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Abstract. Biological denitrification in a fixed bed reactor is a process gaining popularity in the area of
water treatment. The advent of more stringent criterla on nitrate and nitrite concentrations of treated
water make the use of efficient process control algorithms not only of interest but compulsory for
process optimization. The paper is concerned with the design and real-life implementation of an
adaptive linearizing controller of a pilot fixed bed biofilter.
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1 Introduction

Denitrification plays a key role in the treatment of
drinkable water, and is largely motivated by the
possibly high concentrations of nitrogen in drink-
able water which may be particularly detrimen-
tal to human health. Indeed the quality of the
presently available drinkable water is largely de-
termined by the damaging effects of human activ-
ities, e.g. the intensive use of nitrogen based fertil-
izers not only in agriculture but also for domestic
use. The regulations about the nitrogen content
of drinkable water and their control tend to be
more and more stringent. Fixed bed biofilters are
destined to play an increasing role in the denitri-
fication of drinkable water. The main advantages
of fixed bed biofilters are the compactness of the
process, their efficiency for biological water treat-
ment, their good integration in the environment,
and their low energy consumption.

The need of efficient controllers in order to op-
timize the operation of such processes is obvi-
ous. Strictly speaking, the dynamics of such pro-
cesses are described by partial differential equa-
tions. In addition to the process nonlinearities,
the distributed parameter dimension of the pro-
cess makes the control problem even more diffi-
cult and requires a careful design. This paper
is concerned with the design and application of
an adaptive linearizing controller that intends to
compensate for the lack of modelling accuracy (ba-
sically about the process kinetics) and of reliable

on-line sensors for the key process variables (here,
the biomass and the ethanol concentrations).

The paper is organised as follows. A description

of the biofilter is given in section 2. Section 3
is devoted to the dynamical modelling. Section
4 is concerned with the control design. Real life
experiments are presented in Section 5.

2 Description of the biofilter

The denitrification process under study is a sub-
merged granular fixed bed biofilter (see Fig. 1);
it is packed with pouzzolane, a very porous vol-
canic material which retains a big amount of mi-
croorganisms during the washing. Thus the ini-
tial biomass concentration is often very close to
the maximum active biomass concentration. The
substrates to be removed can freely move along
the reactor. The inside temperature is kept al-
most constant via a double insulation enveloppe.
An ethanol solution is mixed with the feeding ni-
trate in a tank at the inlet of the reactor. Eight
measurement points are distributed at every thirty
centimeters along the column for the measurement
of nitrate and nitrite concentrations.

Preliminary hydraulic experiments showed that
the axial dispersion is negligible, and that the
biofilter is equivalent to a series of twenty to thirty
stirred tank reactors and can be considered to be
running in plug flow conditions.

— 579 —




Backwash Shudge Ortlet

) Walet Okt
[ e

ry
Process Water| Y

Biomass

Heo

Packing
(Pouzzolare)

Washing Water =i

Constant Heal
Water Jackel

Figure 1: Experimental denitrification pro-
cess

3 Modelling of the biofilter
3.1 The dynamical model

The denitrification processing is defined as being
the reduction of nitrates (electron acceptor) NOg
into gaseous nitrogen N, by using organic carbon
(electron donor) with production of intermediate
compounds, namely nitrites NO3 . In order to
dissociate nitrates and nitrites, two consecutive
biolegical reactions are considered in the model,
denitratation and denitritation :

vo3~ 2 voa- B w, (1)

The dynamics of the biofilter can be deduced from
mass balance considerations for the different com-
ponents : nitrate Syo,, nitrite Syo,, carbon S¢
and active biomass X,. In addition to the above
two reactions of denitratation and denitritation,
we have considered, in accordance with the ex-
perimental reality, a death/detachment reaction
for the active biomass. The mass balances of the
above components through an infinitesimal vol-
ume of Adz result in the following dynamical par-
tial differential equations (PDE) :
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for 0 < z < L. The boundary conditions, given
at the input of the system, are written as fol-
lows : SNOs(Z = O,t) = SNOB,in(t)’ SNOQ(Z =
O,i) = SNOg,;n(t); Sc(z = O,t) = SC,in(t)~ In
the above equations, z represents the space vari-
able. ¢, Ya,, Ya,, yno, and pno, represent the
porosity, the yield coefficients (¢/¢) and the spe-
cific growth rates (h~!) of the denitratation and
denitritation reactions, respectively. Concentra~
tions of substrates and biomass are expressed in
g/m?3, and the influent flow rate in m?/h (or equiv-
alently, the superficial velocity u in m/h). kg is
the death/detachment coefficient (h~'). The spe-
cific growth rates are typically described with a
double Monod-type model [8] :

_ SNOs Sc
HNO3 = = "PNO3,0, Sno, + Kno, Sc + Ko
SNo, Sc

HNOa = HNOspa Sno, + Kno, Sc + K¢

where pino,,,,. and pno,,,,, are the maximum
specific growth rates of puyo, and pno,, respecs
tively. Knyo,, Kno, and K¢ are the affinity con-
stants associated to nitrate, nitrite and carbon,
respectively. The above kinetic expressions will
be considered in the simulation model (used to
test the performance of the control algorithm),
and the identification procedure (performed to cal-
ibrate the model parameters)(see [2], [3]), but not
in the control design, due to the large uncertainty
associated to the process kinetics (e.g. [1]).

4 Control problem

4.1 Control problem statement

The objective is to control at the reactor outs
put, the total concentration of nitrates and nitrites
YL = yn+1 at some desired value yq (defined in ac-
cordance with the regulations on drinkable water)

Y1 = SN0y, + SNoyy, (6)

each concentration being given in g[N]/m®. The
control input is the ethanol concentration S’c,m(i)
at the reactor input. v i
The design of the control algorithm takes the
following assumptions into account :

1. the concentrations of nitrate and nitrite are
measured at the reactor input and output;




2. the biomass concentration is not available for
on-line measurement;

3. the ethanol concentration is known only at
the reactor input;

4. the spéciﬁc growth rates pno, and pyo, are
unknown;

5. the yield coefficients and
death/detachment coefficient are known.

the

The late lumping approach (see [4], [5]) will be
used, i.e. the design of the control law is based on
the distributed parameter model and the space-
time discretization is used only for numerical im-
plementation. By combining the first two equa-~
tions of model (5) with expression (6), the dy-
namical equation of the variable to be controlled
is as follows :

dyr _ F 9y(z,1)
dt ~ €A 08z |1

with ks = and oy = 1.71.

kg — 1
an€

MNO,, Xay, (7)

4.2 Controller design

The ethanol mass balance equation can be rewrit-
ten as follows :

ki £ dSC
uN02L XGL = “#”NQ;«)L ar 76; dtL

)

sz 0Z |z=L (8)

By combining equations (7) and (8), the dynami-
cal output equation becomes :

dyL F 6y kl kz

—Ef— = ~EZ—5;|1=L kz oy €_uNOSLXaL
1 ky—1dSe,
n’;’; a9 dt

_]:_kz—l_f'_(?SC(Z,t) (9)
k'z (03] eA Oz

Whatever the chosen discretization method,

—-—L—HS%;’t can be approximated as follows :
|z=L i
8Sc (Z ,t)

0z |s=L

Js=L

and the control input explicitely appears in the
output equation. Let us define :

ki ko —1 1 ko —
Ci=— ;———-——— 11

Then the output dynamical equation can be
rewritten as follows :

dyr, y(z,1)
d ~ T zA ( 0z oL CadSe,
- +C1pNo,, Xap + Co

F‘
+Cz bo,\,_H Scin(t )

Let us consider the following linear stable first-
order closed loop dynamics:

dyr

g ::/\(yd—yL) with A >0

(13)

The control is readily derived by combining equa-
tions (12) and (13) :

A
i [ )
CoFbonn, A(ya

F [ 0y(z,1) .
Y (Tim - OzASCL)

dSc

Sc,in(t) - yL)

—~Cs ~ C1iino,, Xay] (14)
This control law requires now estimated values of
ethanol and biomass concentrations, and of the
specific growth rate fiyo,, at the reactor output.

4.2.1 FEthanol and biomass concentra-
tions’ estimation

Let us consider an asymptotic observer (see [1},
[6]). The auxiliary variable ¢ is defined as a linear
comblnatlon of the state vanables (with oy = 1.14
and k; = Yh K

_ & }
¢ [ é
~ h1Sno, — haSno, (15)
X + haSno, + haSno,

with :
a1k1 Ozzkg agkz
= - h = -
m <k1—1+k2~1> N
(03] (523 _ [67%))
hs = 6(k1-1+k2—1>’h4‘6kz~1

The dynamics of the auxiliary variable ¢ are given
by the following equations :

06 _ _Foq -
ot~ eA 6z (16)
9 F oo
7% ~kata + ha(ka ~ 7 2-)Swvo,
Fo
+ha(kg — 15 =)SNno, (17)

The estimated values of biomass and ethanol con-
centrations are given by the following expressions
from the on-line measurements of Syo, and Sno,
and the computed values of { = [(; (2] :

Se(z,t) = CG(z,t) = h1Sno,(2,t)
——thNog(Z,t) (18)

Xa(z,t) = (a(2,t) — haSnos(2,1)
—h4Sno,(2,1) (19)
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4.2.2 Estimation of the specific growth
rates

In the control law (14), only the specific growth
rate for the denitratation is needed. We can apply
the same method than previously. The growth
rate can be written under the following form :

(20)

BNOs, = PNOs, SNOs,

ﬂNOaL will be estimated on the basis of the nitrate
mass balance equation by using a recursive least
square algorithm with a forgetting factor o, which
is written as follows in discrete time :

BNOaL, o BNOaLt = Yedres (21)
¢t = ClSNO;-_\L‘ XaLt At (22)
u

€t = yL¢+1 - th + At;(ASNOaL¢ + ASNOzL‘

+b0N+1 (SNoa,.‘n + SN02 ,-,,) - Cz(ASA'th

' ds

+bon4.Sc,in(t))) — Ca At CL

_ClAtSNO:aLi IBNO;«)L‘ Aabt (23)
7t=_%,0<0'31 (24)

o+ Yi-193

5 Experimental results

The experimental denitrification process is a fixed-
bed biofilter of 2.1 m high (Fig. 1) as previously
described. The polluting substrates (nitrite and
nitrate) moved freely along the reactor, with a su-
perficial velocity w of 6m/h or 9m/h. The ethanol
solution supplied at the reactor inlet is considered
hereafter as the control variable.

5.1 Nitrite and nitrate measure-
ments

Nitrite and nitrate concentrations are measured
by molecular absorption spectrometry (Technicon
sensor); the automatic determination method uses
a process of nitrate and nitrite reduction by seg-
mented continuous flow. A set of electromag-
netic valves is controlled by the microcomputer,
allowing to handle measurements of concentra-
tions. The durationt of a cycle of measurements
depends on the number of sampling points (from
ten to twenty minutes). :

5.2 Computer system

A software package has been developed [9] to man-
age the different tasks relative to measurements,
actions, parameter estimnation, control action eval-
uation, graphic display, storage. This package has
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“mation for discretizing spatial derivatives of

been implemented in C language on a PC compat
ible microcomputer (low equipment cost). An Ad
vantech PC-LabCard PCL-812PG has been used
for the communications between the mlcrocom
puter and the process.

5.3 Implementation form of space
derivative

The numerlcal 1mplementat10n of the control law

In both cases, several measurement points are
needed ; from a practical point of view,
a drawback for the implementation. It has be

shown (through simulation runs and experiments
on the biofilter) that it is possible to use the
lowing (global finite difference) approximation ;.

OSSN0, (2,1) ~ SN0os, = SN0
0z oy, L
SNos, ~1
= 2% gy
T + I “NOsin
S ! S
ASNo,(2L,t) bop i
8Sno,(z,t) . SNOs, —SNOs .
Oz P L
SNo,, -1
= 20w s
I + T ONOsin
Ny e’ haVed
ASNO, (z=L,t) b°N+1

The choice for global finite differences appro:

centrations was didacted by two main reasons
the closed-loop simulation study showed that this
kind of approximation lead to less sensitive results
for regulation performances; in industrial plants
measurements are generally available only at the -
input and the output of the biofilter. b

5.4 initial values and parameter val

ues

Estimation and control algorithms have been ini-
tialized from eq. (14)-(19) as follows via numerical -
simulations :

¢1(L,0) = 11.80, (=
-+ hQSNOz (L,O))
C2(L,0) = 666.43, (= (6Xa(L,0) + X4(L,0)) +
h3SA’NOaL) 0) + haSno, (L,O)) . A
SNo, (L, 0) =17.00 g[N]/m3, Sno, (L, 0) = 0.00
g[N}/m?, =
Sc(L,0) = 101.5 g[COD]/m3, X,(L,0) = 625
g[COD]/m?,
* Bno,(L,0) = 0.189, ¢ = 0.98, 0 = 20, A = 4
™1, At = 0.25 h.

Sc(L,0) + hiSwo,(L,0)



The iitial values of the auxiliary variables ¢y
and (2 have been chosen so as to correspond to
the initial state of the reactor, plus some initial
error (about 3 % : 6X,4(L,0) ~ 20 g[COD]/m?3)
on the value of the active biomass X,;. The values
of the design parameters o, A and vy have been
chosen via numerous simulations so as to give a
fair compromise between fast enough closed loop
dynamics and good disturbance rejection. In par-
ticular, the value of A corresponds to a closed loop
time comstant of 15 minutes.

The model parameters are equal‘to :

L=21m,e=0.52Y, =051,Y,, =042
The initial operating conditions are equal to :

SNOa,. = 0 g[N]/m®, Syo,,, = 17 g[N]/m?,
Sein = 1015 g[N]/m®

The set point has been arbitrarily set to
2g[N]/m® which is lower than the European stan-
dard (5.65g[N]/m®).

5.5 Implementation of the control
signal

The sampling period was equal to 15 minutes.
The control variable, i.e. the influent ethanol
concentration Sc.in, acted on the process by us-
ing a pump working at computer defined rates.
It has been bounded from 10g[COD]/m3 to
189¢[COD]/m3.

5.6 Results

Several experiments have been carried out to ex-
amine the response of the control scheme to var-
ious practical stimuli. The first experiment pre-
sented here has been done with the superficial
fluid velocity % = 9m/h. Figure 4.1 shows the
nitrate and nitrite concentrations at the outlet of
the biofilter, the setpoint and the controlled out-
put and the control variable respectively. The
output has been converging towards the setpoint
in two hours. At this time, a perturbation oc-
curred, due to the breakdown of a pressure pump.
Some other disturbances took place between four
and five hours which have not been identified. In
spite of these disturbances, the setpoint has been
reached and tracked. The cdntrol input increased
towards its maximal value to force the output vari-
able to reach the setpoint.

The second experiment (see Figure 5) shows the
closed-loop response after a load disturbance (the
superficial fluid velocity increases from 6m/h to
9m/h after one hour) : the output converges to-
wards the setpoint after a transient period of two
hours. The control action remained smooth and
slowly decreased.

Both figures 4.1 and 5 show the controlled out-
put yr, the control input S¢in, and both compo-
nents (nitrate and nitrite) of the controlled out-
put. Figure 5.3 shows the values of the estimated
biomass and ethanol concentration as well as the
estimation of the “specific growth rate” fByo,, -
Because of the use of a global finite difference for
the space derivatives, bias can be introduced in the
estimation of Syo,, . Because Byo,, is a physical
parameter whose value can be interesting for pro-
cess monitoring and diagnosis, it is interesting to
recover values closer to the true ones. This can be
done by considering better evaluation of the space
derivatives of Syo,, SNo, and S¢.

One practical constraint is that the true on-
line values of the space derivatives are unknown
: that’s why we have decided to consider a poly-
nomial approximation for each concentration S(z)
on the basis of the steady-state data considered
before : S(z) = az?+bz+c. The second step con-
sists in changing each term of spatial derivative of
nitrate, nitrite and carbon concentrations in eq.
(21)(22)(23)(24) by the following approximations

ASNoaL‘ -+ b0N+1SN03,.vn ~ 2aizp + by
ASNOQL‘ -+ b0N+1SNOg,.'n ~ ZGQZL + b2

ASCL1£ + boN+1 SC,in (t) ~ 2aszr + b3

It has been found : @y = 8.45, by = —25.00, az =
~7.90, by = 13.16, az = 21.32 and b3 = —93.04.
As it is illustraten in ([3]), the second order
polynomial approximation (derived from steady
state concentration profiles) allows a rather fair
estimation of the specific growth rate. As a matter
of illustration we have added in Figure 5.3 (dotted
line) the estimation of Gnp,, by using the poly-
nomial interpolation for the space derivatives.

6 Conclusion

This paper was concerned with the control of a
fixed bed denitrifying process (see also [2]). The
purpose was to regulate the output total concen-
tration of nitrates and nitrites by acting either
on the superficial velocity or on the inlet ethanol
concentration. An Adaptive linearizing controller
has been designed and tested in simulation before
the on-line implementation on the process. In the
experiments, the inlet ethanol concentration has
been chosen to regulate the residual sum of ni-
trate and nitrite concentration at the outlet of the
biofilter.
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