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Abstract.  Modelica has evolved as a powerful language 
for encoding models of complex systems. In control 
engineering, it is of interest to be able to analyze dynam-
ic models using scripting languages such as MATLAB and 
Python. This paper illustrates some analysis and design 
methods relevant in control engineering through script-
ing a Modelica model of an anaerobic digester model 
using Python, and discusses advantages and shortcom-
ings of the Python+Modelica set-up. 

Introduction

1 Case Study 

1.1 Functional description 

Feed
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Figure 1: System for converting cow manure to biogas at Foss Biolab, Skien, Norway (Figure by F. Haugen and K. Vasdal). 

1.2 Model summary 
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Quantity Value Unit Comment 

 5.81 g/L Initially dissolved substrate biode-
gradable volatile solids 

 1.13 g/L Initially dissolved substrate volatile 
fatty acids 

 1.32 g/L Initially concentration of acetogen-
ic bacteria 

 0.39 g/L Initially concentration of methano-
genic bacteria 

 50 L/d Volumetric feed flow of animal 
waste/manure 

 35  Reactor temperature 

 32.4 g/L Feed concentration of volatile 
solids 

Table 1: Nominal operational data for biogas reactor at 
Foss Biolab. 

1.3 System and control problems 

•
•
•

•
•
•
•
•

Parameter Value Unit Comment 

 250 L Reactor volume 

 
2.9 - Correction of residence time for 

bacteria due to nonideal flow 

 3.9 (Inverse) yield: consumption of 
bvs per growth of bacteria 

 1.76 (Inverse) yield: production of vfa 
per growth of bacteria 

 31.7 (Inverse) yield: consumption of 
vfa per growth of bacteria 

 26.3 (Inverse) yield: production of 
methane per growth of bacteria 

 15.5 g/L Half-velocity constant for bvs 
substrate 

 3.0 g/L Half-velocity constant for vfa 
substrate 

 0.326  Maximal growth of rate at 
 

 0.013  Temperature sensitivity of maxi-
mal growth rate, valid 

 

 0.02  Death rate constants for aceto-
genic and methanogenic bacteria 

 0.25 Fraction biodegradable volatile 
solids in volatile solids feed 

 0.69 Fraction volatile fatty acids in 
biodegradable volatile solids feed 

Table 2: Nominal model parameters for biogas reactor at 
Foss Biolab. 

2 Control Relevant Analysis 

2.1 Basic Modelica description 
adFoss.mo 

Model adFossModel 
// Simulation of Anaerobic Digestion Reactor at Foss  
//Biolab 
// Author: Bernt Lie 
// Telemark University College, Porsgrunn, Norway 
// August 31, 2012 
// Parameter values with type and descriptive text 
parameter Real V = 250 "reactor volume, 
L"; 

parameter Real theta_X = 2.9 "residence 
time correction for bacteria, 
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dimensionless"; 
parameter Real Y_Sbvs_Xa = 3.9 "Yield, g 
bvs/g acetogens"; 

parameter Real Y_Svfa_Xa = 1.76 "Yield, g 
vfa/g acetogens"; 

parameter Real Y_Svfa_Xm = 31.7 "Yield, g 
vfa/g methanogens"; 

parameter Real Y_CH4_Xm = 26.3 "Yield, g 
methane/g methanogens"; 

parameter Real K_Sbvs = 15.5 "Half-
velocity constant for bvs, g/L"; 

parameter Real K_Svfa = 3.0 "Half-
velocity constant for vfa, g/L"; 

parameter Real muhat_35 = 0.326 "Maximal 
growth rate at T=35 C, 1/d"; 

parameter Real alpha_muhat = 0.013 "Tem-
perature sensitivity of 

max growth rate, 1/(C d)"; 
parameter Real k_d = 0.02 "Death rate 
constants for bacteria, 1/d"; 

parameter Real b0 = 0.25 "Fraction biode-
gradable volatile solids in 

volatile solids feed, g bvs/g vs"; 
parameter Real af = 0.69 "Fraction vola-
tile fatty acids in bvs feed, 

g vfa/g bvs"; 
// Initial state parameters: 
parameter Real rhoSbvs0 = 5.81 "initial 
bvs substrate, g/L"; 

parameter Real rhoSvfa0 = 1.13 "initial 
vfa, g/L"; 

parameter Real rhoXa0 = 1.32 "initial 
acetogens, g/L"; 

parameter Real rhoXm0 = 0.39 "initial 
methanogens, g/L"; 

// Setting initial values for states: 
Real rhoSbvs(start = rhoSbvs0, fixed = 
true); 

Real rhoSvfa(start = rhoSvfa0, fixed = 
true); 

Real rhoXa(start = rhoXa0, fixed = true); 
Real rhoXm(start = rhoXm0, fixed = true); 
// Miscellaneous variables 
Real rhoSbvs_f "feed concentration of 
bvs, g/L"; 

Real rhoSvfa_f "feed concentration of 
vfa, g/L"; 

Real rhoXa_f "feed concentration of 
acetogens, g/L"; 

4 
Real rhoXm_f "feed concentration of meth-
anogens, g/L"; 

Real R_Sbvs "generation rate of Sbvs, 
g/(L*d)"; 

Real R_Svfa "generation rate of Svfa, 
g/(L*d)"; 

Real R_Xa "generation rate of Xa, 
g/(L*d)"; 

Real R_Xm "generation rate of Xm, 
g/(L*d)"; 

Real R_CH4 "generation rate of CH4, 
g/(L*d)"; 

Real R_a "reaction rate acetogenesis, 
g/(L*d)"; 

Real R_m "reaction rate methanogenesis, 
g/(L*d)"; 

Real mu_a "growth rate acetogenesis, 
1/d"; 

Real mu_m "growth rate methanogenesis, 
1/d"; 

Real muhat_a "maximal growth rate aceto-
genesis, 1/d"; 

Real muhat_m "maximal growth rate methan-
ogenesis, 1/d"; 

Real mdot_CH4x "mass flow methane produc-
tion, g/d"; 

// Defining input variables: 
input Real Vdot_f "volumetric feed flow -
- control variable, L/d"; 

input Real T "reactor temperature -- pos-
sible control input, C"; 

input Real rhoSvs_f "feed volatile solids 
concentration -- disturbance, g/L"; 

equation 
// Differential equations 
der(rhoSbvs) = Vdot_f/V*(rhoSbvs_f - 
rhoSbvs) + R_Sbvs; 

der(rhoSvfa) = Vdot_f/V*(rhoSvfa_f - 
rhoSvfa) + R_Svfa; 

der(rhoXa) = Vdot_f/V/theta_X*(rhoXa_f - 
rhoXa) + R_Xa; 

der(rhoXm) = Vdot_f/V/theta_X*(rhoXm_f - 
rhoXm) + R_Xm; 

// Feed 
rhoSbvs_f = rhoSvs_f*b0; 
rhoSvfa_f = rhoSbvs_f*af; 
rhoXa_f = 0; 
rhoXm_f = 0; 
// Generation rates 
R_Sbvs = -Y_Sbvs_Xa*R_a; 
R_Svfa = Y_Svfa_Xa*R_a - Y_Svfa_Xm*R_m; 
R_Xa = R_a - k_d*rhoXa; 
R_Xm = R_m - k_d*rhoXm; 
R_a = mu_a*rhoXa; 
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R_m = mu_m*rhoXm; 
mu_a = muhat_a/(1 + K_Sbvs/rhoSbvs); 
mu_m = muhat_m/(1 + K_Svfa/rhoSvfa); 
muhat_a = muhat_35 + alpha_muhat*(T-35); 
muhat_m = muhat_a; 
// Methane production 
mdot_CH4x = R_CH4*V; 
R_CH4 = Y_CH4_Xm*R_m; 
end adFossModel; 

2.2 Basic Python script 
adFossSim.py

# Python script for simulating Anaerobic Digester at 
#Foss Biolab 

# script: adFossSim.py 
# author: Bernt Lie, Telemark University College, 

#Porsgrunn, Norway 
# location: Telemark University College, Porsgrunn 
# date: August 31, 2012 
# Importing modules 
# matplotlib, numpy 
import matplotlib.pyplot as plt 
import numpy as np 
# JModelica 
from pymodelica import compile_fmu 
from pyfmi import FMUModel 
# Flattening, compiling and exporting model as fmu 
adFoss_fmu = compile_fmu("adFossModel", 
"adFoss.mo") 

# Importing fmu and linking it with solvers, etc. 
adFoss = FMUModel(adFoss_fmu) 
# Creating input data 
t_fin = 100 
adFoss_opdata = 
np.array([[0,50,35,32.4],[10,50,35,32.4]
,[10,45,35,32.4], 

[30,45,35,32.4],[30,45,38,32.4],[60,45,38
,32.4], 

[60,45,38,40],[t_fin,45,38,40]]) 
adFoss_input = (["Vdot_f", "T", 
"rhoSvs_f"], adFoss_opdata) 

# Carrying out simulation 
adFoss_res = adFoss.simulate(final_time = 
t_fin, input = adFoss_input) 

# Unpacking results 
rhoSbvs = adFoss_res["rhoSbvs"] 
rhoSvfa = adFoss_res["rhoSvfa"] 
rhoXa = adFoss_res["rhoXa"] 

rhoXm = adFoss_res["rhoXm"] 
mdot_CH4x = adFoss_res["mdot_CH4x"] 
Vdot_f = adFoss_res["Vdot_f"] 
T = adFoss_res["T"] 
rhoSvs_f = adFoss_res["rhoSvs_f"] 
t = adFoss_res["time"] 
# Setting up figure with plot of results 
plt.figure(1) 
plt.plot(t,rhoSbvs,"-r",t,rhoSvfa,"-
g",t,rhoXa,"-k",t,rhoXm,"-
b",linewidth=2) 

plt.legend((r"$\rho_{S_{bvs}}$ 
[g/L]",r"$\rho_{S_{vfa}}$ [g/L]", 

r"$\rho_{X_a}$ [g/L]",r"$\rho_{X_m}$ 
[g/L]"),ncol=2,loc=0) 

plt.title("Anaerobic Digestion at Foss 
Biolab") 

plt.xlabel(r"time $t$ [d]") 
plt.grid(True) 
plt.figure(2) 
plt.plot(t,mdot_CH4x,"-r",linewidth=2) 
plt.title("Anaerobic Digestion at Foss 
Biolab") 

plt.ylabel(r"$\dot{m}_{CH_4}$ [g/d]") 
plt.xlabel(r"time $t$ [d]") 
plt.grid(True) 
plt.figure(3) 
plt.plot(t,Vdot_f,"-r",t,T,"-
g",t,rhoSvs_f,"-b",linewidth=2) 

plt.axis(ymin=30,ymax=55) 
plt.title("Anaerobic Digestion at Foss 
Biolab") 

Figure 2: Nominal evolution of inputs at Foss Biolab, with 
perturbation. 
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Figure 3: Nominal production of methane gas at Foss  
Biolab, with perturbation. 

Figure 4: Nominal evolution of states at Foss Biolab, with 
perturbation. 

2.3 Uncertainty analysis 

ad-

FossSimMC.py
# Python script for Monte Carlo study of Anaerobic Digester 
at Foss Biolab 
# script: adFossSimMC.py 

# author: Bernt Lie, Telemark University College, Porsgrunn, 
Norway 

# location: Telemark University College, Porsgrunn 
# date: August 31, 2012 
# Importing modules 
# matplotlib, numpy, random 

import matplotlib.pyplot as plt 
import numpy as np 
import numpy.random as nr 
... 

# Carrying out simulation 
adFoss_res = adFoss.simulate(final_time = 
t_fin, input = adFoss_input) 

... 

# Setting up figure with plot of results 
plt.figure(1) 
plt.plot(t,rhoSbvs,"-r",t,rhoSvfa,"-
g",t,rhoXa,"-k",t,rhoXm,"-b",linewidth=2) 

plt.legend((r"$\rho_{S_{bvs}}$ 
[g/L]",r"$\rho_{S_{vfa}}$ [g/L]", 

r"$\rho_{X_a}$ [g/L]",r"$\rho_{X_m}$ 
[g/L]"),ncol=2,loc=0) 

plt.title("Anaerobic Digestion at Foss Bi-
olab") 

plt.xlabel(r"time $t$ [d]") 
plt.grid(True) 
... 

# Monte Carlo simulations 
Nmc = 20 
b0nom = adFoss.get("b0") 
afnom = adFoss.get("af") 
for i in range(Nmc): 
b0 = b0nom*(1 + 0.1*(nr.rand()-0.5)*2) 
af = afnom*(1 + 0.1*(nr.rand()-0.5)*2) 
adFoss.set(["b0","af"],[b0,af]) 

# Carrying out simulation 
adFoss_res = adFoss.simulate(final_time = 
t_fin, input = adFoss_input) 

# Unpacking results 
rhoSbvs = adFoss_res["rhoSbvs"] 
rhoSvfa = adFoss_res["rhoSvfa"] 
rhoXa = adFoss_res["rhoXa"] 
rhoXm = adFoss_res["rhoXm"] 
mdot_CH4x = adFoss_res["mdot_CH4x"] 
t = adFoss_res["time"] 

# Setting up figure with plot of results 
plt.figure(1) 
plt.plot(t,rhoSbvs,":r",t,rhoSvfa,":g",t,rho
Xa,":k",t,rhoXm,":b", 

linewidth=1.5) 
plt.figure(2) 
plt.plot(t,mdot_CH4x,":m",linewidth=1.5) 
plt.show() 
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Figure 5: Monte Carlo study of methane production at 
Foss Biolab, with variation in  and . 

 

 

Figure 6: Monte Carlo study of evolution of states at Foss 
Biolab, with variation in  and . 

2.4 Wash-out and recovery of reactor 

Figure 7: Evolution of inputs at Foss Biolab leading to 
wash-out/recovery. 

 

Figure 8: Production of methane gas at Foss Biolab during 
wash-out/recovery. 
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Figure 9: Evolution of states at Foss Biolab during wash-
out/recovery. 

2.5 Optimal recovery of methane 
production 

maximized

optimization
minimized

optimization adFossOpt(objective = 
J(finalTime), startTime=0,  
finalTime=T_h) 

// Optimal recovery of Anaerobic Digestion Reactor at 
//Foss Biolab 

// Author: Bernt Lie 
// Telemark University College, Porsgrunn, Norway 
// September 2, 2012 
// Instantiating model adf from class adFossModel 
adFossModel adf; 

// Additional parameters 
parameter Real T_h = 1100 "time horizon 
in optimization criterion, d"; 

parameter Real cost_V = 1 "relative cost 
of animal waste"; 

parameter Real Vdot_max = 120 "maximal 
allowed feed rate, L/d"; 

parameter Real T_nom = 35 "nominal reac-
tor temperature, C"; 

parameter Real rhoSvs_f_nom = 32.4  
"nominal feed concentration 

of volatile solids, g/L"; 

// Defining cost function 
Real J(start=0, fixed=true); 

// Defining input variable: 
input Real Vdot_f(free=true, 
min=0,max=Vdot_max) "max feed flow, 
L/d"; 

equation 

// Passing on inputs to model instance 
adf.Vdot_f = Vdot_f; 
adf.T = T_nom; 
adf.rhoSvs_f = rhoSvs_f_nom; 

// Computing cost function 
der(J) = - adf.mdot_CH4x + cost_V*Vdot_f; 
constraint 

// Constraining states 
adf.rhoSbvs >= 0; 
adf.rhoSvfa >= 0; 
adf.rhoXa >= 0; 
adf.rhoXm >= 0; 

// Constraining methane production 
adf.mdot_CH4x >=0; 
end adFossOpt; 
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Figure 10: Evolution of optimal input  at Foss Biolab  
after wash-out (solid lines), with initial guess 
(dotted lines). 

 

Figure 11: Evolution of optimally recovered methane  
production at Foss Biolab after wash-out  
(solidlines), with initial guess (dotted lines). 

3 Discussion and Conclusions 

 

Figure 12: Evolution of optimally recovered states at Foss 
Biolab after wash-out (solid lines), with initial 
guess (dotted lines). 

•
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