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Abstract.  While the main objective in energy production 
is the reduction of fossil fuels, CO2-production by fossil 
fuels increased over the last decade. Therefore the need 
for usage of regenerative energies is obvious. Biogas 
plants are advantageous because they can be used with-
out spatial limitation and their substrate is abundant 
ubiquitously as it covers the whole range of produced 
organic matter from photosynthesis, municipal, industri-
al and animal waste. Although the need for optimization 
strategies is given, the fermentation process in biogas 
plants is complex and therefore traditional optimization 
approaches are cumbersome and carry the risk of com-
plete plant failure. In this paper the optimization poten-
tial of the ADM1, which represents a detailed description 
of the anaerobic digestion process is analysed and com-
pared to the standard ADM1 setup. Technical parame-
ters like substrate composition and dilution rate are 
optimized to yield a high methane gas flow. It is shown 
that the optimization of substrate composition has a 
direct impact on the maximum applicable dilution rate. It 
is also shown that the feeding rate can be increased to 
yield higher productivities with optimized substrate 
compositions. 

Introduction 
In first half year of 2018 renewable energy sources 
replaced coal as the major energy resource with around 
117,8 TWh [1]. From these energies, biomass is, due to 
its wide abundance, a perfect complement to wind and 

solar energy. Biomass is a prerequisite for biogas pro-
duction. The fermentation process needed for biogas 
production is consisting of a multitude of consecutive 
steps with several bacterial species involved. The anaer-
obic digestion can be used to break down any given 
substrate besides wood. The need for rational optimiza-
tion is given because the process complexity makes 
traditional optimizations difficult. Process optimization 
with the help of experimental design methods would be 
expensive and time-consuming. Although it is known 
that high protein amount yields higher theoretical me-
thane production, the additionally produced ammonia is 
limiting the reaction rate. A condition for the usage of 
optimization algorithms is a suitable anaerobic digestion 
model. Many models are available describing the pro-
cess in differing detail. However, only two of them can 
be seen as state of the art, the Siegrist model [2] and the 
anaerobic digestion model No. 1 (ADM1) [3]. Both of 
them were developed in 2002. Compared to the ADM1 
the Siegrist model is smaller, which means lower simu-
lation times at the price of less details. Due to its versa-
tility the ADM1 is used more often. In the case of 
ADM1, Parker points out, that the validation against 
different anaerobic digestion scenarios is only a matter 
of detailed feed characterization [4]. This is also one 
reason why the acceptance of the model in research is 
higher than in industry [5]. Further reasons are the com-
plexity of the ODEs and the need for exactly character-
izing feedstock as input feed [6]. However, in a recent 
paper this model is described as the most comprehen-
sive one [7]. The proposed reaction scheme of the se-
quential steps in the ADM1 is shown in Figure 1. 

The fermentation is characterized by the following 
steps: A – Disintegration, B – Hydrolysis, C – Acido-
genesis, D – Acetogenesis, E – Methanogenesis. While 
other models only include the fermentation process the 
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ADM1 also considers disintegration and mass-transfer 
as well as cell death, which also contributes to addition-
al particulate and inert matter (not shown in Figure 1). 
Therefore the strength of the model is the detailed de-
scription of underlying phenomena in the process. 
Hence the ADM1 is a powerful tool to tune the biogas 
production by applying optimization strategies. To en-
sure a broader industrial application of this model, in 
this paper the optimization potential is analysed and 
compared to the standard values in the ADM1 by simu-
lation. 

 
Figure 1: Biogas fermentation process depicted by 

ADM1 (derived and changed from [3]). 

1 Materials and Methods 

1.1 ADM1 – Model description 
The model used in this article is an extended variation 
of the ADM1 of Batstone 2002. The ADM1 originally 
consists of 32 ordinary differential equations, while the 
one used in this work includes 39 state variables. Com-
pared to the original model, equations for lactate and 
calcium are added. Lactate is one of the fatty acids pro-
duced in the process, while calcium is used to describe 
precipitation, which was not included in former models. 
The model itself is highly nonlinear and includes all 
steps shown in Figure 1. Due to the complexity, it 
shows some numerical inconsistencies in specific rang-
es. It includes physicochemical processes like gas-liquid 
and liquid-liquid transfer as well as disintegration steps. 
The hydrolysis step is divided into carbohydrates, lipids 
and proteins which are all first order reactions with 
different rate parameters. Starting parameters are the 
standard values described in Batstone 2002 [3] with the 
initial composition of particulate matter as shown in 
Table 1. 

 Carbohydrate Fat Protein Inert 

Standard 20 % 25 % 25 % 30 % 

Table 1: Composition of the standard substrate. 

1.2 Simulation and Optimization 
The initial values for the optimization approach are 
taken from the standard substrate in Table 1 and addi-
tional parameters can be found in [3]. Simulations are 
done using the ode15s-solver in Matlab 9.2.  If not stat-
ed otherwise the optimization is done with the tool 
fmincon from the Matlab Optimization Toolbox. The 
solver is gradient-based, fast and suited for large prob-
lems with certain constraints. A scheme of the optimiza-
tion procedure is shown in Figure 2. The objective func-
tion is always the mean of maximum steady state gas 
flow of methane (qCH4). The optimized variables are 
the substrate composition (containing carbohydrates, 
proteins, fat and inert material) and the applied dilution 
rate. This leads to a five dimensional optimization prob-
lem with the additional constraint that the sum of sub-
strate components is 100%. 

 
Figure 2: Scheme for optimization with fmincon. 

2 Results and Discussion 
Due to the diversity in the steps leading to methane the 
possibilities to optimize the process are manifold. From 
the available technical parameters the most important 
one is the dilution- or loading-rate which is directly 
depending on the substrate composition. Additional 
parameters are the initial pH-value and the temperature. 
Nevertheless various inhibitory effects hinder the pre-
diction of optimal operation points. While high protein 
content is favored for methane production, the ammonia 
originating from proteins can result in process failure 
[8]. The high ammonia content is especially affecting 
methanogenic bacteria [9] in consequence VFAs (vola-
tile fatty acids) are accumulated and the pH drop leads 
to declining ammonia concentrations.  
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Besides the aforementioned substrate, the tempera-

ture plays a main role in all (bio-) chemical reactions 
and is therefore a valuable optimization parameter. 
However pH and temperature are not addressed in this 
study because in the ADM1 the temperature effects are 
described by the Arrhenius equation only. This makes a 
detailed analysis of the temperature effects impossible. 
Additionally it can be concluded that the initial pH-
value has only a minor influence. While the other fac-
tors are influencing the complete time course of the 
process, the pH is changing rapidly due to the reactions 
in the reactor and reaches equilibrium conditions very 
fast. Substrate composition and dilution rate have to be 
optimized simultaneously.   

2.1 Substrate composition  
The substrate composition is essential in the biogas 
production process. It is widely acknowledged in litera-
ture that it has a big influence on the methane yield [10]. 
Carbohydrates are degraded faster than fats and proteins 
indicating higher space-time yields of methane. Howev-
er this is only the case if the acetogenic steps are equally 
fast as the methanogenid steps. Otherwise fast accumu-
lation of VFA results in a pH drop inhibiting methane 
production. The optimization process uses the initial 
parameters of substrate composition which are given in 
Table 1. The result of this optimization process is shown 
in Table 2. 

 Carbohydrate Fat Protein Inert 

Optimized 0.1 % 13.8 % 86.1 % 0 % 

Table 2: Composition of optimized substrate. 

It is obvious that 0 % of inert material is favoured. 
As mentioned earlier high protein contents are also 
desirable. 

However the optimization results are astonishing, 
because the optimized substrate contains nearly no car-
bohydrates. This fact is explicable by the fast hydrolysis 
of carbohydrates leading to high VFA content and a 
massive pH drop. Another significant fact is the ratio of 
approximately 6:1 between fat and protein in the opti-
mized substrate. This result matches with literature 
values, shown in Table 3, demonstrating that the me-
thane content in the biogas is increased significantly by 
such a ratio [10]. 

 
 

Substrate Protein/Fat ratio Methane content 

Optimized 6.2 56.8 % 

Buckwheat 6.7 57.4 % 

Fodder radish 5.7 55.1 % 

Table 3: Comparison of the optimized substrate  
regarding protein/fat ratio with other used 
substrates [10]. 

2.2 Critical dilution rate (feeding rate)  
The dilution rate describes the flow rate of feed in and 
out of the biogas fermentation tank. Due to its continu-
ous operation the amount of inflow is equivalent to the 
outflow. The feed usually contains only substrate, while 
the outflow contains substrate, product and biomass. 
Therefore biomass productivity and dilution rate are 
directly proportional up to the critical dilution rate dcrit.  
The higher the biomass productivity the more methane 
is produced. Therefore it is critical for process yield. 
The critical dilution rate defines the point where an 
increase of inflow leads to wash-out conditions of bio-
mass and a resulting productivity drop. It is obvious that 
the maximum applicable dilution rate is coupled with 
the maximum bacterial growth rate. The ADM1 con-
tains seven bacterial species, two of them are producing 
methane, the first one via the acetoclastic and the sec-
ond via the hydrogenotrophic pathway (see Figure 1). 
Complete process failure is only achieved when both of 
them are washed out, however it is advisable not to 
interrupt any pathway. With the optimized substrate 
composition given in Table 2 the nutritional supply is 
higher and the applicable dilution rate is larger.  

 
Figure 3: Critical dilution rate for acetoclastic and  

hydrogeotrophic biomass. 
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At a dilution rate of ~0.216 d-1 complete wash-out 

condition is reached. An operation of 0.2 d-1 should be 
favoured to maintain high methane yields respecting 
process fluctuations. In Figure 3 the critcal dilution rate 
dcrit is indicated by an abrupt productivity drop beyond 
a dilution rate of 0.216 d-1. 

3 Conclusion & Outlook  
Many experimental studies are available where different 
variables are tested to give highest possible methane 
yields in biogas plant operation. This is done either by 
using neural networks [11] or by hand, adding supple-
ments to the process [12]. However, detailed experi-
mental investigations of optimization approaches are 
only feasible in lab scale. The substrate optimization 
with the help of the ADM1 is not carried out so far. In 
this article it is shown that it is possible to find optimal 
operational parameters with the ADM1 model. The 
steady state methane yield was increased by ~80% 
compared to standard values. It has to be mentioned that 
these are idealized values and it is doubtful that sub-
strates are found fulfilling the optimized nutritional 
values. However in future applications the ADM1 could 
be used to define which substrate or substrate mixture 
should be fed in the biogas reactor. Moreover technical 
parameters like temperature and pH-value could be 
incorporated after extending the ADM1. By carrying out 
these procedures the ADM1 would be a useful tool to 
increase the biogas production and raise the rentability 
of biogas plants.   
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