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Abstract. In this paper, we show how specific tools of automatic control, and in particular nonlin-
ear observer theory can be exploited to estimate the most important different functional groups of 
the anaerobic digestion independently of its kinetics. In particular, we show how such a strategy 
can be used to investigate the important "assignation problem" (assign a function to a species) 
within the framework of microbial ecology of the anaerobic digestion. 

1 Introduction 

When considering a complex microbial ecosystem (here, "complex" means that we consider ecosystems involv-
ing several interacting species, each of them possibly realizing different functions), one objective is to identify 
which species is responsible for what function of the ecosystem. In other word, one important ecological ques-
tion is to assign to a given species "one of the functions realized by the ecosystem". This "assignation problem" 
is related to the question of "who does what?" in this ecosystem. Obviously, this step is fundamental and is a 
mandatory prerequisite to the introduction into bioprocess models of a number of species higher than the number 
of functional groups. To do so, recent molecular probes are available to monitor functional groups, cf. for in-
stance the principle of micro-arrays [1]. However, these techniques are usually quite specific: "you only see what 
you look for" or in other words "you only see what you already know". In addition, such methods are usually 
costly and time-consuming. An alternative method proposed in this paper consists in using modeling tools to-
gether with molecular fingerprinting techniques. Molecular techniques offer a new way of monitoring microbial 
ecosystems. For instance, the SSCP is based on the discrimination of the "16S DNAr" molecules using the natu-
ral conformation polymorphism of these molecules after PCR. In a recent work, it has been shown, under appro-
priate conditions, that the relative abundances of the most abundant species or "groups of species" could be 
monitored with this technique, [2]. In the following, we call FU (for Functional Units) a species or group of 
species that has been identified as being majoritory within the ecosystem with the help of a molecular technique 
as the SSCP. 

Assuming a functional model is available (typically a mass-balance type model describing both biomasses and 
substrates/products dynamics, [3]), several "direct" or "indirect" procedures have been proposed to identify the 
function of each of the detected species or species groups (assuming that each group or species realizes only one 
function) in complex reactional biological systems cf. [4]. In this last paper, it was noticed that the approach 
proposed could not be used if the diversity of the ecosystem under interest is too high. Consider now that instead 
of monitoring "all species", we restrict our attention to important (majoritory) functional species. In this case, the 
approach can be used to assign specific functions to these important groups. 

In this paper, we propose a modified procedure than that proposed in [4] for solving the assignation problem for 
functional groups of the anaerobic digestion process. Although the diversity of this system is known to be quite 
high, (cf. the pioneering work reported in [5] and the recent update by [6]), molecular techniques can be used to 
get insight about the assignation problem with respect to the major functional groups of the anaerobic digestion 
process such as hydrolytic or acidogenic bacteria. 

2 The simplified model and the optimization approach 

Consider the following simplified model of the anaerobic digestion. For the sake of simplicity, only three func-
tions are considered here: the hydrolysis (which transforms S1 into S2), the acidification (a biological process 
realized by a bacteria consortium XB which transforms organic macromolecules S2 into Volatile Fatty Acids S3) 
and the methanization which transforms S3 into biogas. 

The general form of the functional mass-balance model of this system in the chemostat is given by: 
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where Sin is the input substrate concentration, S1, S2 and S3 are the non hydrolysed organic macromolecules, 
organic matter (COD) and VFA, respectively, D is the dilution rate (ratio of the input flow rate over the volume), 
XA, XB and XC are the concentrations in hydrolytic, acidogenic and methanogenic bacteria, ki are yield coeffi-
cients while μA, μB and μC are their growth rate. 

In [4], the SSCP was proposed to monitor species in low biodiversity ecosystems as for instance nitrification. 
When considering the Anaerobic digestion process, it is to be noticed that the SSCP does not allow to monitor 
methanogens. Thus, we propose here a modified version of the approach proposed in [4] in order to identify – 
within all the detected major bacteria species – which ones belong to the hydrolytic or acidogenic functional 
groups only. 

The problem is thus the following: given the measurement of S1(t), S2(t) and S3(t), how estimating XA(t), XB(t) and 
XC(t) in a first step, and how these estimations can be related to the measurements realized with a molecular 

technique in a second step? 

Indeed, in addition to the measurements of the substrate concentrations, it is assumed that we have the measures 
of the "major individual species concentrations" Xi (i=1…N) (called FUs in the introduction) and the total bio-
mass XT=XA+XB+XC. The assignation problem is to determine which FUs Xi are part of XA and which ones are 
part of XB (remember that we do not monitor XC by SSCP). 

To better understand our presentation, we recall here the different methods we suggested in the introduction as 
"direct" and "indirect" approaches on the specific example of the nitrification process. 

The direct approach assumes the model (1) is available. Since XC  is not monitored, we consider the restricted 
model: 
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Involving only the two first bioreactions that we simulate using successively the 2N combinations of the FUs 
concentrations Xi (which are time series) where λi { }1,0∈  as inputs: 
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The optimal solution is the combination of the N parameters λι for which the criterion: 
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with NS=2 and M is the number of samples over the period of time considered, is minimized. As underlined in 
the introduction, notice that in such an approach the restricted model derived from the model (1) - and in particu-
lar μA and μB - are assumed to be known! 

In the indirect approach, we proceed in two steps. First, the trajectories XA and XB are generated in minimizing: 

( ) ( )( )��
= =

−=
S

BA

N

i

M

j

sprediction
i

measures
iXX

jSjSJ
1 1

2

,
min  (6) 

with NS=2 using either observers or control algorithms. Then, in a second step, the static mixed integer optimiza-
tion problem was proposed to be solved: 
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where the notations AX̂  and BX̂  stand for the estimated trajectories of XA and XB whatever the method used to 
generate them. 

3 The approach using nonlinear observers 

In this section, we recall the approach proposed in [4] for a nitrification process based on the use of nonlinear 
observers. Consider the mass balance model (1) with only two reactions in cascade. Taking into account the fact 
that the total biomass XT is supposed to be measured, we enounce the following results (for simplicity, the results 
were derived with 1/YA=k1=k2 and 1/YB=k3=k4 but can be extended to the actual more general model: hereafter, 
we call this modified restricted model (1bis)): 

Proposition 1: The dynamical system: 
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is a partially tunable observer for the system (1bis). 

Notice that it is exactly the asymptotic observer if G1=G2=0. 

Proof of the proposition 1: Consider the error vector: 
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In the case where D is constant, it is then straightforward to verify that the eigenvalues of the observer are given 
by: 
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If the gains G1 and G2 are chosen such that λ2<0, one has AAt
XX =

∞→
ˆlim  and BBt

XX =
∞→

ˆlim  and thus the system 

(8) is an observer for the system (1bis).³

The observer dynamics are completely independent of the bioreactions kinetics (such observers are called as-
ymptotic observers, cf. [3]) μA and μB which can be very complicated functions of any state and/or exogen vari-
ables. The "price to pay" to build such an observer with such few knowledge is that the observer is not com-
pletely tunable (only one eigenvalue can be placed arbitrarily). Now, it may happen that part of the process ki-
netics is known: for instance μA or μB. In this case, one may synthesize a new observer in taking advantage of the 
fact that the total biomass is measured and in coupling a bounded error observer (cf. [7]) and the partially tunable 
observer presented hereabove. For instance, assuming μA is known, we get the following result: 

Proposition 2: The dynamical system: 
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where the auxiliary variable Z1 is now given by 111 S
Y
XZ

A

A θ+=  and thus 111

ˆˆ S
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A θ+=  while Z2 and 2Ẑ  are 

unchanged, is a completely tunable observer for the system (1bis). 

Again, notice that it is exactly the asymptotic observer if 11 =θ  and G2=0. 

Sketch of the proof of the proposition 2: The dynamics of the error matrix is given by: 
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Then, we can place the eigenvalues of F  using the change of variable which diagonalizes it. For any positive 
pair 21 λλ ≠ , one can find 1θ  and G2 such that ( ) 111 λμθ −=−+− AD  and 22 λ−=+− BYGD  with 2,1,0 => iiλ
and 1θ >1. Posing 

AXe=1ξ  and ( )
BA XX eeG 1222 λλξ −+−= , one gets: 
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4 A modified approach 
In [4], it was assumed that all bacteria could be monitored by molecular techniques. In fact, archae are not moni-
tored by SSCP: thus the approach previously proposed cannot be used without modifications. We propose here 
to extend the procedure proposed in [4] for 2 bioreactional systems to the two important groups of the anaerobic 
digestion (hydrolytic and acidogenic functional groups) in i) building an observer for XC  based on the model (1) 
(the simplest being an asymptotic observer) and ii) apply exactly the method proposed in section 3 with 

CCBAT XXXXX ˆ−++= . 

5 Simulation example 

The proposed approach is now illustrated in simulation. For simplicity, the units are adimensional. It was as-
sumed in the following that 50 hydrolytic bacteria groups transform non hydrolyzed COD into simpler mole-
cules and 40 acidogenic groups into VFA through a complex unknown kinetics network. Initial conditions were 
chosen such that only three hydrolytic and three acidogenic groups are assumed to represent more than 98 % of 
the respective functional groups and can be monitored through SSCP (cf. figure 1). The process is a chemostat 
operating with variable inputs (both dilution rate and input COD concentration are time-varying signals). First, 
using a classical asymptotic observer, the theoretical trajectory of the methanogenic bacteria was obtained and 
substracted from the total biomass. Then theoretical trajectories of hydrolytic and acidogenic bacteria were ob-
tained. Some simulation results are shown in Figures 1 and 2. 

Combining the estimations of the total hydrolytic and acidogenic groups, it is possible to find, within all possible 
combinations of individuals FUs, the one which best approximates the estimated trajectories. 

The proposed approach allows one to give one solution to the assignation problem. Among the limitations of the 
approach, one can notice that all FUs are assumed to be functional.  
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Figure 1 : Time series of the different FUs Figure 2 : Total Acidogenic bacteria and its estima-
tion using a nonlinear observer

6 Conclusions 
In the present paper, a procedure to solve the important assignation problem in the microbial ecology of anaero-
bic digestion processes was presented and evaluated using simulated data. The three-step procedure inspired 
from the one first proposed in [4] i) uses an observer to generate – independently of the kinetics of the process – 
the trajectory of the functional methanogenic biomass, ii) uses a coupled observer to generate the theoretical 
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trajectories of the hydrolytic and acidogenic biomasses and iii) looks for the combination of individual species 
concentrations detected via the use of molecular fingerprint techniques that best approximates the experimental 
data. For solving the step ii), the second observer (8) should be preferred if nothing is known about the kinetics. 
If only one kinetics is known, we can completely tune the observer (9) in coupling a robust observer (in the sense 
it does not depend on the unknown kinetics) with a hybrid one (cf. [7]). Finally, if the two kinetics are known, it 
should be noticed that there is no reason of coupling the two observers: each observer is tunable independently 
of the other. It seems here particularly important to notice that it is sometimes possible to build different observ-
ers from the set of measurements Si. Indeed, the design of the proposed observers is based on the introduction of 
auxiliary variable Z which allows the observer dynamics to be independent on the kinetics. Depending on the 
quality of the different available measurements, it may happen that one change of variable gives better practical 
results than another one. It means that it is possible to reconstruct the same variables – here XA, XB and XC – from 
different data: how using this redundancy obviously poses new interesting research questions. Another interest-
ing perspective is to extend the results to cases where there are uncertainties on the input substrate concentration 
or in the yield coefficients. 
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