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Ahbstract. Four unstructured kinetic models were used for simulating the transient response of the conven-
tional activated shadge to shock loadings. The aeration tank was assumed to be a continuous stirred tank
teactor while the settler dynamics were simulated as a simple first order lag. Parameter identification was
exercised in predicting the models substrate and biomass concentrations us compared to published experi-
mental results. The inhibitory endogenous melubotism model gave relatively good qualitative results. The
inadequacy of these simple models in predicting some important aspects of the unsteady state operation
is discussed.

1. Introduction

Both practical experience and in-depth analysis have shown that the biological
wastewater treatment plants seldom, if ever, operate at steady state. The ASP’s usu-
ally operate under transient conditions because industrial plant operations [1], which
constitute the source of wastewater inflows to ASP's, consists of batch operations,
store-and-dump waste procedures as well as occasional spills, all of which contribute
to periodic variations in the strength and flow of wastewater streams. Also, Munici-
pal flows can vary diurnally from 50 to 150 percent of the average flow. In addition
household wastewaters are usually discharged in sewers at approximately the same
daily periods. Gaber and Elnashaie [2] investigated theoretically the possibility of
conveyancefsewage treatment, however their work is confined to steady state
analysis and steady state response. The physico-chemical characteristics of the pro-
cess has been well analyzed recently by Torruelles [3]. Holmberg [4] built a simple
dynamic medel of the activated sludge process for use with microprocessor-based on-
line estimation and control of the system to compensate for fluctuations in the feed
due 10 large daily variations in organic and hydraulic loading rates {5]. Such distur-
bances constitute shock loadings to the ASP which usually translate into a lower effi-
ciency of the treatment [6].
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As an indication of the extent to which this phenomena has been recognized, a
new approach to the problem of control of ASP has been reported in the literature
[7] which assumes that the process is in fact a periodic process, That is, the incoming
periodic pattern of feed fluctuations is explicitly recognized when designing an oper-
ation strategy for the unit,

Engineers entrusted with the design of biclogical treatment facilitics have, in the
Past, ignored transient loadings and have tried to improve the performance of ASP’s
by using large equalization basins and overdesigned treatment plants [5].

Although, an equalization basin preceding the ASP would provide some dam-
pening of the concentration peaks, this process arrangement does not exist fora large
number of operating plants and does not always solve the prablem adequately. Over-
designed treatment plants may also provide a way of minimizing the impacts of feed
perturbations but again this does not provide a satisfactory solution on an economi-
cal as weli as an operational basis [6].

The fundamental problem then lies in the determination of automatic process
control strategies which can adequately overcome the undesirable effect of such dis-
turbances. One of the most efficient techniques for developing such control
strategies is through the use of dynamic modeling and computer simulation.

Many such models exist in the literature but unfortunately most have been used
for design purposes ar for predicting steady state behaviour.

‘ Studies on dynamic simulation (6] have suffered in general from one or more of
the following:

(a) They often bear little relationship to real plant operation.

(b) They are rarely or poorly validated by experimental data.

{¢) They tend to be highly structured thus necessitating the determination (experi-
mentally or empirically) of many parameters. Thus, large amounts of data are
needed to provide a comprehensive and accurate model.

(d) These high-power models require considerable computation times on large
main frame computers and in some instances hybrid computer systems [8].

In this study we simulale the typical ASP by four low-order growth kinetic mod-
¢ls and then test the validity of each of these models against published experimental
data.

Past work {1] has shown that such simplifications introduced by a reduced-order
model are largely acceptable. Furthermore, the choice of a low-order model facili-
tate the implimentation of the resulting algorithms on small computer structures such
as microprocessors.
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2. Models Development
Fig. 1. shows the flow diagram of a typical activated sludge plant. Such a

INFLUENT AERATION 0,: EFFLUENT
TANK
0,5 X, X,
RECYCLED SLUDGE Q. X >
Q,:8.X,

Fig, 1, The conventional activated sludge process

process is one of aerobic digestion in which excess air, and hence oxygen, is intro-
duced in the aeration tank so that there is never a deficiency of oxygen available for
the aerobes |9]. For this reason we have assumed that in developing our models that
the microbial growth is controlled by organic substrate limitation rather than oxygen
limitation. In the ASP much of the soluble and colloidal organic material remaining
after primary sedimentation are metabolized by a diverse group of micro-organisms,
mainly bacteria, which is responsible for oxidizing most of the organic matcrial to
extra-cellular mass, CO, and H,0.

Thus, the biological reaction in the aeration tank is autocatalytic and is the basis
of the growth kinetics in the four models considered in this study:

Aerobic
organisms
Organic pollutants + O, ————J» Aerobic organisms + CO, + H,0 (1)

The activated studge tank is followed by a sedimentation tank (also referred to
as a thickener or settler) in which the mixed liquor suspended solids (MLSS) is settled
out as sludge and recycled to the aeration tank. This recycling is necessary because
ASP’s are characterized by optimum MLS$ quantities which should be maintained
if casily settled sludges are to be obtained. Such levels of MLSS can only be achieved
by recycling [9]-

In developing our models we have decoupled the primary settler (not shown in
the flow diagram), which precedes the aeration tank, from the secondary portion of
the model. However, there is a high level of interaction between the acration basin
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and the solids-liquid separator [8]. This is so because the performance of the solids-
liquid separator will determine to a large extent the concentration of the MLSS that
can be maintaired in the acration basin, as well as the quantity of suspended solids
in the process effluent [8].

3. Assumptions

. The aeration tank is treated as a continuous stirred tank reactor {CSTR).

The process is assumed homogeneous,

Heat effects due to reaction or cooling due to evaporation are neglected.

- Physical properties of the fluids such as viscosity and density are constant.

- Microbial growth in the thickener is neglected.

- No distinction is made between soluble and suspended substrate [8].

- The recycle substrate concentration is equal to the substrate concentration in the
activated sludge reactor effluents(S). In fact, it has been indicated in the litera-
ture [ 10] that taking Sy, as an independent variable or as equal to S or as negligible
lead to slight differences in the solution of the balance equations.

8. The biomass recycle concentration (xg) is directly proportional to reactor effluent
biomass concentration (x) at steady state operation. When the system is dis-
turbed, xp lags x by a first order time lag 1,. This T, incorporates general overall
time lags between reactor outlet paint and recycle stream introduction point to
reactor, thus both thickener as well us pipeline transportation lags are included.

9. The biokinetics are controlled by organic substrate, rather than oxygen, limita-

tion.

- TP N RN

4. Substrate Removal Rate Kinetic Models

Four micro-organisms growth rates have been considered and these are:

4.1. The Monod Model
The growth rate function (u) is expressed as function of substrate concentration
as follows:

Pp S
‘L —_——
K, + 8 @)
where u = specific growth rate ('), § = substrate concentration

{mg/lit), u, = maximum specific growth rate (t) and
K, = saturation constant {(mg/lit).

It is evident from the Monod relationship that the specific growth rate follows first
order kinetics when S is very low and follows zero order kinetics when $ is very high.

For non-inhibitory substrates several citations in the literature have indicated that
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the Monod equation adequately expressed the growth rate-substrate relationship
[5,10,11,12,13] in terms of biomass concentration:

dx _
at =ux €)

where x is biomass concentration in mg/lit

4.2, Monod-Endogenous Metabolism
Endogenous metabolism means that there are reactions in cells which consume
cell substance. 'This is a modification to the Monod relationship to account for the
fact that the observed evidence of marked decline in cell concentration at low dilu-
tion rates in continuous cultures of micro-organisms {9]. Thus we might write:
2 —px-kgx (4)

The additional term (K x) has sometimes also been interpreted as a cell death or
decay rate constant, and k, has the same as x, ah.

4.3, Inhibition Model (Haldane Equation)

For certain cultutes of micro-organisms (e.g. phenol wastes [10]) it has been
ohserved that the actual reaction rate - substrate concentration curve does not
increase to ., and then stays constant, but in fact it increases, then remains constant
for a certain time, then decreases with the increase in substrate concentration. This
represents inhibition of the biological reaction by the substrate. In such cases:

dx
—_=ux
dt
where U, S (5)

'1: A ————————————————————
54
-+ —
% K:

4.4. Inhibition and Endogenous Metaholism

This model has also been referred to in the literature as the inhibition and decay
model [9]. For this type of model the rate of increase of biomass concentration is
given by the relationship:

bp S

=ux—Kkx= x—kgx (6)

dt

K, +5+—
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L e it — _— = = = = = =

Sabstrate cone, (mg/lit)
Tahibition kinetics

Regardless of whether inhibition is caused by excess substrate or products o
reaction concentration, the net effect is a reduction in viable organisms - that is, those
organisms which are effective in causing substrate consumption [9].

5. Meterial Balance
With reference to Fig. 1, the following mass balance applies to any componen!
in the aeration tank:

" Accumulation = Rate of production + Rate of addition ~ Rate of removal
Let:

X = biomass concentration in aeration tank, mg/lit.

Xy = biomassconcentration in feed, mgfit.

X, = biomassconcentration in recycle stream, mg/lit.

Qy = F=volumetricfeed flow rate, lit/hr.

Q, = Recycle flow rate, lit/hr.

v = aeration tank volume, lit.

S = substrate concentration in aeration tank, mg BOD/lit.
T =Y. aerator residence time, hr,

Y = yield coefficient = 2% of micro-organisms produced

mass of substrate utihized
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Q
R = Recycle ratio = —_—
Xy 9.1
o = —
X

A biomass balance for the Monod kinetics model gives:

dx
Vodr =Qex+ Qx, —(Q,+Q)x+Vpux (7

Q
Dividing by V and assuming x, = 0 and noting that < =70 :

dx Qr Or

- = — + o— + 8

" v (t v ) x + px (8)
. Q;

Let recycleratio=——= R %)

Xr Qo

T e (10)

x

The coefficient « can be assumed constant for steady state operation or a time -
dependent function to account for the time lag due to pipeline and settler dynamics.
Assuming that the transportation Jags together with settler dynamics can be modeled
as a first order lag then:

r
Xy Ty

— = o = 4x(ty) + Ax—-x(ty) (1—-¢ ) (11)
X

where x(t,) is value of x at t = and t, is a time constant accounting for settler residence
time and transportation lags in the pipeline and t is time elapsed after onset of distur-
bance.

The substrate concentration at any time can be expressed as follows:
ds X

v STl Q, S + RQS — (1 + R)QS - V—;—Y— (12)
o ds ( S px (13)
T ) Ty

The substrate removal eificiency () is an indicator of process performance and is
expressed as follows:

Se- §

n = (14)

S¢
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It is worth noting that the expression for settler dynamics is probably an over-
simplification whose validity should be tested against experimental measurements.
Highly structured and elaborate settler models have been presented in the literature
(5,10).

Most of the dynamic thickener models proposed in the literature [14] have a
common foundation of numerous models in the solids flux theory of Dick. [15]. In
these models the basic concept is that the total flux at any location inside a thickener
is the sum of the batch settling flux and the withdrawal flux induced by sludge with-
drawal from the bottom., Such dynamic models are developed by dividing the thic-
kener into several completey mixed layers or zones. A dynamic model of such a
structure would give due consideration to the three main functions of the solids-lig-
uid scparator, namely those of thickening, clarification and sludge storage [8].

Table 1 summarizes the four mathematical models as used in this study.

Table 1. The Mathematical models and their charucierizing equations

dx/dt ds/dt [
Monod 0+ pyX X i
ono [CEAN) T(SF—S)—M; K. +5
X o S
Monod ¢ndogenous (+n-KpX (S~ 8) - p; X, 35
o X Kka S
Inhibitory B+ X (S -8)- uy— m—z
" x Uy S
Eftiogenous (B+u—K)X t(Sp—8)—p— T
inhibitory y S+K +5/K;

where 8 = x(R{a-1)-1)

6. Simulation Results and Discussion

The numerical values of the models parameters at steady state operation were;
My = 055 b, K, = 120.0 mg BOD/, K, = 500.0 mg BOD/L, Y = 0.55,
K4=0.0025h",Sp = 100 mg BOD/L, o = 4, R = 0.25,t = 10 hand t, = 4h.

The four mathematical models were used to simulate the dynamic response of
an activated sludge plant to step perturbations in the feed substrate concentration
(5g), the recyele ratio (R) and acration tank retention time (t). Three types of wastes
were considered in this study, namely domestic waste, chemical wastes and soybean
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waste. The steady state efficiencies for each o the [our models for the different was-
tewaters are shown in Table 2,

Table 2. The stendy state efficiencies for each of the four models for the different wastewaters

Model Domestic Chemical Soybean
Mimad 94.286 96.623 82.368
Monod Endogenous 93.684 96.230 77.857
Inhibitory 94.250 96.027 81.520
Endogenous Inhibitory 94.000 95.812 7%.850

The system transient response to a step load was plotted as reactor substrate concen-
tration (s), biomass concentration (x} and substrate removal efficiency (n) against
time. In the initial stage of the study the settler dynamics were ignored and the trans-
ients were simulated assuming that there was an instantaneous correspendence
between x, and x. The thickener dynamics were subsequently incorporated in the
overall model as a first order lag.

We don’t have space here to show all the results of the transient studies for each
of the four models, but they can be found in Mudallal [16]. The four models gave
qualitatively similar transient responses. In this paper we present the dynamic
behaviour based on the Monod model only.

6.1, The Response to a Step Input to Sy

The model was subjected to four different step size increases in Sg. Thece step
sizes were 35, 50, 65 and 80 mg BODV/lit., for the different types of wastewaters. The
transient response to these disturbances showing the variation of 8, x and n versus
time are plotted in Figs. 2, 3 and 4 for a waste feed consisting of domestic wastewat-
ers.

As is evident from Fig. 2, a step up in S, causes an immediate sharp increase in
S until a peak is reached. Thereafter a gradual continuous decrease in S takes place
until a final steady state is reached. The initial short horizontal line indicates steady

state operation before imposition of disturbance.

The steady state relationships are obtained by setting % = -g% = 0,

K, t(R(a—1)— 1)
1(1 -~ R(a - 1)) —

(15)

re o XGeTS) (16)
M
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Fig. 4. Effect of the influent substrate coucentration step up on the substrate removal
efficiency

However, due to practical limitations, x cannot increase indefinitely, as pre-
dicted by equation (16), as Sg is increased. The independence of 5§ w.r.t. Sg as pre-
dicted by equation (15) also predict that the efficiency 1 as given by the relationship

SR - S
Sg
would increase indefinitely as Sg is increased. This prediction can only be made

within certain limits as the system efficiency should start to fall when Sy exceeds cer-
tain Limits.

n=

The occurrence of the sharp initiat increase and the overshoot can be explained
in terms of the time lag between the sudden increase in the biodegradable wastes con-
centration (8) and the resultant increase in the biological cell metabolism.

When 8 is increased, cell growth increases (up to a certain maximum) according
to the relationship:

Hom

I

K+ S

and hence an increase in biomass results. As a resuit of the increase in biomass popu-
lation, the substrate is biodegraded and hence $ starts 1o fall after reaching a peak.
As § decreases, the increase in x slows down until a balance between S and x is
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reached according to the steady state relationship. The biomass concentration
behaviour is as shown in Fig. 3. The biomass does not increase as suddenly as that of
S hecause the biomass takes some time to accomodate to the new change. As pre-
dicted by the steady state relationships between § and x an increase in Sg should
eventually result in a new final higher steady state value of x.

As shown in Fig. 4 the substrate removal efficiency, due to its inverse depen-
dence on the ratio 8/S;, decreased sharply initially as Sy was stepped up. Thus a step
up in S results in an immediate deterioration in plant performance. However, once
the micro-organisms start multiplication, the resultant biological oxidation of the
organic waste resulted in a lower S and hence the efficiency v picked up again until
a new steady state is reached. The new value of v is different from its initial value
because although the initial and final values of S are identical and 8¢ has been
changed permanently to a new value.

Figures 5, 6 and 7 show the effect of stepping up the recycle ratio {R) on system
dynamics, The beneficial effect of increasing R on system performance is indicated
by examining Figs. 5and 6. This suggests the use of R as a control variable {a manipu-
lated variable) in a feed forward control scheme to counteract the transient detri-
mental effect of increases in ;. However in practical terms R can be manipulated
within a certain range of values; the upper limit of which is set by the pumping, flow,
power and aerator size constraints. Thus apart from the technical limitations, the
overall higher capital and operating costs will have to be weighed against the resul-
tant increuse in substrate removal efficiency. In fact such an optimization exercise
might take into consideration building two or more smaller units rather than a single
very large and complex one.

mg/lie

350 PRl T A GO U S I G U BT I AT S A
0 12 4 36 48 60 72 84
TIME HOURS

Fig. 5. Effect of recycle ratio step up on the system substrate concentration
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It is worth neting that no peaks are predicted by this transient simulation. This
is due to the fact that the additional recycle stream flow rate will add additional
microbial cells as well as substrate to the reactor. The substrate addition will be reta-
tively small compared to that of S; and thus will not have a comparable effect to that

of stepping up Sg.
Figures 8, 9 and 10 show the effect of a step down in T ({.e. astepupin Q,) upon

the system performance. Sg was maintained constant. As v was decreased the system
substrate concentration increased and the system efficiency () decreased, This is so
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because when Q, is increased the biological mass in the aerator has less time to effect
the biodegradation of the substrate. If there is no recycle and Q, is stepped up suffi-
ciently, complete cells WASHOUT occurs and the organic waste passes through sys-
tem without undergoing any biological treatment.

6.2. Effect of Settler Dynamics

The settler dynamics were simulated as a first order lag. At steady state x, and
x are related by the following relationship:
X =4x
when the system is disturbed we simulated the time lag due to settler residence time
(as well as transportation lags) by the relationship:

X, = 4x(ty) + 4x —x(t) (1 — e ™)

where:
% = biomass conc. in reactor effluent at time t.
X,  =recycle biomassconcentration at time t.
x(t;) = biomass conc. in reactor effluent upon onset of distrurbance
(i.e.att=10)
T = residence time (assumed = 4 hours).
t = time elapsed after onset of disturbance.

Figures 11, 12 and 13 show the effect of incorporating settler dynamics upon sys-
tem transients when S is stepped up.

6.3. Comparison of Simulation Resnlts with Published Data

In order to indicate the qualitative validity of the models, comparisons were
made between the dynamic simulation results and comparable data published in the
literature.

The values of the biokinetic parameters u_, K, K,, Y and K were obtained
from several sources and are considered average values which do not represent any
particulur activated sludge wastewater treatment plant. Thus using average values
for the above five biokinetic constants and the appropriate values for the selectable
engineeting parameters T, t,, S, a and R we simulated the dynamic response of an
experimental laboratory size activated sludge unit to transient loading conditions.
Fig. 14 shows a drawing of the activated sludge unit used to generate the transient
experimental data as reported in technical report No. CRWR 37[5] published by the
Centre for Research in Water Resources (Univ. of Texas). The wastewater was
domestic waste and the transicnt load was a pulse disturbance in the feed organic
waste concentration S;. In making these simulations, several computer runs were
carried out to see if changes in the selectable engineering variables (within the allow-
able range of values reported for the experimental runs) can improve the fit between
the simulation predictions and experimental results.
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Figuzre 15 shows the simulation results for the four kinetic models as well as the
experimental results. As is seen from these plots the four kinetic models gave qualita-
tively similar results to each other and to the experimental results. However the
Inhibitory + Endogenous metabolism model gave a closer fit to experimental results
especially in predicting the final steady state conditions. The experimental results
exhibited a transient lag and an overall delay in the transient response.

The time lags can in fact be explained in terms of kinetic as well as enginecring
considerations: The four kinetic models under consideration are known as nnstruc-
tured models and have the drawbacks of not accounting for the lag phase (see Fig. 16)
and they give us no insight into the variables which influence growth,

Also, they make no attempt te utiiize or recognize recent knowtedge about cel-
lular metabolism and regulation [12]. Busby and Andrews [8] have noted that lags
were observed with some sludges. They presented a structured mode! which allows
for such lags [7]. In so doing they divided the sludge mass into three, rather than one
mass, These masses are stored mass (which consists of dissolved substrate, suspended
solids and colloidable biodegradabie organic matter), active mass {which is the viable
biological mass responsible for the biodegrudation of organic matter) and Inert mass
(which is the result of endogenous metabolism and decay). Thus by making the
assumption that all substrate, whether dissolved or suspended, must pass through a

T
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MUNOD
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MUNDOD ENDOGENOUS
INHIBITORY

_§

— EXFERIMENTAL

MOMOD INHIBITDRY

SUASTRATE CONCENTRATION MG TOC /L
W
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TIME HOURS

Fig. 15. 10X Pulse transient response {without thickener dynamics)
1=6.4hours R =025

Domestic wastes
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Fig. 16 . Typical batch growth curve of micro-organisms

storage phase as part of the total sludge mass before being used by micro-organisms,
they provided a basis for a variable time lag for any transients in substrate concentra-
tion which is of considerable importance for predicting the dynamic behaviour of the
process. In addition te allowing for transient lags, such structured models take into
consideration the fact that a fraction of the total biological mass consists of inert or
dead cells. In the simple Monod model all cells are assumed viable and this might
explain the discrepancy hetween the high substrate concentration as given by the
experimental resuits, cspecially as the system stabilize again after the shock distur-
bance wears out, and the Monod simulation predictions.

In addition to the deficiency of the four medels in accounting for time lags, such
time delays can also be attributed to the effect of the dead time due to the transpos-
tation lag in transmitting the changes in S from the stock solution in the feed bottle
to the aeration tank. This is particularly relevant when we note the relatively low flow
rate of 30 litday used in the experimental studies. Fig. 17 shows that a better fit to
experimental data is obtained when a dead time delay of one hour is assumed.

Other plausible explunations for the discrepancy between the simulated and
experimental results can (in general) be attributed to:

a) The assumption of zero input biomuss concentration (x, = 0) in the model does
not accurately reflect experimental conditions.

b) Incorrect value of the kinetic parameters. As outlined earlier the values of u,,,
K,, K;, K, and Y were taken from the literature whereas the ideal approach is
to determine such parameters by laboratory studies on the particular culture in
hand.
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————— MONOD
—.~— MONOD ENDOGENEQUS
1001 — =—— INHIBITORY

INHIBITORY ENGOGENEQUS

SUBSTRATE CONCENT.mg TOC/L

TIME HOURS
Fig. 17 . 10X Pulse transient stock intz 2 dead time of one howr and allowing for

thickener dymamics)

c) The exact manner in which the pulse shock disturbance was imposed experi-
mentally was not specified. This may explain the initial sharp increase in the
simulated results since the model assumes that an ideal pulse disturbance was
imposed.

d} The uncertainty regarding the actual aeration tank volume used (and hence )
and recycle rate used. The technical report [5) from which the experimental
data were taken indicates that the aeration tank volume can be varied from 3 to
8 litres by moving an internal partition. The effect of changing T (as can be
expected) has a significant effect on the value of the peak as well as the values
of 5 achieved during the whole transient run. This is amply demonstrated in Fig.
18.

€} A microbial analysis of the biomass at different stages of the experimental
results was reported in the technical report [5]. This indicated that certain cell
population mutations occured and that filamentous fragments were observed in
the photomicrographs. Since the four kinetic models we investigated assume
that we are dealing with the same type of culture, such ¢hanges in microbial
population and resulting kinetics were obviously not anticipated by the models.

f)  The acration chamber mixing character, location of feed and discharge and
poor mixing can all have significant effects on the response.

7. Conclusions

1t was shown that the Inhibitory and Endogenous metabolism model gave a bet-
ter prediction of the transient response than that of the Monod model, Several
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100} R=10.25

EXPERIMENTAL
Ll ikl 1

A

SUBSTRATE CONCENTRATION TOC/L
o
=

(-]

o
-
L]
w

4 5 6 7 a 9
TIME HOURS

Fig. 12 . 10X Pulse transient {with thickener dynamics) T = 4.4 hours

simplifications were made in the development of the models that resulted in limita-
tions with regard to their applicatiop for the accurate prediction of the quantitative
transient response of the activated sludge process. However, the simplicity of the
medel has the advantage of the relative ease of simulation to give relatively good
qualitative results,
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