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Abstract
The paper presents a new mathematical model of anaerobic digestion based on mass balances of
organic dry matter (oDM) and nitrogen. The model was used for simulation of two agriculture
biogas plants. The results of simulation in respect of biogas and methane yield, concentrations of
ammonium nitrogen and dry matter (DM) in digested sludge, showed a satisfying compliance with
measurements. Based on the results of validation further application of the model, as for example
real-time simulator for control of anaerobic digestion process on the biogas plants, is promising.
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INTRODUCTION
Meanwhile, there are several mathematical models that describe the anaerobic degradation (Gavala
et al. 2003, Prause et al. 1997). The IWA Task Group on Mathematical Modelling of Anaerobic
Digestion Process has developed the Anaerobic Digestion Model No. 1 (ADM1) (Batstone et al.
2002). This most popular model is based on the balance of chemical oxygen demand (COD).
Numerous simulation studies were performed with the use of this model for biogas plants
(Cimatoribus 2009, Wichern et al. 2008, Wolf et al. 2007). Although good adjustments with the real
results have been achieved, the calibration and use of the model is restricted due to its complexity.
Using the currently available measurement the determination of a number of important control
parameters for anaerobic digestion such as: the degradation rate of the substrate, the specific
methane and biogas yield, the buffer capacity, concentrations of organic acids and ammonium
nitrogen is no possible or often only with great effort (Kujawski et al. 2009). Those parameters can
be estimated through real-time simulation (during the operation of the plant). For various reasons,
the use of currently available mathematical models of anaerobic digestion processes (such as
ADM 1) for the real-time simulation, and for the control and regulation of the biogas plants is
difficult. Therefore a new a new approach was developed.
MATERIALS AND METHODS
Basics of the developed model
The model is based on mass balances of organic dry matter and nitrogen as well as on the simplified
description of the kinetics of anaerobic degradation and ammonium production. Because of the very
long hydraulic retention time of the substrates in the system (60-100 days), the digester, which is
originally continuously fed, is implemented in the model as a continuous stirred tank reactor
(CSTR). The model was implemented using MATLAB®.
In contrast to complex models the degradation of the dosaged portion of specific substrate the
biomass is described with the following balance equation:
dc
V  oDM ,deg  QI  coDM ,deg,I  QE  coDM ,deg  coDM ,deg  V  f d (t )
Equation 1
dt
1

where: coDM , deg - concentration of degradable oDM [kg/m3], coDM , deg, I - concentration of degradable oDM in
the influent to the digester [kg/m3], QI - influent to the digester [m3/d], QE - effluent from the digester
[m3/d], f d t  - total kinetic rate of digestion [1/d], t - time [d], V - active volume of the digester [m3]

The total kinetic rate of the anaerobic digestion of organic dry matter for specific substrate is
derived directly from the empirically determined batch biogas yield measurement f g t  (equation 2).
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Equation 2;
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Equation 3

Where:  - biogas production in unit per mass of degradable organic dry matter [m3/kg]

In the frame of this work no batch biogas yield measurements were performed, so the curves were
obtained on base of the literature and digitized. Biogas production (QB ) is calculated using the
equation 3. Biogas production per unit mass of degradable organic dry matter was calculated using
equation 4.
22,413

 
vCH 4

m3
kmol

Equation 4;

kg
kg
 16
 vCO2  44
kmol
kmol

QCH 4  QB  vCH 4

Equation 5

Where: v CH 4 - concentration of methane in the biogas [%], v CO 2 - concentration of the carbon dioxide in the
biogas [%]

For the calculation of the methane production it was assumed that the produced biogas from a
definite substrate has constant methane content. Hence the production of methane QCH 4 is calculated
using the equation 5
The calculation of the ammonium nitrogen concentration requires usually accurate accounting on all
nitrogen fractions and the nitrogen cycle. Even for detailed models of anaerobic digestion, such as
ADM 1, this task is difficult due to the complexity of the anaerobic processes. In this model the
concentration of the ammonium nitrogen was calculated using the assumption that nitrogen is
distributed homogeneously in the degradable organic solids. The concentration of ammonium
nitrogen in the reactor was calculated using the following equation:
dc
V  NH 4  N  QI  cNH 4  N , I  QE  cNH 4  N  V  f NH 4  N (t )  cN , deg
Equation 6
dt
where: cN ,deg - concentration of particulate degradable nitrogen in the degradable oDM [kg/m3], cNH 4  N , I concentration of ammonium nitrogen in the influent of digester [kg/m3], f NH 4  N (t ) - total kinetic rate of the
release of ammonium nitrogen [1/d]

In the frame of this work no studies for investigation of the total kinetic rate of ammonium release
were made. It was assumed that this parameter is equal to the total kinetic rate of the anaerobic
degradation f d (t ) .
Details of investigated biogas plants
The investigated agricultural biogas plants Lelbach and Wambeln for which the model was
validated are described in Kujawski et al. (2009).
RESULTS AND DISCUSION
In the first months of operation of the biogas plant Lelbach the amount of biogas estimated by the
help of the model was higher than measured biogas production (Figure 1a). Reasons for that could
be slower development of a stable the biocoenosis or high concentrations of organic acids in the
delivered for setup inoculum. From day 180 the results show a good accordance between the
simulated and the measured data. It is evident that the dynamics of the processes is well reproduced.
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Figure 1. Measured and simulated methane and biogas production, a) biogas plant Lelbach, b) biogas plant
Wambeln

Figure 1b shows the results of the simulation and measured data for biogas plant Wambeln. In the
period in which the substrate supply has been strongly reduced (marked as “1” in Figure 1b) it is
obvious that the simulated and measured biogas production are in compliance. In this period
numerous substrate investigations for DM and COD contents were carried out. As “2” (Figure 1b)
the period has been marked in which the simulated biogas production was significantly higher than
the measured production of biogas. During this period a high amount of produced biogas was lost
due to a large leak in the gas storage membrane.
It can be seen that in both plants the simulated methane and biogas production correspond well
temporarily with the measured values. Reasons are that the DM and oDM measurements were
performed only for a few substrates and samples and total kinetic rates for digestion of substrates
were assumed on the base of batch biogas yield measurements from literature.
Figure 2a shows the results of the simulation an measurements of the NH4-N concentration in the
primary and secondary digester of the biogas plant Lelbach. It can be seen that the NH4-N
concentration in the primary digester is higher than in the secondary digester. This is because a
main part of the substrates was supplied directly to the primary digester. Thus, during the
degradation of organic matter, nitrogen was released as ammonium nitrogen. Nevertheless, it is
apparent that the difference between the measured values in the first and second digester was
reproduced well in the simulation.
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Figure 2. Measured and simulated NH4-N concentrations for the digesters, a) biogas plant Lelbach, b) biogas
plant Wambeln

The simulation results for the BGA Wambeln can be found in Figure 2b. Unfortunately only a few
measurements of the NH4-N in the sludge and the Ntot of the substrates were made during the period
of this study. Accordingly, these missing values in substrates were assumed for the simulation
mainly on base of literature. In the course of further operation the measured ammonium-nitrogen
concentrations have increased (Figure 2b, area “1”). For this period values determined by the
simulation are lower than those measured on the plant. Nevertheless, the increasing tendency can be
seen in the measured values as well as in the simulated curve.
3

The real plant data and results of DM simulation for the biogas plant Lelbach are shown in Figure
3a. Overall, the concentration in the secondary digester was significantly lower. The reason for this
difference is subsequent degradation in secondary digester of oDM in digested sludge. Trends and
values are produced in proper way through the model.
Although there were only few investigations of the substrates on the biogas plant Wambeln the
accordance of the simulation results and measurements for DM in the first digester are in good
compliance (Figure 3b).
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Figure 3. Measured and simulated DM concentrations for the digesters, a) biogas plant Lelbach, b) biogas
plant Wambeln

CONCLUSIONS
A new model for anaerobic digestion, based on mass balances of dry matter and nitrogen, includes
two significant innovations: On the one hand the simplified description of the kinetics of anaerobic
degradation and production of ammonium and on the other hand, the model is simplified regarding
the evaluation of model parameters in comparison with complex models.
The results of validation of the model for two agricultural biogas plants show that NH4-N, DM,
biogas and methane production, were in good accordance with the real data, especially in periods in
which the composition of the substrates (feed) was determined. Thereby this model is well suited
for real-time simulations (support for the control and regulation) as well as for design of new plants.
Nevertheless a minimum of analysis regarding DM and nitrogen contents in the influent of digesters
has to be conducted in order to improve the quality of the models output.
REFERENCES
Batstone, D.J., Keller, J., Angelidaki, R.I., Kalyuzhnyi, S.V., Pavlostathis, S.G., Rozzi, A., Sanders, W.T.M., Siegrist,
H., Vavilin, V.A. 2002 Anaerobic Di-gestion Model No.1 (ADM1), IWA Task Group for Mathematical Modelling
of Anae-robic Digestion Processes, STR No. 13, IWA Publishing, London, UK. ISBN: 9781900222785
Cimatoribus C., 2009 Simulation and nonlinear control of anaerobic digestion, Dissertation von der Fakultät Bau- und
Umweltingenieurwissenschaften der Universität Stuttgart, Institut für Siedlungswasserbau, Wassegüte- und
Abfallwirtschaft der Universität Stuttgart, Germany
Gavala H.N., Angelidaki I., Ahring B.K. 2003 Kinetics and modeling of anaerobic digestion process, Adv Biochemical
Eng/Biotechnol, 81, 57-93.
Kujawski O., Steinmetz H. 2009 Development of instrumentation systems as a base for control of digestion process
stability in full-scale agricultural and industrial biogas plants, Water Science & Technology—60 (8), 2055–2063
Prause, F. 1997, Zusammenstellung mathematischer Modelle zur anaeroben Abwasserreinigung, Diplomarbeit am
Lehrstuhl für Siedlungswasserwirtschaft und Abfalltechnik, Universität Hannover, unveröffentlicht
Wichern M., Lübken M., Koch K., Gehring T., Horn H., Fischer K., Schlattmann M., Gronauer A. 2008 Eignung des
Anaerobic Digestion Model No. 1 (ADM 1) zur Prozesssteuerung landwirtschaftlicher Biogasanlagen, Gülzower
Fachgespräche „Messen, Steuern, Regeln bei der Biogaserzeugung“ Band 27, Fachagentur Nachwachsende
Rohstoffe e.V. (FNR), Germany
Wolf C., Bongards M., McLoone S. 2007 Simulation-based feed-optimization of medium-sized agricultural biogas
plants. Proceedings 11th IWA World Congress on Anaerobic Digestion 23-27 September 2007 Brisbane, Australia

4

