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ABSTRACT: The external carbon dosage control is studied for the predenitrification processes without the on-
line controllability of the nitrate recirculation flow. The control objective is to minimize the external carbon use
while keeping the average effluent nitrate concentration below its standard. The proposed strategy is to control
the nitrate concentration in the anoxic zone at a low set-point. A model-based analysis of the denitrification
process reveals that the optimal set-point for the nitrate concentration in the anoxic zone is about 1 mg-17".
Three control laws are designed to control the anoxic zone nitrate concentration at its set-point for different
measurement conditions. An effort is made in all the designs to make the control system as simple as possible.
This includes the usage of simple control laws and few sensors, which reduces the implementation and main-
tenance cost of the control system. The analyses and designs are validated by simulation and experimental

studies on a full-scale plant.

INTRODUCTION

Biological nitrogen removal occurs in two major steps: (1)
nitrification, where ammonium is converted to nitrate under
aerobic conditions; and (2) denitrification, where nitrate is con-
verted to nitrogen gas by heterotrophic biomass under anoxic
conditions with the use of organic compounds as reducing
agent (Focht and Verstraete 1977). The most economic config-
uration for nitrogen removal is the predenitrification system
(Henze 1991). An obvious advantage of such a configuration,
compared with a postdenitrification system, is that the influent
chemical oxygen demand (COD) is directly used for denitri-
fication, which makes the system more economic in terms of
no or less external carbon demand, less oxygen consumption,
and less sludge production.

For successful denitrification, a sufficiently high-influent
carbon:nitrogen ratio is required (Focht and Verstracte 1977).
When this requirement is not met, an external carbon source
has to be added. The dosing rate of that carbon is important.
Dosing an insufficient amount will result in a high effluent
nitrate concentration. Dosing too much will increase the costs
considerably due to a higher external carbon use, a higher
sludge production, and an increased oxygen demand. This, to-
gether with the strong variation of influent flow and compo-
sition, which is typical for waste water treatment plants, ini-
tiates a demand for on-line control of the denitrification
process to guarantee a sufficiently low effluent nitrate concen-
tration, with optimal use of the available carbon and, hence,
minimum dosage of external carbon. Two variables can be
manipulated to achieve this objective: (1) the external carbon
dosage, to guarantee that (almost) all the recirculated nitrate
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is removed in the anoxic zone; and (2) the nitrate recirculation
flow rate, to control the amount of nitrate that is recirculated.
For optimal control of the process, the two variables should
be controlled simultaneously to form a multivariable control
system.

The problem addressed in this paper is the control of the
carbon dosage for a fixed nitrate recirculation flow rate. Op-
timal control is not possible by manipulating just one variable,
but careful choice of the control strategy still allows for sig-
nificant savings. One strategy is the so-called ratio control:
keeping the carbon:nitrate (C:N) ratio to the anoxic zone at a
certain level by dosing external carbon, applied when the ef-
fluent nitrate concentration exceeds its limit (Londong 1992;
Hoen et al. 1996). The approach adopted in this work is to
control the nitrate concentration in the anoxic zone at a set-
point by manipulating the external carbon dosing rate. The set-
point is determined using a mathematical process model, such
that the effluent standards are met with a minimum use of
external carbon. The corresponding constant nitrate recircula-
tion flow rate is also calculated. Three controllers are designed
to control the anoxic zone nitrate concentration at this set-point
for different measurement conditions. The main feature of the
designed controllers, compared to previous work (Londong
1992; Hoen et al. 1996; Hallin et al. 1996), is their simplicity.
All employ simple control laws and require only a nitrate sen-
sor in addition to some flowmeters. The analyses and designs
are finally validated by simulation and a full-scale experiment.

MODEL BASED ANALYSIS
Process Model for Anoxic Zone

The denitrification model used for the analysis is based on
the International Association on Water Quality (IAWQ) model
no. 1 (Henze et al. 1987) with the following assumptions and
modifications:

» The concept of endogeneous respiration is used rather
than the death-regeneration hypothesis.

+ Two types of readily biodegradable carbon are present in
the model. One type is the carbon present in the influent;
the other is the external carbon source. Their metabolism
is described by identical maximum specific growth rates
and yields, but different saturation constants.

 There is no nitrogen limitation for biomass growth.

» The oxygen that enters the anoxic zone via the influent
and the nitrate recirculation is removed instantaneously
(with concomitant carbon removal), and the dissolved ox-
ygen concentration in the anoxic zone is always zero.
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» The anoxic zone is completely mixed.

The denitrification process is characterized by the following
mass balance equations (for explanation of the symbols, see
the Notation appendix).
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The model describes the dynamics of three components in
the anoxic zone: (1) The nitrate (Syon); (2) the readily bio-
degradable carbon (Sis..x) present in the influent and/or gen-
erated via hydrolysis of the influent slowly biodegradable car-
bon; and (3) the external carbon source (Sps.y). The nitrate
concentration changes due to microbial uptake (using S
and S;s.4n), endogenous respiration, inflow and outflow. The
nitrate concentration in the influent is assumed to be negligi-
ble. The dynamics of the two carbon components are deter-
mined by (1) nitrate respiration, (2) inflow, (3) outflow, and
(4) instantaneous oxygen respiration using the oxygen from
the nitrate recirculation flow and from the influent (R s, and
Rps.0). The biodegradable carbon concentration in the nitrate
recirculation flow is neglected. Rp5, and R,5, are calculated
with the following equations:

Rpso + Riso = (QuuSo.ae + Qinfso.inf)/(l — Yy 3a)

Roso _ Sos.an/(Kps + Spsan) _ Sposav(Kis + Sysan)

Ko = Mop,max

= = 3b
Riso ~ Susan/Ks + Susan)  SsanKos + Sosu) 0
which solves into
(Kps + Spsan)(QineSo.a5 + QinrSo,ims)Sts,.an
Ru.o = (40)
(I = Y)2SpsanSisanv + KpsSisav + KisSps,an)
(KLS' + slS.AN)(QlIHSO,AE + Ql’l!so.inf)sDS.AN
DS.0 (4b)

- (1 - Y, H)(2SDS,ANSI.S‘.AN + Kussu‘.AN + Klssus.m)

Determination of Optimal Set-Point for Anoxic Zone
Nitrate Concentration

The choice of the set-point for the nitrate concentration in
the anoxic zone (Syop.an.sp) is important to the performance of
the controller since it will determine the consumption of the
external carbon. Intuitively, this can be shown as follows:

* The denitrification rate is

SS.AN SNO.AN
KS + SS.AN KNO + SNO,AN

The lower the Syp v is, the higher the Sy should be to
have the same denitrification rate. Hence, Syp ..y should
not be too low in order to minimize the leakage of COD
to the aerobic zone, which is proportional to Ss .

XBH

Vien = “'H.mnx

* Assuming that all the incoming Kjeldahl nitrogen is either
transformed into nitrate (fraction 1 — v) or directly con-
sumed by incorporation into new biomass (fraction ),
one obtains

Snoae = Syoan T (1 = YVIQuSyn/Q &)
By expanding Q, (5) can be rewritten as follows:

Om=(1 - 'Y)QinfsN.tn/(SNo,AE — Sno.an) — anf -0 (6

Given the nitrogen load (Q,,Sy,») and the nitrate concen-
tration in the anoxic zone (Syo.4n), (6) gives the Q,, which
is necessary to keep the effluent nitrate concentration at
the desired level (Swoag). Eq. (6) shows that a higher
Syo.av Tequires a higher nitrate recirculation flow rate for
identical Syo4z A higher recirculation rate causes more
COD leakage to the aerobic zone and recirculates more
oxygen to the anoxic zone, hence, requiring more external
carbon source.

The preceding arguments suggest that the amount of carbon
that leaks to the aerobic zone, and, hence, is no longer avail-
able for denitrification, is minimal with some intermediate
value of Syoan- The optimization problem is therefore for-
mulated as: given the average influent parameters (Q,.;, Sis.in,
Sy.in) and the effluent standard (Syo 4z), determine the optimal
anoxic zone nitrate concentration set-point Sy, 4w, such that
the amount of the external carbon dosed (QpSps,,) is mini-
mized. The problem of finding the optimal set-point is solved
via a steady state analysis.

Solving the second equation of model 1 for its steady state
and substituting (6) and (4) into the solution, the external car-
bon dosing rate to reach a steady state with Syounv = Swo.an.s
is obtained as

Pert,max VanX s Sps.an SNO.AN.sp
Yy Kps + Sps.aw Knvo + Snoan.sp

OpSos,in =

+ a- 'Y)Qm[SN,m

(SNO.AE - SNO.AN..rp)

(Kis + Sisam)(QimSo.ae + anfSO.inf)SDS,AN
a- YH)(2SDS,ANSU.AN + KDSSLS'.AN + KLSSDS,AN) €))

where Spsav and Sysuv can be obtained as functions of Sypa.q,
from the steady-state solution of the first and third equations
of model 1.

The optimal Sy, v, can be found from

(2 Sps.i) So,an,5p = 0 ®

The analytical solution of (8) is mathematically troublesome.
However, given the influent conditions, the effluent standard,
and the related parameter values, the optimal Syo v, can be
found numerically. The corresponding Q,,., which will produce
the specified effluent standard, is calculated using (6), with
Sno.an = SNo,AN.sp-

The following example shows that the Syo an.s, and Q,,, ob-
tained with the preceding procedure are in line with those that
are commonly used:

SDS AN

influent: Sy, = 60 mg-L"; Si5,, = 200 mg L7
O = Quy = 4500 m’-d™!

sludge: Xy = 1200 mg-L7'; v = 0.25

effluent requirement: Syp.r=9 mg-L™"; Sy e =2 mg-L™";
sD,inf = 3 mg‘L_l

volume of the anoxic zone: Vv = 750 m*

parameters: Py = 6 d7'; Yy = 0.67; K5 = 20 mg-L ™"
Kvo=05mg L™ Kps=2mg-L™"; fp = 02;
b =024d""!
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The optimal Sypn.sp is calculated as 1.1 mg-L~!. The corre-
sponding Q,, is 16,500 m*-d~', which is about four times the
influent flow rate.

With the complete knowledge of the influent composition
and the sludge characteristics, the preceding procedure can be
used to determine the optimal Syp,an.,» When this information
is not available, an appropriate set-point can still be found.
Indeed, doing a large number of numerical solutions for (7)
for different influent conditions (Qu,y, Sism and Sy,,), model
parameters (Lymexs Kis, Knvo, and Kps), and other factors (Xpg,
Sno.ae, €tc.) revealed that

* The function to be optimized is rather smooth around its
optimum point, which means that the performance will
not degrade much as long as Sypn is not too far away
from the optimum

* The optimal Sy, 4y is always close to 1 mg-L™*

For example, the external carbon dosing rates for different
values of Wy mex (the maximum specific growth rate of the het-
erotrophs) and Sy 4z (the effluent standard), as function of the
anoxic zone nitrate concentration, are plotted in Fig. 1 (The
influent conditions and other model parameters took the same
values as those used in the preceding example). Hence, when
detailed knowledge of the influent composition and sludge
characteristics is not available, the following procedure can be
used:

* Choose 1 mg-L™' as the set-point for the nitrate concen-
tration in the anoxic zone (Syp.y). This guarantees that
(almost) all the recycled nitrate is removed without using
an excessive amount of carbon.

* Calculate the corresponding constant nitrate recirculation
flow rate using (6) with Syo.4z equal to the desired average
effluent nitrate concentration. This flow rate determines
the fraction of nitrate that is recirculated and hence the
overall nitrogen removal efficiency.

Linearization Analysis

Linearizing model 1 with different nonlinear parameter val-
ues and around different working points reveals that the con-
trol channel (from AQ» to ASyo.n) can be represented with
the following transfer function:

ASyo.an(8) - K, (s + 21)
AQp(s) (s + p(s + p2)

where K, is the process gain; p,, p,, and z;, which are all
stable, are the poles and zero of the transfer function, respec-
tively. It was further observed that the zero z, is quite close to
one of the poles (p,), while the latter has a magnitude that is
much smaller (about one-tenth) than that of the other pole
(p2). K, pi, p», and z; are all time-varying, depending on the
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FIG. 1. Carbon Dosing Rate as Function of Anoxic Zone Ni-

trate Concentration for Different Values of ., . (Opened Sym-

bols, Left Axis, Varying from 2 to 7 d™') and Sy +¢ (Filled Sym-
bols, Right Axis, Varying from 7 to 13.5 mg N- L“)

time-varying nonlinear model parameters and the working
conditions.

Using the root locus technique, it is easy to show that, when
a proportional feedback control with high feedback gain is
applied to the process, the closed-loop system is approximately
a first-order one due to the approximate cancellation of the
zero 2, and the closed-loop pole that approaches to z,.

CONTROL LAW DESIGN

One may consider either a model based or a nonmodel-
based control law. For model-based control, the time-varying
parameters have to be estimated on-line, which requires more
on-line measurements. Furthermore, the convergence of the
parameter estimation can hardly be guaranteed given the many
uncertainties in the wastewater treatment process. Compared
with model-based control, nonmodel-based control is usually
less complicated and requires less measurements. When ap-
propriately designed, a nonmodel-based controller can perform
well, although the control may not be optimal. The following
discussion is therefore limited to nonmodel-based controllers.

Proportional Feedback Control with High Gain

As stated in the previous section, the control channel allows
the application of a high feedback gain. Thus a simple pro-
portional feedback controller with a high gain can be used,
provided that the nitrate measurement is perfect. Perfect meas-
urement implies here a sufficiently high sampling rate, a small
measurement delay, and small measurement noise. With such
a control law, Sy, 4v can be closely controlled around Syp 4w,
This is illustrated by the simulation studies in the next section.

The frequent accurate measurement without time delay, re-
quired by the preceding control law, is difficult to realize.
When such a sensor is not available, a high feedback gain can
no longer be applied, and thus more advanced control schemes
should be designed such that the burden on the sensor is re-
duced. This is the main concern in the design of the following
control laws.

Proportional Feedback Enhanced with Feedforward

An appropriately designed feedforward component can sig-
nificantly diminish the influence of the disturbances on the
controlled variable so that the burden on the feedback loop is
reduced. The price to pay is that the magnitudes of the major
disturbances have to be obtained on-line. The objective of this
subsection is to design a feedforward control law that mini-
mizes the need for extra measurements.

Again consider model 1. The second equation gives

ds Sps.in Rps,
[ 2] Xpp = DS.AN Qb Sps.i _ g Sps.an — DS,0 ©

Y, H dt VAN Van Vaw

The design objective of the feedforward law is to have

dSNO,AN

at =0 (10)

SNO,AN=SNO, AN, 3p

Solving (10), one obtains the following feedforward law:

2.86
QoSpsin = =7 [(Qi + O)Sno.ae — QSNO,AN.sp] +A (1D
(1-Y
where
M V(1 = fr) ,

= —— VXpy + — ——— byX

A Ya 'anXpn + OSps.av (0 — Yy HX g
dSps.an
+ Van 2t + Rpso 12)

1082 / JOURNAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 1997



With Syo.x being measured with a nitrate sensor, which may
be the same one used for Sy, 4y measurement, the problem to
be solved is to get A on-line. The direct determination of A is
quite difficult since it involves the measurement of the COD
and the biomass concentration and requires the knowledge of
some model parameters. It is therefore proposed to estimate A
on-line with the available information. Integrating the first two
equations in model 1 over a time interval of (¢t — T, 1), assum-
ing that A remains a constant over interval (¢t — T, f) and
neglecting the change of Sps v over (¢ — T, ), which is small
because K is small, one obtains

A 286 [
AW = F(—I—:TH) j (@ + @)Snoaz — QSwoan] dT
-7
2.86
- F(—l——'_Y;; Van[Sno.an(®) — Swo.an(t — 1))
1 4
- ;J;-r Qo Sps.m A7 (13)

Eq. (13) gives an estimate of A at time ¢. The estimation re-
quires only nitrate and flow measurements and, hence, does
not require additional sensors. A problem of the scheme is that
the estimate is always delayed. The error caused by the delay
will have to be compensated by the feedback loop. To shorten
the delay, 7 should be small. However, a smaller T makes the
estimate more sensitive to measurement errors. T should be
chosen according to the measurement sampling rate, the mea-
surement accuracy and the variation of the disturbances. The
recommended value of T is between 1 and 2 h for diurnal
disturbances. Another remark is that the term 2.86V y[Svo v
() = Snoan(t — THVIT(1 — Yy)] is small compared to other
terms in (13), and it is most sensitive to measurement errors.
It may be dropped when the measurement is too noisy.

Proportional Feedback with Average Dosing and
Variable Gain

When Syo.4¢ is not measured, the time-varying feedforward
law can be replaced by a constant feedforward designed for
the average load conditions. The ameliorating effect of intro-
ducing such a constant dosing can be shown as follows. As-
sume that the constant dosing rate is Qpo and the negative
feedback gain is Kyp, then the total dosing rate produced by
the controller will be Q@p = Qpo + Krae, where e = Sypan.p —
Sno.an is the error signal of the feedback loop. Thus, when a
certain dosing rate Qp ., is required, the corresponding error
signal should be ¢,., = (Qp ey — Qp0)/Kre. When Qp,,., > Opyo
the negative error signal required to produce Q,,, will be
much smaller than for the case where Qp ¢ does not exist. This
improves the controller performance. However, a problem
arises when Q,, ., < Opo, because a positive error signal is
then required to compensate for the constant dosing. Since Kp
should be small to prevent oscillations, the carbon dosage will
not be stopped even when Sy 4v is very low. This would cause
substantial waste of the external carbon source during low ni-
trogen load. This drawback can be alleviated by applying a
variable feedback gain. Indeed, whether or not an oscillation
exists is determined by the magnitude of the open-loop gain
which is the product of the feedback gain and the process gain
(the gain of the control channel). Analysis shows that the pro-
cess gain is variable and particularly affected by Syoun €spe-
cially when it is low.

* The denitrification rate shown in (2) clearly shows that
the carbon dosage is less effective when Syp 4y is low than
when it is high. In other words, the gain of the control
channel is smaller when Sy .y is lower.

ave. dosing Qint SLsin
determ.

=

FIG. 2. Proportional Feedback Control with Average Dosing
and Variable Gain

¢ The influent COD has a leveling effect on the effective-
ness of the carbon dosage: when more external COD is
dosed, less influent COD will be consumed due to the
decrease of Syoav and vice versa. This leveling effect is
stronger at low Swyoav values, which makes the process
gain become smaller at lower Syon values.

This means that a higher feedback gain can be applied when
Syo.an is low. Therefore, a variable feedback gain is designed
for the situation where ¢ = 0

Kis = Krpo/(Snoansy — €) = Kepo/Svoaw wWhene =0 (14)

where K, is the normal feedback gain, a design parameter.
With such a design, the carbon dosage will be reduced quite
rapidly when Syo .y drops below Syoaw.s- In the meanwhile,
the open-loop gain of the controlled process is not significantly
affected and, hence, the danger of oscillation remains almost
the same.

As explained above, constant dosing can significantly re-
duce the magnitude of the negative error. For situations where
the variation of the load conditions is extremely large, constant
dosing alone may not be sufficient to limit the negative error
to a satisfactory level. To further reduced the negative error, a
variable gain can also be applied in conditions where ¢ < 0

Kz = KFB,O/(SNO.AN.:p + élen,) whene =0 15)

where e, > 0 is a parameter which determines how fast Kz
increases with the increase of e. With this design, a larger
feedback gain will be used when the error signal becomes
bigger. Different from the case of ¢ > 0, the increase of Kz
in this case increases the open-loop gain and hence the danger
of oscillation. Therefore, e,.,, should not be too small. With a
large en,., the danger for oscillation exists only when Syp 4w is
high. Oscillations at high nitrate concentrations will not cause
inefficient external carbon usage.

Since a plant may be subject to long-term (for instance sea-
sonal) load variations, it is necessary to determine the constant
dosing on-line to adapt it to the long-term load variations. This
can be achieved by monitoring the load to the plant. A better
way is to add another feedback loop into the control system
(see Fig. 2), which adjusts the constant dosing by making a
long-term moving average of the actual dosing

Qpo(t + 1) = aQpo(®) + (1 — )2 (16)

where Qp () is the constant dosing rate applied during day ¢,
Qo(?) is the average dosing rate over day ¢, o is the forgetting
factor.

VALIDATION BY SIMULATION

The wastewater treatment plant (WWTP) at Zwalm in Bel-
gium is a predenitrification plant that treats domestic waste-
water (Table 1). A simulation system of this plant has been
built. Both reactors are assumed completely mixed and mod-
eled with an expanded version of the IAWQ model no. 1
(Henze et al. 1987) in which two types of readily biodegrad-
able COD are considered. The settler is modeled with the Tak-
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TABLE 1. Detalis about Treatment Piant of Zwalm

Plant specifications Values
(1 (2)
Reactor volume (m®) 2,273
Anoxic zone (m?) 750
Aerobic zone (%) 1,523
Settler volume (m®*) 1,600
Sludge residence time (d) 15
Settled sewage
Dry weather flow rate (m*-d™") 4,095
Average COD (mg O,-L™") 250
Average BOD; (mg O, L™ 108
Average TN (mg N-L™) 36
Nitrate recirculation flow rate (m*-d™?) 20,500
Sludge recirculation flow rate (m*-d™") 5,000

4cs model (Takdcs et al. 1991). For control evaluation pur-
poses, the precise calibration of the models is not necessary
because a properly designed controller should be able to tol-
erate variable conditions and modeling errors. Therefore, the
default parameter values recommended in the literature (Henze
et al. 1987; Takd4cs et al. 1991) were used.

Extensive simulation studies on the control laws have been
performed. In the simulations reported below, the following
influent conditions are used:

Sw.n = average concentration of 80 mg-L™" with random
variations (normal distribution with zero mean and stan-
dard deviation 6 mg-L™', changing every 1.2 h)

Sis.m = 400 + 140xsin(2ws) mg-L~’

iy = 5000 + 2500 sinmwe) m*-d~",

Note that the time-varying S,s,, and the constant Sy, produce
a time-varying influent COD:N ratio. It has been observed that
influent flow variations affect the COD:N ratio of the influent
in a similar way to the artificial influent conditions used in
this simulation (Butler et al. 1995; Rouleau and Lessard 1996).
With Syoagree = 10 mg-L™", Syp.an.,, is determined as 1 mg-
L™'. Q.. is correspondingly determined as 20,000 m*-d~'. The
measurement conditions and the controller parameters used in
the simulations are summarized in Table 2.

The simulation results are shown in Figs. 3—5. The follow-
ing conclusions can be drawn:

» Perfect performance is achieved for the first control law.
This is in agreement with the analysis presented in the
previous sections.

* In spite of the measurement deficiency, the second and
third control laws both produce satisfactory control on
Sno.an-

* The performance of the second control law is only mar-
ginally better than that of the third one. The differences
are more pronounced when the influent variations are
larger (data not shown). On the other hand, the imple-
mentation of the second control law requires either two
nitrate sensors or a multiplexed sensor that has to measure
twice as fast as with the third one.

§ 15 2000 &
E Aerobic zons 'g'
§ 10 /,\/ \ =N Pt ~1soo§‘o«
g N 7 NS A\ B
5 o ~—41000 &
8 L Doging rate e | 2
§ 5f i R T

"""" 1500 ©
2 Anoxic zone el E
£ o : ‘ ° 3

0 1 2 3

time (day)

FIG. 3. Nitrate Concentration and Carbon Dosing Rate for Pro-
portional Feedback Controller with High Gain
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FIG. 4. Nitrate Concentration and Carbon Dosing Rate for Pro-
portional Feedback Controller with Feedforward

2000 3‘.
Aasrobic zone 3,
- e/" o™\ - 1500
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FIG. 5. Nitrate Concentration and Carbon Dosing Rate for Pro-
portional Feedback Controller with Constant Feedforward and
Variable Gain

* The average Syo 4z is about 10 mg-L ™' for the three cases.
Small diurnal variations are observed, which could be
avoided by controlling the carbon dosage and the nitrate
recirculation flow rate together. However, there is no prac-
tical reason at present why these variations should be
avoided.

FULL SCALE EXPERIMENT

The third control law has also been validated with a full-
scale experiment conducted on the WWTP at Zwalm in Bel-
gium (Table 1). This 30,000 population equivalent (p.e.) plant
treats domestic wastewater plus the wastewater of a small
slaughterhouse. As can be seen in Table 1, the COD:N ratio
in the influent is low. Therefore, acetic acid was dosed as an
external carbon source to support the denitrification.

The nitrate concentration in the anoxic zone was measured
using DECADOS, a newly developed biological nitrate sensor

TABLE 2. Measurement Conditions and Controller Parameters

Control laws

4

Measurement conditions

@ 3)

Controller parameters

Proportional with high gain
Proportional with feedforward
Delay: 30’

Delay: 30’

Snoan perfectly measured
Snoan» Svoaz Measured sampling rate (both): 2 h™!

Standard deviation: 0.25
Proportional with average dosing and variable gain | Syo.v measured sampling rate: 2 h™'

Standard deviation: 0.25

Krp = 10,000 kg COD-d™'-(mg N-L™H™!
Krs = 200 kg COD-d™'-(mg N-L™)™!
T=2h

Krzo = 200 kg CcoD-d™ -(mg N,L-l)—l

€mex = 10 mg-L™!
Opo = 700 kg COD - d
o =0.94
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FIG. 7. Anoxic Zone Nitrate Concentration and Carbon Dosing
Rate during Perlod with Automatic Carbon Dosage Control. The
Few Large Peaks Were Caused by Power Failures

(Bogaert et al. 1997). The sampling period and the measure-
ment delay are both about 30 min. The measurement accuracy
is about =1 mg N-L™'.

Period without Automatic Control

This period started on September 15, 1995, ended on Sep-
tember 27, 1995. The nitrate concentration in the anoxic zone
measured by DECADOS is shown in Fig. 6 (measurement
noise smoothed out with a moving average over a period of 2
h). In the first 3 d, no external carbon was dosed. The high
nitrate concentration in the anoxic zone was striking. From
September 18 on, the external carbon was dosed with a con-
stant rate of 185 kg COD+d™'. The average nitrate level was
reduced. The large variation of the nitrate concentration clearly
demonstrated the need for an automatic control of the carbon
dosage.

Period with Automatic Carbon Dosage Control

The controller was designed as: Syoan,, = 1 mg-L™"; Kepp
=100 kg COD-d™' (mg N-L™)7"; emnx = 10 mg-L™"; Qpo(0),
the initial constant dosing rate, was 300 kg COD-d™~'. The
results of the dosing experiment are shown in Fig. 7 (mea-
surement noise smoothed out). The large peaks in the nitrate
concentration are due to power failures. The power to the plant
has been interrupted a few times for a very short instance.
However, the nitrate recirculation pump of the plant did not
start automatically after these interruptions. This explains the
periods of zero nitrate concentration and zero carbon dosing
just before the peaks. The nitrate concentration was success-
fully controlled at a low level. Due to a too high initial con-
stant dosing rate [Qp(0)], the nitrate concentration in the an-
oxic zone was for almost the whole period lower than the
set-point. If the experiment would have been continued over
a longer time, this rate would have been reduced by the in-
ternal feedback loop [(16), Fig. 2].

The full-scale experiments ran from September 15 until Oc-
tober 11, 1995 during a period of about 1 month. A diurnal
pattern can be distinguished in the carbon dosing rate in Fig.
7. The variations from September 19-23 (Fig. 6) are not di-
urnal because of the heavy rainfall during that period. The
impact of the higher influent COD:N ratio during the week-
ends of September 23-24 and September 30-31, when the

slaughterhouse did not discharge, is visible in Figs. 6 and 7.
The controller also successfully overcame the consequences of
the exceptional power failures.

CONCLUSIONS

A model-based analysis on the predenitrification process re-
vealed that the optimal nitrate concentration in the anoxic zone
is about 1 mg-L™". The analysis also showed that external
carbon dosage is an effective control action for the denitrifi-
cation process and that, if an accurate, high frequency nitrate
measurement is available, a simple proportional feedback con-
troller suffices. Two more enhanced control laws were de-
signed, which take measurement limitations, such as a low
measurement frequency, a time delay, and/or a low accuracy,
into account. One employed a feedforward component to re-
lease the feedback gain, another used the concept of average
dosing and variable feedback gain to improve the control ac-
curacy. A common advantage of the two control laws is that
both require only a nitrate sensor, in addition to some flow-
meters, which reduces the implementation and maintenance
cost of the control system. Simulation and full-scale experi-
mental studies showed that both perform well.

ACKNOWLEDGMENTS

The authors thank Aquafin, Aartselaar, Belgium and Severn Trent Wa-
ter, Birmingham, United Kingdom for financing this research and Regine
Dhaene for her assistance.

APPENDIX . REFERENCES

Bogaert, H., Vanderhasselt, A., Gernaey, K., Yuan, Z., Thoeye, C., and
Verstraete, W. (1997). *“A new sensor based on pH-effect of the deni-
trification process.’’ J. Envir. Engrg., ASCE, 123(9), 884-891.

Butler, D., Friedler, E., and Gatt, K. (1995). ‘“‘Characterising the quantity
and quality of domestic wastewater inflows.’’ Water Sci. and Technol.,
Pergamon Press, U.K,, 31(7), 13-24,

Focht, D., and Verstraete, W. (1977). “Biochemical ecology of nitrifica-
tion and denitrification.”” Advances in microbial ecology, M. Alexander,
ed., Vol. 1, 135-214. Plenum Publishing Corp., New York, N.Y.

Hallin, S., Lindberg, C.-F, Pell, M., Plaza, E., and Carlsson, B. (1996).
“Microbial adaptation, process performance and a suggested control
strategy in a predenitrifying system with ethanol dosage.”’ Proc., Conf.
of Water Quality International 96, Singapore, 86-93.

Henze, M., Grady Jr., C. P. L., Gujer, W., Marais, G. V. R., and Matsuo,
T. (1987). **Activated sludge model no. 1.’ IAWPRC Scientific and
Tech. Rep. No. 1, J. W. Arrowsmith Ltd., Bristol, U.K.

Henze, M. (1991). “Capabilities of biological nitrogen removal process
for wastewater.”” Water Sci. and Technol., Pergamon Press, UK.,
23(5-6), 669-679.

Hoen, K., Schuhen, M., and Koéhne, M. (1996). “Control of nitrogen
removal in wastewater treatment plants with predenitrification, depend-
ing on the actual purification capacity.”” Water Sci. and Technol., Per-
gamon Press, U.K., 33(1), 223-236.

Londong, L. (1992). “Strategies for optimized nitrate reduction with pri-
mary denitrification.’”” Water Sci. and Technol., Pergamon Press, UK.,
26(5-6), 1087-1096.

Rouleau, S., and Lessard, P. (1996). “Impacts of storms flows on a small
wastewater treatment plant: a case study.”’ Proc., WEF Specialised
Conf. on Urban Wet Weather Pollution, Quebec, Canada, 15/69-79.

Takécs, 1., Patry, G., and Nolasco, D. (1991). “A dynamic model of the
clarification-thickening process.’’ Water Res., 25(10), Pergamon Press,
UK., 1263-1271.

APPENDIX Il. NOTATION

The following symbols are used in this paper:

by = endogenous respiration coefficient of heterotrophic bi-
omass (d™");

fp = inert organic fraction of the biomass;
Kps = saturation constant for external carbon (g COD-m™>);
K5 = saturation constant for influent carbon (g COD-m™);
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Ko

O
Qh(f
eru

Rps.o
Riso
Sos.an
Spsin
S LS,AN

SLS. in

saturation constant for nitrate (g N-m™);

total flow rate to the anoxic zone (m*-d™"), @ = Q. +
le + Qr;

external carbon dosa§e flow rate (m’+d™");

influent flow rate (m*-d™);

nitrate recirculation flow rate (m’-d™");

sludge recycling flow rate (m*-d™");

external carbon consumption rate by oxygen respiration
in anoxic zone (g-d™');

influent carbon consumption rate by oxygen respiration
in anoxic zone (g-d™");

external carbon source concentration in the anoxic zone
(g COD-m™);

COD concentration in the external carbon dosage flow
(g COD-m™);

influent carbon concentration in the anoxic zone (g
COD-m™>);

COD concentration in the influent flow (g COD-m™);

SN. in
SNO.AE

SNO.AN
S O,AE

So.n

Mort,max
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Kjeldaahl nitrogen concentration in the influent flow (g
N-m™);

nitrate concentration in the nitrate recirculation flow (g
N-m™),

nitrate concentration in the anoxic zone (g N-m™);
oxygen concentration in the nitrate recirculation flow [g
(—COD) m7};

ox;;gen concentration in the influent flow [g (—COD)-
m ]

volume of the anoxic zone (m®);

heterotrophic biomass concentration (g COD-m™);
yield for heterotrophic biomass;

fraction of the nitrogen directly consumed by biomass
growth;

specific growth rate on external carbon (d™');
maximum specific growth rate of the heterotrophic bi-
omass (d7"); and

specific growth rate on influent carbon (d7').



