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1 Introduction

This paper preserits research results that have performed in the frame-
work of an.EEC project whose objective was to design and implerrient
a monitafing and control system for anaerobic digesters. This work
inciudes the development, identification and validation of a dynamical
model, and the design and application of monitoring and control strate-
gies. S

The present paper is devoted to the activities of one research faborato-
ry (CESAME] in the project.

The dynamical modsfiing of anaerobic digestion has been an active
research area over the last three decades. Andrews [1] introduces the
Haldédne fodel to characterize growth inhibition, that can emphasize
the process instability, i.e. the biomass wash-out via the accumulation
of acids, and a model with a single bacterial population was proposed
{8]. The representation of the process was then improved by consider-
ing three stages: solubilization of organics, acidogenesis and methano-
geriesis ([9]). Mosey [10] introduced a four population model with two
acidogeriesis reactions and two methanization reactions, that alse
ermphasizes the role of hydrogen. Let us aiso mention the work of Rozzi
[12] who emphasizes the role of alkalinity in anaerobic digestion via the
introduction of electro-chemical equifibrium equations in the dynamical
model. These modélling works have then been improved and detailed
by other authors in order to get closer to the complexity of the process
13, 5, 6. It results in detailed models of the process, that include various
bacterial populations and substrates. As a result, the number of paratn-
eters in these models can become very large. The lack of phencmeno-
fogical knowledge, the complexity of the process, its nonlinear nature
and the lack of sensors explains why most of the existing models are
generally only rough approximations. In this context, it s of great inter-
est to derive models that would be as insensitive as possibie to the lack
of phenomenological knowledge. The madel based on mass-balance
considerations circumvents this difficulty by locating the biclogical lack
of knowledge in dedicated terms, namely the reaction rates.

The use of such models for monitoting and contro} design has proved
to be effective [2], because they minimize the number of assumptions in
the madet building exsraise.

A mass balance based model has been derived to represent the dynam-
ical behaviour of two anaerobic digesters (one pifot-scale, one industri-
al-scale) considered in the project. Its parameters have been calibrated
for hoth reactors on the basis of experimental data and following a pre-
defined design of experiments.

This mass balance model has served as a basis for the design of a soft-
ware sensor that takes advantage of the partial information on the pro-
cess dynamics and uses on-line gas. 1t computes the concentration of
inorganic carbon, alkalinity and volatile fatty acids (VFA) in the digester.
The predictions of this sofiware sensor when implemented on both
wastewater treatment reactors are very close to the actual off-ine mea-
surements. The propased software sensor demonstrates the usefulness
of advanced estimaticn techniques to monitor the time evolution of the
process as well as for a better understanding of the internal working of
the process.

Similarly the mass balance model has been used fo design a model-
based adaptive linearizing controlier whose abjective is to reguiate the
ratio of the partial alkalinity (PA) over the total alkalinity (TA) below some
desired value (0.3 under which the process is assumed to remain in sta-
ble conditions and avoid VFA accumutation.

The adaptive linearizing controlier has been calibrated via extensive
numetical simulations with the mass balance model and implemented.
The controller proved successful in maintaining the ratio of TA over PA
below 0.3, even in presence of large variations of the organic load.
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2 Model description
2.1 Reaction pathways

Let us consider here two bactérial populations: the acidogenic bacteria
X and the methanogenic bacteria X.. ,
These populations intervene in the tio following biolagical reactions:

Acidogenesis (with reaction rate r):

kISI —1:"1% Xl —%—k’g Sz + ]{:4002 (1)

. Methanogenesis (with reaction rate 1

k3Sa 2 Xy 4 ksCOy + ksCHy )

In the above reaction schemss, $:and S. represent the organic sub-
strate (and its concentration), and the volatile fatty acids (VFA) {and its
concentration), respectively. In the foliowing we shall assume that Sz is
mainly composed of acetate and behaves ke pure acetate.

Mofeover we consider the chemical equilibrium between dissolved CO:
and bicarbonate (8}

B+ HY 2 CO, + L0 (3

2.2 The alkalinity and the inorganic carbon balance

We assuma that the operating pH range is between 6and 8 ( < pH =<
8), and T° = 38°C. Let us consider the following variables to describe
the dynamics of our process:

* The total organic carbon Cn defined in the considered pH range as
follows:

Cr1 =CO;+ B (4)

* The total alkalinity Z is defined as the sum of acids in the medium. In
the pH range considered, we have mainly

Z=DB4+S8, ()

We assume that thera is no other anions that influence significantly the
alkalinity Z. In the pH range considered it is generally the case since
[OH"], [H:C035], [COF] are negligible compared to B and Sz (S: is mainiy
under its ionized form),

From the electric equilibrium of the charges in the medium, Z represents
also the sum of the cations in the fermeanter.

in the considered pH range, these cations are not significantly influ-
enced by the biochemial reactions.

If we suppose that the measurements of pH are available, we can com-
pute the ionized fraction falpH) of total inorganic carbon.

Indeed, it is straightforward from the definition of the dissociation con-
stant pKs of CO: that:

1

= 1Y 10@Ke—H) ©)

fa(pH)

Thus, we directly deduce the bicarbonate concentration from the total
inorganic carbon with the following refationship:

B = fp(pH)Cr {7)

E '.:'.':Mbdé.lling! Monitoring and Control of Anaerobic

Digestion Processes

2.3 The dynamic model

From the considerations of reactions {1, 2, 3), we obtain the general
model formuiated for a CSTHR in the follewing matrix form:

%—f— = Kr(¢) -DE)%Q+F ®
with :

& = [Xi,%,2, 5,5, Cnl 9

r(€)" = [r(£), m2(8)] (10)

T 1 00 *kl k‘g Vk4 - 11

Ko = 010 0 k3 ks (0

FT = [OPO?ZIITHSJ.?:THSQ'I:THOTHTL] (12)

Q¥ = 10,0,0,0,0,Qco,} )

D) = DXy, DXy DZ,DSy,DSs, DCp1] (14)

The dilution rate D is the ratio of the influent flow rate over the valume
of the fermenter. The terms Sun, Sz, Crin, are the influent concentrations
of Z, 51, Sz, Cr, respectively. r and rz are the reaction rates of reactions
{1} and (2), respectively. k (i = 1 to 5) are yield coefficients.

The term Qeee is the molar flow rate of COx per volume of medium.

In fact, this madel is an extension of the model proposed by [8] with two
substrates and two bacterial popuiations,

For a fixed bed reactor, the biomass is attached on a support. It is there-
fore not affected by the dilution effect as in a GSTR. If the biomass do
not feave the support, for a fixed bed reactor we must consider the fol-
lowing expression for the dilution effect on the state variables:

D) = [0,0,DZ, DSy, DSy, DC

Neverthelass some bacteria do not fix on their support or are detached
by the fiquid flow. In crder fo account for this phenomenon, we choosed
thus to consider the following expression for D) :

D(E)T = [aDX,,aDXy, DZ, DSy, DS;, DCri] (16)

{15)

where a is a parameter (0 = o = 1} reflecting this effect. « = 0 corre-
sponds to an ideal fixed bed reactor with no biomass detachment, a =
1 corresponds to an Ideal CSTR.

Furthermore it is worth noting that for both pilot and industrial process-
es, we adopted a CSTR model, This choice is motivated as follows.
First of all, only measurements at the inlet and at the oulet of the reac-
tors are available. Secondly, there is no clear experimental avidence of
significant gradients inside the reactors. Finally the transport time
delays appear to be negligible with respect to the other dynamical phe-
nemenons,

The measurement of methane flow rate is available on-line. Because of
the low solubility of the methane, this quantity is directly related tor2:

Qon, = kesra(8).
whets ks is a yleld coefficient. The molar CO: flow rate Qeoz can also be
computed using Henry's law;

Qco, = kra(CO2 ~ kyPoo,)

with kua the liquid-gas transfer coefficient, Ku. the Henry's constant, and
Pecz the CO: partial pressure.
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The GO» concentration can be computed by combining equations )
and (5). Then we get the following relationship for

Qoo, = kra(Cr1 + 52— Z — ks Poo,) (17)

The modelling of biological kinetics is a difficult task far which a sys-
tematic methodology is still lacking. For sake of model simplicity and in
line with other works on anaerobic digestion we shall consider the fol-
lowing models for the bacterial kinetics. We consider Monod type kinet-
ics for the growth of acidogenic bacteria, i.e. .

S

= ) max 18
M1 =M1 781+K31 (18)

where pua is the maximum bacterial growth rate and K= the saturation
constant associated with the substrate Si. In order to emphasize possi-
ble VFA accurnulation we have considered Haldane kinetics for the
methanogenesis :
. i S,
b g K + (22

where e is the maximum bacterial growth rate without inhibition, Ks
and Ko the saturation and inhibition constants associated with the sub-
straie S, respectively.

3 Model Identification

The mode! which has been developed in the first step of this paper
includes 13 parameters pirs, Ksi, po, Ksz, @, kia, ki, ke, ks, ke, ks, Ke, that
have to be identified from experimental data. This identification step is
very important to guarantee a large validity of the model.

Experiments have been designed covering a wide range of experimen-
tal conditions in order to develop and validate the model. This diversity
is obtained via various organic loading rates {given by various dilution
rates and various influent COD congcentration).

To gircumvent the structural and practical identifiability problems, we
have chosen the following approach based on the following two peints.
First of all, we have decoupled the estimation into three groups of
parameters : the kinetic parameters (i, Ks1, pa, Ksz, Ke, o), the trans-
fer coefficents (K, ka), and the yield coefficients ki, i=1to 6). The moti-
vation for this decoupling fies in the (already mentioned) difficult task of
kinetics modelling, that generate usually large uncertainty in bioprocess
dynamical madels {see also [2]). Besides, estimation of the transfer
caefficients is straightforward from gaseous and liquid measurements.
The second important point of the identification procedure is the follow-
ing : we focus on the steady state and we adjust the parameter to
impose that the model predicts correctly the equilibria reached by the
process. The identification procedure is described in details in ([4]).
During the modelling and identification process we make a particular
effort 1o try to measure as many important process vatiables as possible
(at least for steady state conditions). These are | S1, 5, Z, C, pH, ge, gm.

(19}

4 Software sensors
4,1 Mass conservation

From model {8), a finear combination of eguations can lead to mass con-

servation equations independent of the kinetics ri and r.. We consider

thus the following auxiliary variables (see [2]) :

Zp = zZ

ke
Zp = Og = E‘;CTI (20)
73 = 51+ ~1.S
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From model {(8), we get readily:

dz
%~ Do~ =) e
ng k2k5 k}3 N kz
22— Dizg, — _ [ ERs R 2
7 (Z2in — 22) (quﬁ + kﬁ) Qon, + k4QCOQ(22)
d23 - klkg
—cft— = D(Zsm - Zs) - %Qah (23)
where :
Zlin = Zin
23in = Sain — fcﬂm
k'i 24)
Yaim = Stin + ~=Sain
ko

4.2 Mass balance hased software sensors

The auxiliary variables 7, z and s can now be asymptotically estimat-
ed with a convergence rate D as follows (see [2]):

dz 5

"-‘&'f = D(zlz‘n - Zl)

2 . koks K k

Et—% = D(ZZin - 22) + (i‘é - ’L:z) QCH4 + éQCOZ(QS)
d23 - ~ kik:}

'EE" = D(231n - Zg) k_:ﬁkz QCH4

The variables 4, and 3 denote the estimate of the auxiliary variables z:,
72 and 73, respectively.

They can now be used to estimate online the inorganic carbon Gn and
substrates St and S: from the gas measurements :

I St
ﬂTI %+f3(pH2
Sy = % — fe(pH)Cm (26)

Sy =23 — -5
. ke
B = fp(pH)Cm

Since VFA corresponds to the intermediate alkalinity, the on-line mea-
surement of the VFA is performed with the alkalinity measurements.

Moreover the estimation of the on-line measurement of alkalinity Z can
be used to check on-line that the software sensor is correctly working:

Note however that in the above equations, the knowledge of the influ-
ent substrate concentration Swis required in the computation of za.

Parameters | pilot | industrial Unit
scale scale
lep ig1.2| 1682 |mmol VEA/g Xy
ks 1640 1640 mmol VFA/g X,
ke | 169 230 mmol COz/g X
ks, 273 273 mmol Cngg Xz
kg 1804 1804 mmol CH,/g Xz
kra | 200 500 day™!
| Kng 22.3 22.3 mmol COy/atm

Table 1 ; Values of the parameters of the mass balance model




4,3 Galibration and validation of the software sensor

The calibration of the asymptotic observer for Cn, St, Sz and B, and of
the observer for the influent concentrations Sue and Sea has been the
object of extensive simulations based the mass balance model identi-
fied with experimental data on both plants. The figures here befow show
the results obtained on both plants after their implementation. Figure 1
gives typical estimation results for the pilot digester at the INRA in Nar-
honne. Figure 2 gives the same results for the industrial plant at TAFISA
in Pontevedra.

Note that the estimations of S, Sz B and Z are quite reliable, even if they
are based on gas measurements and even if the design of the observers
is based on a very simplified model of the process.
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Fig. 1 Software sensor predictions for COD, VFA, total alkalinity Z and bicarbonate
B in Apri-May 1999 on the pilot plant. The predictions (- -} are compared
with the real-life data (-)
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5 Control of the alkalinity

5.1 Control objectives

As defined by al the partners in order to guarantee the stability of the
process the alkalinity shoutd be maintained in the follawing range:

TA

< 0.3and TA > 3g/l 8)

The control actions will be the addition of alkalinity in the influent and
the influent flow rate.

5.2 Design of the linearizing control law

in order to have a system whose variables cotrespond to the vatiables
to be controfled, we consider the following change ofcoordinates {the
notations are the same than in the previous reports):

S 5o

= 2 _ G

i
’wiﬁ%,wzu—E,wszf,wxiz‘z"“,wr»:*g,wﬁm— (29)
then we get the following system
i"% = (i +D(1 —a) — Zp)un
S = (a4 D(1 = a) = S Jwe
dws = D(Ze — 1)wy
“at = DO~ wy 2} — kypun
;a";_s 2_D(;32i&.—— Wy é;) + feppiytin — %g—g’h
| dan = D(Gn ) + karwn + G~ B Y
In this new coordinates, the control objectives are now:
ws < 0.3 and wy < 0.33331/g (30)

In fact this control problem can be decoupled in two control problems:
as the dynamics of Z is very simple, it is tivial to achieve the destred
alkalinity in the fermenter: indeed we just have to adjust Z» to the objec-
tive value Z*

Then we have to control ws to the desired value w. Qur closed-loop
dynamics objective is to assign the dynamics of ws as follows:

dw5

- {31)

:)\(w;—’LU5), A0

where \ is a parameter that help to tune the convergence rate of the
controlier, By combining the dynamical equation in ws and the desired
closed-loop dynamics (31), we obtain then the following control law:

AZ(wt — ws) + kaqar/ke — kapa X1

32
Soin — W Zrin, 2

D=

Because the control law tends to force a linear closed loop dynamics
(31) to the noniinear process, the control law is called a linearizing con-
trol law (see [2], [11], [7])-

5
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One way to eliminate X; {which is not measured on ling) and s {(which is
basically unknown or at least largely uncrtain) is to consider a quasi
steady-state (QSS) approximation for the mass balance equation of the
organic substrate S, o

This gives the following algebraic equation :

1
pr Xy = E(Dsi,in — 51} (33)

Then the linearizing contra! faw (32) becomes : ‘

AZ(ws — ws) + kagae /Ko
‘ Sain — WsZin + %(31,51@ - S;)
Note that this control law can reach values higher than the dilution rate
which was a priori applied. This control law has been tested in numeri-

cal simulations. It turns out to be efficient, and fast enough to be applied
in practice. : :

D= )

But in fact this control law maintaings the system at its the stability fimit:
generally the fraction of intermediate alkalinity over total alkalinity is
much lower than 0.3 while no VFA accumulates. This means that a con-
trol action could maintain the ratio ws around a reasonable value w's <<
0.3 = ws™, but in case of increase in the incoming organic loading rate,
this regulation could be disconnected. Another controller could then
avoid ws to be lower than ws™, For this it has to limit the dilution rate to
a valug lower than the maximal possible value which is in turn given by
the control law obtained for w's = ws™.

5.3 Practical version of the linearizing control law

The practical implementation of the control law derived requires a num-
ber of modifications in order to guarantee its robust behaviour with
respect to the uncertainty concerning the knowledge of the process
dynamics (The mass balance model is already a simplification of the
true dynamics, and we have further simplified the dynamical model
equations to derive the control law) and the uncertainty concerning the
measurements of the process variables.

The first important modification consists of introducing an adaptation
mechanism. This is done in order to adapt the model dynamics consid-
ered for the control action {the dynamical equation in ws) to its teu
dynamics. This is performed by estimating on line one process param-
ster, § = kefle, as follows :

g - -
% = Culwt —ws), Gy >0 (25)
This estimation approach is known as a Lyapuhowbased approach {ses
e.g. {2)). In practice, the choice of Ci depends on the value of the

methane gas flow rate Qu as follows :

01 = g“l“', Cl >0 (36)
, gm

This allows to have closed-loop dynamics of the whole system (process
+ controller (34) (35) independent of the state of the process (see [11]).

Besides the advantage of estimating an physical parameter (the ratio of
the vield coefficients ks and ks), the above adaptation mechanism intro-
duces an integral which is essential to guarantee zero steady-sate error
of the closed-loop system. The control law (34) (35) is now called the
adaptive linearizing controller.

m Vol, 41, n° 3, 2000
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The second important modification of the control faw consists of replac-
ing the value of S: by an estimate, typically that given by the asymptot-
ic observer. -

Thirdly, the control law can be modified to handle the fact that either the
influent concentrations Zn, Sus and Szs are badlly known and even not
accessible for on-line measurement (only off-line measurements are
then available from time to time). Then these values are set to constant
values based on the off-line measurements.

Another important feature of the practical implementation of the con-
froller is the limitation of the controf action when the value of ws is tak-
ing larger values than w's, above d certain fimit (chosen here equal to
0.01).- Cee _

Typically, when ws is larger than wsm» = 0.21, then the control algorithm
calculates a value for the control action on the basis of the control egua-
tion (34) in which the proportional action is removed and in which the
value of wsat the denominator is replaced by wsm: o

é
D= L @7)
Soin — W timit Zin + g(&,m — 51)

This aliows to lmit further the excursion of ws in the direction of the
uppet limit 0.3. '

The implementation of the control law includes an antl-windup in order
to avoid oscillations due to the integral action when the control input
reaches its bounds (i.e. 0 or the maximum influent flow rate).

Finally the controi algorithm software includes a number of test about
the different variables in order to prevent undesired or absurd behaviour
of the control system.

Itis essential to note that the design of the controller induces in essence
alot of flexibifity in its implementation, depending on the quality of infor-
mation concerning e.g. the measurerment of the influent load and flow
rate.

5.4 Calibration and validation of the controller

Here again, the different versions of the adaptive linearizing controller
have been extensively tested in numerical simufation. The objective is typ-
ically to tune properly the design parameters X and Ci in order to obtain
the best closed-loop performances, by considering various typical and
realistic process conditions via the use of the mass balance mode! of the
DIOGESS.

A first key conciusion of this extensive simulation study was that the con-
troller was capable of controlling correctly the process and to maintain it
in stable conditions, reinforaing us in our confidence to implement on the
real processes.

A second conclusion is that the knowledge of the influent concentrations
Za, S and Sz may have an important effect on the transient behaviour
of the process and of the contraller (although without any degradation of
their steady state behaviour) : the transients are typically worse {slower
convergence, larger overshoots) without imprecise or unknown values of
Zin, S1 and Sz When these are changing.

This emphasizes the key role played by the feedforward action
in the performance of the conirol law.

1/{Sain — wsZin + %(Sl,m — 1))
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The qdaptive linearizing controller has been SUCCQSSfU”y implemented on
the pilot plant in Narbonne. o ‘

Figure 3 presents.one set of control results: The figuré compares’ open-
loop {without control) resuits {in the column on the left) and closed-loop
(with the adaptive linearizing controller) resuilts (in the colurnn on the right).

The five following variables are represented in each-column from the top
to the bottom : organic load" (influent concentrations of organic maiter
S {top) and volatile fatty acids. Sa» (bottom)jCODY, influent flow rate
Qin (1), ratio IA/PA, tofal alkalinity Z (meg/t), and volatite fatty acids Sz
{mea/). During both experiments (open loop, and closed loop), the organ-
ic load have been changed several times (figures at the top), between 5
and 20 gCOD/ : this Corresponds, in particular the increase to 20 gCOD/,
to variations that can possibly induce acid accumulation and process
instability in open loop. ‘ '

Note in particular that the ratio IA/PA is always below 0.3 with the adap-
five linearizing controfler {figure on the right, third level), while it grew to
values larger than 0.5 in open loop {figure on the left, third level). This cor-
responds to an accumulation of VFA in open loop : these have reached a
value larger than 2.5 megy! (figure at the bottom, left hand side). The VFA
remained always below 1.5 meg/l in closed foop with the adaptive lin-
garizing controller (figure at the bottom, right hand side).

This illustrates the ability of the designed controller to maintain the pro-
cess in stable conditions even in presence of the varying organic load.

Fig. 3 Control of the ratio of the intermexdiate alkalinity over the total alkalinity
on the pliot plant
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