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Abstract The paper proposes an online estimation of biogas production for a household
digester. The specific growth rate of aggregated biomass of a standard chemostat is estimated
from the online measurements of dilution rate and biogas flow rate. That estimation is based
upon usual 1-stage model without additional assumption on the online availability of neither
yield coefficients nor concentrations of biomass or substrate. Next, ADM1 is used, in an
empirical way, to identify yield coefficients. Finally, biomass concentration is estimated from
the 1-stage model equations allowing the reconfirmation of biogas flow rate measurements at
a 4 m3 digester in a rural area in Burkina Faso.

1 Introduction
The analysis of livestock figures in Burkina Faso reveals a large amount of waste [6]. There
are 9 million oxen, 35 million poultry, 2 million pigs, and also a lot of agricultural and invasive
plants [1]. The subsidized price of a 12.5 kg bottle of butane gas is 8.5 euros, still unaffordable
for the majority of the population.In 2011, the electricity network supplied just 2 % of the en-
ergy consumed in Burkina Faso, with 84 % of the energy used by the population coming from
traditional sources (wood and agricultural residues) and imported hydrocarbons accounting
for the remaining 14 %. According to figures from the national electricity company, only
308,000 households had access to electricity in 2008. At the time of the last census in 2022,
75.4 % of households in Burkina Faso used firewood with a single hearth to cook food, with
only 16.1 % using gas or biogas.Although solar energy is a well-presented source of energy in
the area, it is far from meeting the energy needs of most developing societies. Methane (LHV
= 50.1 MJ/kg) escapes from garbage cans, forests and swamps and is produced as long as
something organic is rotting, but unfortunately most of this energy escapes into our atmo-
sphere. The only reasonable option is to capture, store and use this energy to replace fossil
fuels and solid biomass combustion. This can be achieved by setting up a station to collect
and fill surplus biogas into cylinders for distribution to communities without digesters. This
approach to clean, renewable energy starts with mastering the production process. Waste-to-
energy conversion using simple, less expensive technology will be an attractive proposition,
especially in rural areas. Anaerobic digestion is a natural process whereby micro-organisms
decompose organic matter to produce biogas (methane and carbon dioxide) in the absence
of oxygen.Biodigesters may be unstable in the sense of inhibition under unpredictable con-
ditions. Their stabilization thus is a quite challenging issue for control systems engineering.
Anaerobic digestion breaks down into five stages: disintegration, hydrolysis, acidogenesis,
acetogenesis, and methanogenesis [5]. Among the existing models, the anaerobic digestion
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model number 1, ADM1, is the most used one [4]. It is a quite complex model with with 34
inputs and 105 outputs.
For control systems analysis a simpler model is used. First, continuously steered digesters,
also known as CSTR or chemostat, are considered with influent dilution rate D and output
flow rate Qgas, and two first order differential equations representing mass/volume balance of
totalities of biomass and substrate. The complexity of such a simple model is actually hidden
in a quantity called specific growth rate of biomass.
The literature invokes empirical models of specific growth rates, namely Monod, Contois,
Haldane, etc. empirical formulas. Such empirical models contain parameters which assume a
quite involved quantity of work for their estimation. The present work proposes, instead, an
online estimation of the specific growth rate from quantities that are easy to measure, namely,
the dilution rate and the biogas flow rate [3]. The estimation scheme uses a general approach
of observation problems using differential algebraic geometry techniques. The paper starts
with the description of the anaerobic bioreactor model. Next, a brief account of observability
of specific growth rates in the words of the differential algebraic approach of observation
problems is provided. The resulting estimation scheme is illustrated with data from a 4 m3

digester in a rural area of Burkina Faso.

2 Materials and methods
2.1 The bioreactor
The digester is a CSTR as depicted in Figure 1 with a volume of 4 m3, in mesophilic operation
with a temperature of 35 °C. A substrate of mass between 20 kg and 30 kg which is uniformly
diluted in water is introduced each day into the reactor with a hydraulic retention time of
100 days. The resulting biogas flow is between 0.05 m3/d and 3.4 m3/d.
For simulations, a couple of parameters of the ADM1 are identified according to data from
the digester.

Figure 1: Digester schematic diagram and photo

2.2 Inflent dilution rate
Dilution is defined as the ratio of influent flow F to reactor liquid volume Vliq

D = F

Vliq
(1)

2



where F is the substrate influent volume flow rate (in m3/d), Vliq the liquid volume (in m3)
and D is the dilution rate (in d−1).

The dilution which is obtained experimentally in 100 days is a key parameter of anaerobic
digestion: Low dilution may cause the substrate to crumble, and high dilution may cause the
reactor to leach.

2.3 Specific growth rate estimation
Anaerobic digestion is a complex process involving families of micro-organisms transforming a
large number of chemical components of the substrate. The most complete model describing
these processes is accomplished by IWA ADM1. It invokes more than a hundred parameters,
the values of some of them are still under investigation. Most of the time ADM1 is too
complex to be used for control design. In lieu of ADM1, a much simpler model is used, one
of mass/volume balance. The simplest mass/volume balance model that is often invoked is
system (2).


Ẋ = µ X − D X,

Ṡ = D Sin − D S − 1
YX/S

µ X,

Qgas = Kgas µ X,

(2)

where X (in kgCOD/m3) is the aggregated micro-organisms concentrations, S (in kgCOD/m3)
the whole organic nutrient concentration inside the liquid volume of the bioreactor, Sin the
inlet nutrient concentration, µ (in d−1) is the specific growth rate of the micro-organisms,
Qgas (in m3/d) is the biogas flow rate and YX/S and Kgas are constant yield coefficients.

Actually, system (2) is simple thanks to the recourse to the notion of specific growth rate.
The latter is a rather complex function of other reactor variables.

The usual practice consists of postulating an empirical model of the specific growth rate as
Monod, Contois, Haldane, etc. models then doing the hard work of identifying parameters of
such a model. That empirical identification of µ needs to be redone for every substrate with
new composition.

A brief account on how to estimate specific growth rates from dilution rate and biogas flow
rate using differential algebraic decision methods is presented. The reader who is not familiar
with these techniques may refer to [2] for more details.

Equations in system (2) are converted into differential algebraic ones and collected in a set
of differential polynomialsß

Ẋ − (µ − D) X, YX/S Ṡ + µ X − YX/S D
(
Sin − S

)
, Qgas − Kgas µ X

™
(3)

whose characteristic set with respect to some rankingß¶
YX/S , Kgas, Sin, D, Qgas

©
, {µ} , {X, S}

™
. (4)

needs to be calculated.

The choice of the above ranking follows from the observability test asking whether µ may
be estimated or not from supposedly online available quantities, namely the parameters, the
dilution rate and biogas flow rate.

The resulting characteristic set is the following set of differential polynomials
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ß
ẎX/S , K̇gas, Qgas µ̇ + Qgas µ2 − Q̇gas µ − D Qgas µ, −Kgas µX + Qgas ,

YX/S Kgas Ṡ + YX/S Kgas D S − YX/S Kgas D Sin + Qgas

™
.

(5)

For µ to be observable, the previous characteristic set should contain a differential polynomial
with order zero in µ and coefficients depending only on YX/S , Kgas, D and Qgas.
Since this is not the case, µ is not observable with respect to YX/S , Kgas, D and Qgas and
seemingly, neither X nor S is observable with respect to YX/S , Kgas, D and Qgas.
The previous characteristic set exhibits the following differential polynomial (third element
in the set (5))

Qgas µ̇ + Qgas µ2 − Q̇gas µ − D Qgas µ, (6)

as the one in µ (depending only on YX/S , Kgas, D and Qgas) with lowest order.
This differential polynomial may be re-written as

ż = −D z + Qgas, (7)

where

z = Q

µ
. (8)

This is obtained merely by dividing equation (6) by µ2 which assumes time intervals where
µ does not vanish.
In each such time interval, if in addition D remains positive then the differential equation (7)
is exponentially stable. If Qgas is the online measurements of Qgas then the estimation error
z̃ = z − ẑ evolves according to the following dynamics

˙̃z = −D z̃ + ‹Qgas with ‹Qgas = Qgas − Qgas .

where ẑ is the solution of equation (8) where Qgas takes the value ‹Qgas.
In every time interval [r, s], where the quantity D is positive the estimation error exponentially
decreases in norm as follows

z̃(t) = z̃(r) exp
Å
−

∫ t

r

D(σ)dσ

ã
+

∫ t

r

‹Qgas(σ) exp
(
−

∫ t

σ

D(τ)dτ
)
dσ

when t tends to s.
In summary, specific growth rate µ is not observable with respect to YX/S , Kgas, D and Qgas
but it may be estimated by merely simulating equation (7) and taking

µ̂ = Q

z
(9)

This estimator exponentially converges in all time intervals where the dilution rate is nonzero.

2.4 Estimation of yield parameters
The parameters YX/S and Kgas are initially identified using ad hoc measurements and ADM1.
Their values may be reconfirmed by time to time new identification process using again ad hoc
data from the bioreactor and ADM1. A forthcoming publication will provide more details on
this part of the work consisting in the estimation of digester model parameters. Here are the
values of the parameters which were found though this identification process: YX/S = 16.67
and Kgas = 0.68.
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3 Results and discussion
The dilution rate profile over 100 days is shown in Figure 3. It is piecewise constant, and takes
values between 0.095 d−1 and 0.28 d−1. Such daily values of dilution rate may be obtained
from 2 head of oxen.
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     Figure 3. Profile of the dilution rate used experimentally 
 

                       Figure 4. Specific growth rate in the reactor 
 

The increasing and increasing value observed between 0 and 40 days that appears is due to the low 
output of biogas. The maximum value is µmax = 0.44d-1. The drop would therefore correspond to a case of 
maximum reduction in cow substrate to be consumed in the reactor. Also, the periods of stability we 
observed are due to the phenomena of stable biogas production, given the acclimatization of bacteria 
in the bioreactor. 

3.3. Identification of the Rate of Substrates S and Biomass X 
Figures 5.a and 5.b show a comparison of bacterial and substrate concentrations (with ADM1 and 

1-Stage model). 
 

  

                                           Figure 5.a                                                Figure 5.b 
Figure 5. Evolution of growth rates of biomass X and substrates S 

 
When the piecewise constants of the dilution rate increasing and stable, the convergence of X and

 S is well guaranteed between the 40th and 100th day. A low convergence is obtained with unstable D 
values. Figure 5.a, from biomass X , shows that the bacteria acclimatized to the operating conditions 
of the bioreactor. The relative error of the mid-time estimate (50 days) is high and is around a 3%

threshold. We say that the estimate of X at this level is a bit biased because it is overestimated 
compared to real data. The two curves are very close, especially after 70 days. We conclude that the 
model identifies the process implemented in ADM1.  

Figure 2: Dilution rate

The performance of the specific growth rate estimator is shown in Figure 3. The estimator
needs some initial period of time to converge. That initial period of convergence depends on
the values of the dilution rate: the higher D is the faster µ̂ converges. Estimator performs
well after about 40 days for the given dilution rate profile.
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Figure 3: Specific growth rate estimation

Estimation of the biomass concentration is provided in two ways: one from ADM1 and the
other one from its dynamics in system (2) where µ is replaced with µ̂. The two estimates are
shown in Figure 4. After the initial period of convergence of µ̂ the two estimates are very
close except around day 50 where the abrupt change of D implies new convergence period for
µ̂.
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Figure 4: Biomass estimation

Illustration of the performance the estimation scheme provided in the present work is also
shown in Figure 5 where the biogas flow rate is compared to its estimate from the 1-stage
model.
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Figure 5.b compares the results of ADM1 substrate concentrations (S) with those obtained with the 
identified 1-stage model to validate bioreactor performance. We find that the substrate concentration 
of the simplified model (maximum value = 6.4 kg.m-3) is close to that of the ADM1 model (maximum 
value = 6.7 kg.m-3 throughout the process. This makes it clear that the volume of waste to be treated by 
the digester must be increased. The study provided a diagnosis of the state (load) of the digester by 
predicting an under-load compared to the number of bacteria in the digester. In our situation, biomass 
production has remained constant, which prevents leaching from occurring as predicted in the Kouas 
study (Kouas et al., 2017). Therefore, this model helps to understand and anticipate the digester 
behavior.  In our situation, biomass production has remained constant (triple the production of 
substrate consumption), which prevents the phenomenon of leaching from occurring.  We can say that 
the cow dung produced in Burkina Faso is rich in bacteria, so we can even increase the daily load 
without stopping the reactor.   

3.4. Identification and Validation of Biogas Production 
The comparison of biogas (Q) production with both models is illustrated in Figure 6. The biogas 

produced with the two simulation methods during the 100 days of experimentation are very close. This 
shows the quality of the prediction model that can be used by design offices for sizing and maintenance 
of digesters. 

 
Figure 6.  Daily flow rate of biogas produced in the reactor 

The 4m3 biodigester produced an average flow rate of 2.5 m3d-1 ± 0.2% with the two ADM1 models 
and the simplified model. Therefore, any lower production in the future is due either to a malfunction 
of the bioreactor or a sharp variation in the composition of organic matter. At this moment a correction 
becomes necessary. To solve the dynamics of the system of differential equations, initial conditions, 
the method of which is called estimates or model adjustment to obtain consistent results. To estimate 
the parameters, a S-Function in MATLAB/Simulink®R2021 (License No: 595687) allowed to write computer 
codes of mathematical formulas in language C. The initial parameters of the substrate S(0)= 0.05gL-1 and 
bacteria is X(0) =1.88 gL-1. The parameters of the growth of the bioreactor k1= 0.06 g/L and k2= 0.68 gL-1.  
Studies on the consumption of biogas stoves (energy efficiency 54%) show maximum consumption of 
1.5 L/min, including a maximum of 3 hours for cooking a rice-sauce meal for 4 people (Bagaya et al., 

Figure 5: Validation of biogas flow rate

Conclusion
In this work, we studied a model of substrate degradation in a 4 m3 bioreactor. The biogas
production was monitored from 70 days to the end of the study. The substrate in the reactor
presented a stable ecosystem, in particular biomass production being triple the evolution
of substrate rates. Using the differential algebraic approach to observability and algebraic
methods, we demonstrated that the specific growth rates of cow waste can be estimated
from experimentally measured data (dilution rate and biogas flow rate). This saves time in
empirical modeling and identification of specific growth rates, and allows the use of a wide
variety of wastes without repeating this empirical modeling. The originality of this work
allowed us to highlight the substrate rates necessary for the degradation of a quantity of
substrates to obtain qualitative behaviors on the leaching of species and possible inhibition
of substrates. In addition, we can say that this 1-Stage estimate will become a valuable
tool for the control and monitoring of anaerobic digestion processes for design offices and
large-scale facilities. The modeling thus illustrated the verifiable mathematical results. As a
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result, the model was able to reproduce biogas production in the reactor in a representative
way, averaging at 2.5 m3/d. It is now expected that any beneficiary of biodigester technology
will be able to achieve a similar output. This study will help establish a protocol for testing
digester performance in the event of unsatisfactory biogas production.
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