if desired should certainly be considered in a construction phase.

For many measurements it is necessary to take water samples. To provide the

plant with the adequate sampling points in the design phase is naturally

of great value.
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10.3 Estimation and prediction

This area is probably the most profitable area for control theory applica-
tions in the field of wastewater treatment processes. The instrumentation
is-and will probably be for a long time - a serious problem. State variabie
estimation can help to overcome this problem. One type of application was
mentioned in 5.3. A more elaborate estimation of the specific oxygen

utilization rate SCOUR (see 5.3) still remains to be shown in full scale.

As several parameters are slowly varying there is a need for real time
identification. The oxygen transfer coefficient (eq 6.1} is important to up-

date, if SCOUR should be estimated. The specific growth rate varies with

the substrate composition. Still another example is the sludge settleability

in the secondary settler.

Real time prediction must be much more applied. Rainfall prediction and flow
rate predictions in sewer networks ought to be more explored, and the stochastic
nature of the flows should be taken into account more systematically. These |
flow predictions in turn will affect not only the collection system control
but also the plant control. By re-routing the flow streams in the plant 1t is
possible to prepare the plant for expected major disturbances in substrate

concentration, toxic loadings or hydraulic changes.

10.4 Control

Tt is my personal belief, that the control algorithms will be simpler than
i the estimation algorithms 1in an advanced control system of wastewater treat-
ment. As soon as the processes are well understood and the pertinent para-

meters and state variables are estimated, the control actions might be of

a relatively easy nature.
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Four kinds of contrel ousht to be considered in a well working
system
o the control of the single unit process
o the interaction between the unit processes in the plant
0 the interaction between the plant and the sewer network

o the interaction between the plant and the receiving water

For the control of the unit processes it has already been remarked, that
most algorithms are based on stationary considerations. A dynamical for-
mulation of the control problem therefore leads to reexamination of some

basic concepts.

As an example, consider &gain the activated sludge process and the control

of the food-to-microorganism (F/M) ratio (or sludge retention time control).
It is generally agreed that i% is desirable to keep a constant biological
growth rate, or F/M ratio, in the aeration system. Further it is often
assumed that this may be maintained through maintaining a constant sludge
retention time (or sludge age), based on static relationships between the
total sludge mass in the system and the flow rate of waste sludnme,

These static calculations are not adequate in plants with considerable flow
variations, but only on some “daily average" basis. The specific oxygen
utilization rate (SCOUR) mentioned is a much more fundamental indicator of the
biological activity and - more important - it reflects the dynamical character
of the process. Once a desired value of SCOUR is established by some method
the practical implementation of a SCOUR control would be to calculate the
required sludge concentration in the aerator and control this via the return

sTudge flow rate.

In order to meet diurnal variations the sludge étorage.capacities should he

more systematically used, see 5.3-5.4. This can be accomplished by using the

settler capacity for storane together with the step feed control.
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There is a misleading tendency for models to be used in ignorance of the
practical limitations. This is exemplified in a paper by D'Ans et al
[37 ]. They propose a non-linear regulator for anaerobic digester control.
This is suitably discussed by Wells [12g] who points out that such a con-
troller is necessarily some distance from being innovated in practice. Fan
et al [42 ] have taken a similar approach to apply Tinear-quadratic theory
for the control of an activated sludge process. Also here the model is too
simplistic and consider neither organism recycte or the interactions due to

the solids-liquids separation.

As in chemical process control there are essential interactions between

the unit processes. Hitherto, however, too Tittle attention has been paid

to this problem [47 1. In a wastewater treatment plant both sludge disposal
and wastewater treatment should be considered together in order to get
realistic cost/performance figures for the plant. There is not only a direct
influence on the sludge quality from the water treatment but also feedback
effects from the studge handling to the wastewater treatment chain. For
example the anaerobic digester supernatant is returned directly to the
biological activated sludge process, see Malina - DiFilippo [BO ]. Some-
times lime is added to the siudge for stabilization. The return water
(reject water) can give some undesired disturbances in the biological treat-
ment or at metal salt precipitation due to pH changes. Backwashing of

deep bed sandfilters can create significant flow disturbances {often as

chock loads) on the wastewater treatment processes. The hackwash flow is
usually of the same order of magnitude as the influent flow to the plant.
Typically the length of the filter run may be 10-12 hours, witile the bhack-
washing time is normaily 5-10 minutes. In order to avoid the chock load of
the returning water the backwash wastes must Ee suttably buffered and returned
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production in an anaerobic digester. This is one of the few vrocesses

which can be operated with profit. The methane aas can be used to supply

nower to hlowers and heatinag systems [51.

The operation of a wastewater treatment plant in relation to the state of
the receivino water (e.a. a tidal estuary) has hitherto been given 1ittle
attention, but models are being developed. A recent contribution is

Yih and Davidson [126].

10.5  Conclusions

Dynamical modelling and control and real time computation are still new and
unknown fields for many sanitary engineers. The term "automation” is often
interpreted in a narrow sense by many process engineers, Many design
engineers do not appreciate the dynamical character of the processes and
steady-state procedures are stiil almost exclusively used. Therefore there
is a clear educational problem how control theory can be suitably applied

for different processes in this field.

A better understanding of some basic dynamical phenomena and process dynamical
behaviour is certainly needed. There is of course not one all-encompassing
dynamical-model. Rather there is a whole family of models having different
degrees of complexity depending on the nature of the problem for which they
are formulated. 7o choose the mathematical model that suits the nature of

the problem at hand is an area, where control engineers could help santtary

engineers to a large extent.

Research in a&vanéed systems analysis and design is being move and more
supported. Therefore it is a high probability, that we cen report a 1ot

move advanced control systems in the wastewater field within the next few

years.
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