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ABSRTACT

This work presents the study, he numerical simulation, and some experimental analysis of anaerobic
bioreactors as well as the estimation of the produced annual energy.

A mathematical model corresponding to biotechnological processes of two-phase anaerobic digestion
has been implemented to simulate the bioreactor operation. Simulation results allow understanding the
degradation of the substrate, the growth of bacteria, and the production of methane.

On the other hand, to size a bioreactor, it is necessary to estimate its produced annual energy. To this
purpose, we consider a completely mixed continuous anaerobic digester in steady state operation
according to Chen-Hashimoto model. This model enables to link the annual produced energy with
respect to the bioreactor characteristics and to the input products.

Key words: mathematical modeling, Energy estimating of bioreactors, Model of Chenand-Hashimoto,
bioreactors, Anaerobic Digestion.

1. INTRODUCTION

Mathematical modeling and simulation are flexible and economical means for analyzing the operation
of bioreactors and predicting their performance. The first mathematical models of anaerobic
bioreactors have been proposed in the 1970s [1, 2]. Depending on the number of biochemical
processes considered, there are more or less complex models that have been proposed. The ADM1
model (Anaerobic Digestion Model No. 1) is a model that has been developed by researchers at the
IWA (International Water Association) [3]. It is the most complete model to simulate the anaerobic
reactors. However, this model is very complex because it is very detailed. It requires more that 80
parameters to be tuned. A more practical mathematical model named AM2 which is much less
complex corresponds to the biological process of anaerobic digestion in two phases. This last model is
the one we have used for our simulation.

The work presented in this paper concerns the design, simulation and experimental realization of
anaerobic fed-batch digesters intended for the production of methane. The AM2 model has been
implemented to simulate the methane production in the bioreactors. Some model parameters were
estimated by an extensive literature review, while others were evaluated in order to obtain consistent
results qualitatively and quantitatively.

An experimental bioreactor with a capacity of 200 liters was achieved. The substrate was provided
from the biological wastewater treatment plant in the region of Constantine.

The annual energy produced was estimated by means of Chen and Hashimoto model that applies to
continuous digesters. This model enables in one hand, to estimate the annual energy production of
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methane being given the volume of the bioreactor and the organic matter. On the other hand, it
enables to sizing the bioreactor given the amount of the expected produced energy.

2.EQUATIONS OF THE DYNAMICAL MODEL

The mathematical model, based on the laws of grow, is theAM2model. It involves the following
dynamic variables: X; and X, are respectively the concentration of the acidogenic bacteria population
and the concentration of the methanogenic bacterial population while S; and S; are respectively the
concentration of the substrate of carbonaceous material and the substrate concentration of volatile fatty
acids.

For a batch system, the mathematical model is expressed in theform of acoupled differential equations
of the first order system:

dX,

o =M Xq
dX, X
_— = *
dt 5] 2
ds
d—tl:—k1*ﬂ1*x1;
das,
W:—kz*ﬂ1*x1—k3*ﬂz*xz

The flow of methane, which is the expected product, depends directly on the growth of methanogenic
bacteria population X; according to the relation:
QCh4 = k4 X }12 X XZ

We distinguish nine parameters involved in this model which are (timax, Ksi, pomax, Ksz2, Kiz, K1, Kz, ks,
Ks).

To solve this system of differential equations, we must also provide the initial conditions, which are
the initial quantities of the concentrations of substrates and bacteria at the start of bioreactor: S1(0),
82(0), Xl(O) and Xz(O)

3.RESULTS

The model AM2 has been implemented for simulating the operation of the anaerobic bioreactors. An
extensive analysis of the bibliographic literature showed that very little research has provided an
estimate of some of the parameters of this model. For parameters that have been provided by different
authors, there is a strong dispersion even when it comes to the mechanization using waste water as
substrate [1], [4-7].

In fact, outside the parameters of the maximum growth rate for the acidogenic and methanogenic
bacteria, the literature provides almost no data on other parameters. In our simulation, the growth
parameters were evaluated by the following values:

Mimax = 0-4 /day;
Ks1 = 35 mg/l;
Hymax = 0.4 /jour;

K, = 170 mg/1
Ks, = 4 mg/l;
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Moreover, due to the lack of data for the parameters (k1, k2, k3), these parameters were estimated by
trial and error trying to get simulation results qualitatively and quantitatively consistent [9-11]. The
initial values were empirically estimated. The parameter values used are:

ki = 50; ko=50; ks =15; S; (0) =10 g/l; S2 (0) = 2 g/I; X1 (0) = 0.4 g/l and X (0) = 0.01 g/l.

Note: the scale of the substrate S:is halved to allow better visualization of the results

A simulation result to visualize graphically the temporal evolution of the substrates S; and S; as well
as the concentrations of bacteria’s X; and X, are shown in Figurel. According to Figurel, we notice
that for the used values of the parameters, there is an exponential decreasing of the substrate S; which
is almost completely consumed in 15 days because of its decomposition by acidogenic bacteria X;.
Meanwhile, the substrate S; begins to be generated during these 15 days; then follows its
consummation by the methanogenic bacteria. This substrate will be almost completely decomposed
into biogas over a period of about one month.

After the disappearing of the substrates over a period of about one month, the concentrations of
acidogenic and methanogenic bacteria will stabilize at some constant values. We notice again that the
mathematical model does not predict their future evolution.
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FIGURE 1. Temporal evolution of substrates and bacteria's

- To estimate the methane production, the literature provides data corresponding to k4 which is closer
to the value 75 1/mg [1, 4]. According to this value of k4, simulation results to visualize graphically
the temporal evolution of methane flow Q(t) and the cumulated quantity of methane C(t) are shown
in Figure2 (the scale of C(t) is reduced 10 times).

Note that the curve Q(t) is presenting a rapid increase at the beginning of the launch of the bioreactor.
It reaches a maximum in about 20 days and then begins to decline until almost disappearing at about
35 days. This type of behavior is expected from a batch digester.
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FIGURE 2. PRODUCTION OF METHANE

4 ESTIMATION OF ANNUAL BIOGAS ENERGY

To estimate the power generated by a methane digester, we consider a completely mixed continuous
anaerobic digester in steady state operation. We use the Chen-Hashimoto model which is expressed
[15] as:

Qm =VV]+V(1)

Where:

e Q,, : Production of methane (m%/d)

+V: Biodigester volume (m?)

*VVVJ: Technological efficiency (m3/m3d), which can be expressed as follows:

VV] = B« (MO/HRT) (2)
« B: Biological efficiency.
» MO=matter oxidizable.

* HRT: hydraulic retention time(HRT=Q/V).
B (m3CH4/ kgMo) = Bo.[1— (K/(um.HRT) + K- 1)] (3)

Where:

 K: Constant of inhibition

«um: kinetic coefficient.

* Bo: Production potential of methane.
And

B =Byx*[1-(K/u, — HRT)K — 1)(4)
With
um = 0.013 + T — 0.129(5)

K = 0.6 + 0.021.100.05 . Mo(6)
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The final expression of methane production with respect to the different parameters that intervene in
this model can be written as:

Qm = Bo[1— (K/u,, — HRT + K — 1)|(MO/HRT)) = V(7)

As example, let’s consider a continuous bioreactor of volume V = 33 m3, with a volumetric flow rate
Q=6 m3/d. The hydraulic retention time can be deduced as HRT = V/Q = 5.5 days. In our regional
context, we use the organic fraction of solid waste mixed with the activated sludge in mesophilic
condition, with matter oxidizable MO = 6 1/kg. At a temperature of 25 °C, the kinetic coefficient can
be estimated as

pum = 0.013.T x0.129

and BO = 0.10m3/KgMO; therefore the estimate energy produced by day is about Qm = 0.2285 m3.
If we consider a functioning of the reactor during 330 days per year, we can estimate the annual
production of energy as Ebio = Qm * 330 = 75.3943 m3/year.

This energy production can be converted into various other forms of energy such as heat, electricity
and both. One m3 of methane provides an equivalent of heat energy of about 8570 kcal. It provides,
when converted into electricity, about 10 kWh.If we convert the annual methane production into
electricity, we can expect energy of about 754kWh/year.

5.CONCLUSION

We have presented a modeling and a simulation of the production of methane by using the AM2
model. The simulation results allow to understand the qualitative and quantitative experimental
bioreactors. The experimental results are satisfactory and encouraging since we could actually produce
methane despite the simplicity of the devices used. The estimate of energy is of paramount importance
in the design of bio-anaerobic digesters. The Chen-Hashimoto model was used to estimate the annual
methane production.
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