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Abstract — Today’s concerning about global warming and 
the rapid depletion of coal, gas and crude oil reserves enforced
the study of alternative fuels as bioethanol. Bioethanol can be 
blended at low concentrations with gasoline or diesel for use in 
today’s vehicles, and is considered to be a sustainable 
transportation fuel. Present paper deals with aspects regarding 
the simulation of fermentation bioreactor process and 
fermentation bioreactor control for ethanol production. The 
bioreactor model was implemented in Matlab Simulink and the 
results of simulation using different control strategies  are 
presented comparatively.

Index Terms — bioethanol production, continuous 
fermentation bioreactor, bioreactor modeling and simulation, 
bioreactor control. 

I. INTRODUCTION

The main motivation for  investments in research and 
process development concerning bioethanol production is 
environmental concern related to global warming. The focus 
is, in particular, turned towards the reduction of CO2

emissions and other green house gases. Moreover,
bioethanol production would decrease the dependency on 
the natural oil reserves, which can due to their restricted 
geographical localization cause political tension and 
economical instability.

Bioethanol can be blended at low concentrations with 
gasoline (usually 10% ethanol and 90% gasoline) or diesel 
for use in today’s vehicles without engines modifications 
and without affecting vehicle warranty, and is considered to 
be a sustainable transportation fuel. Alternatively, if 
bioethanol is used in higher, or 100 % concentrations, but in 
this case adopted vehicles engines are typically needed. 

Starting with biomass harvesting, there are a number of 
steps to follow until the final product, the ethanol is 
obtain(figure 1).  

Fig. 1. Steps in bioethanol production.
.

Of these processes, present paper is studying the alcoholic 
fermentation of glucose to ethanol. The bioreactor in which 
the glucose fermentation takes place is a continuous stirred-

tank reactor with constant substrate feed flow. The three 
main components of the bioreactor are[2]:

- the biomass as a suspension of yeast fed into the 
system and evacuated continuously;

- the substrate which is solution of glucose needed in 
order to feed the micro-organism;

- ethanol as final product evacuated together with 
other components.

Inorganic salts, which are necessary compounds for the 
formation of coenzymes, are added together with the yeast.

II. BIOREACTOR MODEL

The kinetic equation used in the bioreactor model 
represents the Monod modified equations based on 
Michaelis-Menten kinetics, proposed by Aiba et al., and 
described by Z.K. Nagy[2-4].

The mass balances for the biomass is expressed by 
equation (1) as:

          

where cX represent  the biomass(yeast) concentration(h-1), µx 

is the maximum specific growth rate(h-1), cS is the glucose 
concentration(g/l), KS is constant in the substrate term for 
growth(g/l), Kp represent constant of growth inhibition by 
ethanol(g/l), cP is the product concentration (g/l), Fe is the 
outlet flow from the reactor(lh-1), V is the volume of the 
mass of reaction(l).

The mass balance for product is obtain as[2]:
               

where µP represent the maximum specific fermentation 
rate(h-1), KS1 is the constant in the substrate term for ethanol 
production(g/l) and KP1 is the constant of fermentation 
inhibition by ethanol(g/l).

Equation (3) represent the mass balance for the substrate:
          

where RSX is ratio of cell produced per glucose consumed 
for growth, RSP is the ratio of ethanol produced per glucose 
consumed for fermentation, and cS,in represent the glucose 
concentration in the feed flow.

For the reactor and jacket, the energy balance is described 
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by equations (4) and (5)[2]. In this equations, Tin is the 
temperature of the substrate flow into the reactor(0C), Tr

represent the temperature in the reactor(0C), rO2 is the rate of 
oxygen consumption(mgl-1h-1), ΔHr is the reaction heat 
generated by the fermentation process, ρr and ρag is the 
density of the mass of reaction respectively the density of 
cooling agent(g/l).

Also in the equations (4) and (5), KT represent the heat 
transfer coefficient(Jh-1m-2K-1), AT is the heat transfer 
area(m2) and Cheat,ag respectively Cheat,r are the heat capacity 
of cooling agent and of mass of reaction(Jg-1K-1).

The rate of oxygen consumption is[2]:

with µO2 maximum specific oxygen consumption rate(h-1), 
KO2 constant of oxygen consumption(g/l) and cO2 oxygen 
concentration in the liquid phase(mg/l).
The balance for total volume for reaction medium is:

        
Regarding the model for pH neutralization process, it is 

known that the pH denotes the concentration of the ions [H+] 
through the following logarithmic function:

The dissociation equation for water is expressed as:

and Kw can be express as[7]:

The equation describing the pH neutralization process 
dynamics is[5-7]:

where FA and FB are the flow of acid and base, cA and cB

represents the concentration of acid and base.
Equations (8), (10) and (11) correspond to the pH 

neutralization model, and this model is implemented in 
Simulink.

III. IMPLEMENTATION OF BIOREACTOR MODEL

The implementation of bioreactor model using Matlab 
Simulink is presented in figure 2.

Fig. 2. Implementation of the bioreactor model

Each of the equations describing the model was 
implemented using  Function Blocks from Simulink.

Some of the parameters can be modified as one can see in 
figure 3.

Fig. 3. Block for parameter input

Because the temperature in the reactor depends of the 
flow of cooling agent, the first step in our analysis was to 
apply a step change in the flow of cooling agent in order to 
study the influence on the reactor temperature. The applied 
step change and the evolution of the temperature in the 
reactor are depicted in figure 4.

Fig. 4. Step change and the reactor temperature evolution

In order to study the dynamic behavior of the bioreactor 
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system a step change with 20C in inlet flow temperature was 
applied, which can occur due to the ambient temperature[2]. 
The results are presented in figure 5.

Fig. 5. Dynamic response of the bioreactor in the case of step change in the 
temperature input flow

Analyzing the results of the simulation,  one can observe 
that the effect of the change in the inlet temperature have a 
major impact on the ethanol concentration and can be 
considered as a major disturbance in the system.

The implementation of the pH neutralization model is 
presented in figure 6.

Fig. 6. Model for pH neutralization process

The model was implemented using equations (8), (10) and 
(11) as is presented in figure 7. In order to study the 
response of the implemented model, a step change in the 
flow of base was simulated. The step change and the 
evolution of pH are presented in figure 8.

Fig. 7. Implementation of pH neutralization process models

Fig. 8. Step change and the pH evolution

A step change in the flow of base increases the pH value 
demonstrating that the implemented model can be used in 
our study.

IV. CONTROL STRATEGIES

Two control strategy has been take into account, based on 
simple bi-positional controller and PID controller. 

The used PID controllers from Simulink have the 
possibility of  tuning. and optimal PID controllers 
parameters was obtained.

The results of simulations for different control strategies 
using  pH neutralization models are presented in figure 9.

Fig. 9. Comparative results for pH control

For the bioreactor implemented model, the results using 
different control strategies are presented in figure 10.

V. CONCLUSION

Models for bioreactor used in glucose fermentations and 
for pH neutralization process are presented. The models was 
implemented using Matlab Simulink and different control 
strategies are studied. The results of the study are presented 
comparatively in this paper. The study will continue with 
the implementation of different control strategies, in order to 
find optimal control strategy for temperature and pH.
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I. INTRODUCTION


The main motivation for  investments in research and process development concerning bioethanol production is environmental concern related to global warming. The focus is, in particular, turned towards the reduction of CO2 emissions and other green house gases. Moreover, bioethanol production would decrease the dependency on the natural oil reserves, which can due to their restricted geographical localization cause political tension and economical instability.

Bioethanol can be blended at low concentrations with gasoline (usually 10% ethanol and 90% gasoline) or diesel for use in today’s vehicles without engines modifications and without affecting vehicle warranty, and is considered to be a sustainable transportation fuel. Alternatively, if bioethanol is used in higher, or 100 % concentrations, but in this case adopted vehicles engines are typically needed. 

Starting with biomass harvesting, there are a number of steps to follow until the final product, the ethanol is obtain(figure 1).  



Fig. 1. Steps in bioethanol production.


.

Of these processes, present paper is studying the alcoholic fermentation of glucose to ethanol. The bioreactor in which the glucose fermentation takes place is a continuous stirred-tank reactor with constant substrate feed flow. The three main components of the bioreactor are[2]:


· the biomass as a suspension of yeast fed into the system and evacuated continuously;


· the substrate which is solution of glucose needed in order to feed the micro-organism;


· ethanol as final product evacuated together with other components.

Inorganic salts, which are necessary compounds for the formation of coenzymes, are added together with the yeast.


II. BIOREACTOR MODEL

The kinetic equation used in the bioreactor model represents the Monod modified equations based on Michaelis-Menten kinetics, proposed by Aiba et al., and described by Z.K. Nagy[2-4].

The mass balances for the biomass is expressed by equation (1) as:

          



where cX represent  the biomass(yeast) concentration(h-1), µx is the maximum specific growth rate(h-1), cS is the glucose concentration(g/l), KS is constant in the substrate term for growth(g/l), Kp represent constant of growth inhibition by ethanol(g/l), cP is the product concentration (g/l), Fe is the outlet flow from the reactor(lh-1), V is the volume of the mass of reaction(l).

The mass balance for product is obtain as[2]:


               



where µP represent the maximum specific fermentation rate(h-1), KS1 is the constant in the substrate term for ethanol production(g/l) and KP1 is the constant of fermentation inhibition by ethanol(g/l).

Equation (3) represent the mass balance for the substrate:

          



where RSX is ratio of cell produced per glucose consumed for growth, RSP is the ratio of ethanol produced per glucose consumed for fermentation, and cS,in represent the glucose concentration in the feed flow.

For the reactor and jacket, the energy balance is described by equations (4) and (5)[2]. In this equations, Tin is the temperature of the substrate flow into the reactor(0C), Tr represent the temperature in the reactor(0C), rO2 is the rate of oxygen consumption(mgl-1h-1), ΔHr is the reaction heat generated by the fermentation process, ρr and ρag is the density of the mass of reaction respectively the density of cooling agent(g/l).





Also in the equations (4) and (5), KT represent the heat transfer coefficient(Jh-1m-2K-1), AT is the heat transfer area(m2) and Cheat,ag respectively Cheat,r are the heat capacity of cooling agent and of mass of reaction(Jg-1K-1).

The rate of oxygen consumption is[2]:



 

with µO2 maximum specific oxygen consumption rate(h-1), KO2 constant of oxygen consumption(g/l) and cO2 oxygen concentration in the liquid phase(mg/l).


The balance for total volume for reaction medium is:



        

Regarding the model for pH neutralization process, it is known that the pH denotes the concentration of the ions [H+] through the following logarithmic function:




The dissociation equation for water is expressed as:




and Kw can be express as[7]:




The equation describing the pH neutralization process dynamics is[5-7]:



where FA and FB are the flow of acid and base, cA and cB represents the concentration of acid and base.


Equations (8), (10) and (11) correspond to the pH neutralization model, and this model is implemented in Simulink.


III. IMPLEMENTATION OF BIOREACTOR MODEL

The implementation of bioreactor model using Matlab Simulink is presented in figure 2.



Fig. 2. Implementation of the bioreactor model


Each of the equations describing the model was implemented using  Function Blocks from Simulink. 

Some of the parameters can be modified as one can see in figure 3.




Fig. 3. Block for parameter input

Because the temperature in the reactor depends of the flow of cooling agent, the first step in our analysis was to apply a step change in the flow of cooling agent in order to study the influence on the reactor temperature. The applied step change and the evolution of the temperature in the reactor are depicted in figure 4.



Fig. 4. Step change and the reactor temperature evolution

In order to study the dynamic behavior of the bioreactor system a step change with 20C in inlet flow temperature was applied, which can occur due to the ambient temperature[2]. The results are presented in figure 5.



Fig. 5. Dynamic response of the bioreactor in the case of step change in the temperature input flow

Analyzing the results of the simulation,  one can observe that the effect of the change in the inlet temperature have a major impact on the ethanol concentration and can be considered as a major disturbance in the system.

The implementation of the pH neutralization model is presented in figure 6.




Fig. 6. Model for pH neutralization process

The model was implemented using equations (8), (10) and (11) as is presented in figure 7. In order to study the response of the implemented model, a step change in the flow of base was simulated. The step change and the evolution of pH are presented in figure 8.

 

Fig. 7. Implementation of pH neutralization process models



Fig. 8. Step change and the pH evolution


A step change in the flow of base increases the pH value demonstrating that the implemented model can be used in our study.

IV. CONTROL STRATEGIES


Two control strategy has been take into account, based on simple bi-positional controller and PID controller. 

The used PID controllers from Simulink have the possibility of  tuning. and optimal PID controllers parameters was obtained.  

The results of simulations for different control strategies using  pH neutralization models are presented in figure 9.




Fig. 9. Comparative results for pH control

For the bioreactor implemented model, the results using different control strategies are presented in figure 10.


V. CONCLUSION


Models for bioreactor used in glucose fermentations and for pH neutralization process are presented. The models was implemented using Matlab Simulink and different control strategies are studied. The results of the study are presented comparatively in this paper. The study will continue with the implementation of different control strategies, in order to find optimal control strategy for temperature and pH.
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