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Abstract. Fossil fuels have become a great energy source worldwide. However, its prolonged 

use has caused severe environmental pollution problems. Biofuels generated from biomass as a 

product of microbial biotechnology emerge as an alternative to the use of compounds derived 

from oil. Therefore, their production results in complex experiments and source investment. 

That is why engineering studies implementation using mathematical models and simulation 

techniques should be specified in bioprocesses. The latter focused on optimizing the process 

parameters, maximizing productivity, generating greater profitability, and reducing cost. This 

research aimed at the computer-assisted evaluation of obtaining bioethanol from 

Saccharomyces cerevisiae to determine the most critical factors in the production process using 

a continuous mode. It was determined that the feed rate significantly influences the bioethanol 

volumetric productivity. 

 

 

 

 

1. Introduction 

For many years, fossil fuels have become vital alternative energy worldwide. However, its use has 

negatively impacted the environment causing pollution problems [1,2]. The concern of scientists and 

researchers about climate change has brought with it the proposal of new researches focused on the 

use of renewable fuels [1], also known as biofuels, which are generated from biomass as a product of 

microbial biotechnology [3,4], avoiding the implementation of some stone process [5,6]. 

Among the most studied and implemented alternative fuels is bioethanol, made from the alcoholic 

fermentation of various sugars later into alcohols (-OH). Therefore, it is considered less toxic and 

highly biodegradable [1,6]. It occupies about 80% of the alternative fuels world production [2], is 

widely used in various industries and, its manufacture depends mainly on the substrate to be 

implemented, the flow fed into the process, and the bioreactor's operating mode, resulting in the total 

cost and profitability of the process in the global market [7]. However, its production is complex. For 

this reason, the implementation of engineering studies should be specified in bioprocesses through the 

development of mathematical models that describe the process with greater precision [8], as well as 

simulation techniques that allow optimizing the process parameters to maximize productivity, generate 

higher profitability, and reduce production cost [9-11]. Hence, its most studied way of ethanol 

production has been the batch mode using bioreactors. However, its main disadvantage is that ethanol 

accumulation can reach toxic levels that inhibit yeast growth, leading to reductions in productivity.  
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As an alternative to the above, the continuous mode offers significant advantages since it can 

maximize the ethanolic fermentation by adding the limiting substrate and extracting the exhausting 

substrate. Therefore, product concentration can remain diluted to values that allow the yeast growth.  

However, the implementation of large-scale improvements cannot be directly evaluated in 

industrial plants due to the high risk of errors during operation, which could translate into damages 

and economic losses for the industry. Process simulators like Simulink software are computational 

tools to solve problems and develop skills and experience for an ethanol production plant's operational 

training.  

A process simulator represents the operation of a natural plant, in which a professional can 

experience the operation of equipment, emergency cases, and abnormal situations during the 

development of a bioprocess. That is why the purpose of this study was to carry out a series of 

fermentation simulations to know the parameter behavior to evaluate the substrate and flow factors for 

bioethanol production from Saccharomyces cerevisiae. The latter, to determine the most fundamental 

factor in the production process using a simulated bioreactor operated in continuous mode.  

 

2. Methodology 

A transient mathematical framework is used to simulate biomass yeast 𝑋, substrate gradients 𝑆 and 

ethanol concentration 𝑃 based on a CSTR (continuous stirred tank reactor). The dynamic model 

consists of three equations as shown: 

 

   
𝑑𝑋

𝑑𝑡
=  −𝐷𝑋 +  µ𝑋                        (1) 

 
𝑑𝑆

𝑑𝑡
=  𝐷 (𝑆𝑓𝑒𝑒𝑑 − 𝑆) − 𝑞𝑠𝑋                            (2) 

 
𝑑𝑃

𝑑𝑡
=  −𝐷𝑃 + 𝑞𝑃 𝑋                                        (3)  

 

 Where 𝐷 is the dilution rate and 𝑆𝑓𝑒𝑒𝑑 is the substrate concentration fed at the bioreactor. Both 

are mentioned in Table 1. The expressions µ, 𝑞𝑠 and 𝑞𝑃 are kinetic rates for biomass production, 

substrate uptake, and product formation and are calculated according to: 

 

         µ =
𝜇𝑚𝑎𝑥𝑆

𝑘𝑠+𝑆
                                          (4) 

 

                        𝑞𝑠 =
µ

𝑦𝑋𝑆
                                                           (5) 

 

                                                                    𝑞𝑃 = 𝑦𝑃𝑆𝑞𝑠                                        (6) 

 

Here, 𝜇𝑚𝑎𝑥  is the maximal specific biomass growth rate with a value close to 1.2 d
-1 

and 𝑘𝑠 is a 

substrate saturation constant with a level of 0.1 g/L. The biomass 𝑦𝑋𝑆 and ethanol 𝑦𝑃𝑆 yields were 

previously calculated using and Operating Training Simulator Software [12]. This research 

implemented a 3
2
 factorial design and a response surface design to evaluate the substrate (S0feed) and 

flow (F0) factors in bioethanol production by Saccharomyces cerevisiae. Nine simulations were 

estimated (see Table I) and were carried out using the Simulink software. The educational and 

research software allows real-scale culture simulations in a stirred tank reactor that implements 

various operating modes.  
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Table 1. Operating parameters set up. Glucose Concentration (S0feed), Feed (F0), and  

Dilution rate  (D) 

Simulation S0feed (g/L) F0 (mL/min)  D (h
-1

) 

1 (-1) 10 (-1) 1 0.006 

2 (+1) 20 (+1) 5 0.030 

3 (-1) 10 (+1) 5 0.030 

4 (+1) 20 (-1) 1 0.006 

5 0 15 0 2 0.012 

6 (-1) 10 0 2 0.012 

7 (+1) 20 0 2 0.012 

8 0 15 (-1) 1 0.006 

9 0 15 (+1) 5 0.030 

 

Nine simulations were started, each in Continuous Mode using the same parameters. However, 

different concentrations of substrate and flow rate were implemented, as expressed in Table I.  

The Simulink software is used for processes control and works with codes for visualization, data 

monitoring, control, and simulation of industrial bioprocessing. Combining interface and 

programming routines uses graphical user interphases (GUI), algorithms developed using Matlab 

codes, block diagrams. 

Figure 1 shows the diagram process for continuous ethanol production using the Simulink software 

 

 
 

Figure 1. Bioprocess set up for ethanol production using a continuous mode (Simulink model). 

 

3. Results and Discussions 

The ethanol production in a stirred tank bioreactor operating in continuous mode can be restricted by 

the amount of substrate used, contamination, and operating conditions. At an industrial level, the 

modeling of the process allows evaluating the feed flow behavior and the biomass concentration, 

generating more significant process optimization, therefore, high profitability [3]. 

Figure 2 shows the global results of the maximum biomass and ethanol values obtained under the 

effect of the feed flow and substrate fed concentration. It is observed that the maximum biomass 
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values are obtained by operating the bioreactor at a flow of 1.0 mL/min and a substrate concentration 

at the equipment inlet with a level of 20 g/L. Interestingly, at the same previous operating conditions, 

the best levels of biofuel are obtained.  

 

 
 

Figure 2. Maximum concentrations of ethanol and biomass obtained in the simulations carried out 

 

The results obtained in the simulations carried out the Simulink software allowed observing 

different scenarios by relating the flow factor, where a substrate feeding of 10, 15, and 20 g/L, 

respectively, reached the stable ethanol state at day 5 using a F0 = 5 ml/min (see Figures 3C, 4C, and 

5C). However, when using an F0 = 2 ml/min, at least 15 days are required to produce ethanol at a 

stable state (see Figures 3B, 4B, and 5B). Lastly, when using a flow rate equal to 1 ml/min, a 

considerable increase in time required to stabilize the ethanol concentration is shown in Figures 3A, 

4A, and 5A. Therefore, more than 20 days are needed to reach a stable state.   

However, simulation four on day 20 produced close to 2 g/L of ethanol (Figure 5A). The maximum 

biomass concentration occurred on the sixteenth day in simulation 4, being 3.85 g/L when 

implementing an F0 = 1 ml/min and S0feed = 20 g/L, followed by simulation 8 with 3.37 g/L using F0 = 

1 ml/min and S0feed = 15 g/L.  

On the other hand, the lowest biomass concentrations occurred 6 days after starting the process in 

simulation 3 (Figure 3C), being 1.56 g/L with S0feed = 10 g/L and F0 = 5 ml/min and, the simulation 9 

(Figure 4B) with 1.69 g/L using S0feed = 15 g/L and F0 = 5 ml/min. When using a S0feed = 10 g / L in 

simulations 1, 3, and 6, the highest ethanol production was obtained in simulation 1 (Figure 3A) when 

using an F0 = 1 ml/min, 1.18 g/L. Simulations 5, 8, and 9 were implemented a S0feed = 15 g/L where 

simulation 8 produced 1.59 g/L of ethanol (Figure 4A) with an F0 = 1 ml/min, while the lowest 

production is shown in simulation 9 being 1.22 g/L (Figure 4). Finally, simulations 2, 4, and 7 

produced more than 1.2 g/L of ethanol when using S0feed = 20 g/L (Figure 5).  
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Figure 3. Flow rate effect on ethanol production using a feeding glucose concentration of 10 g/L. (a) 

F0 = 1 ml/min; (b) F0 = 2 ml/min; (c) F0 = 5 ml/min. 

(a) 

(b) 

(c) 
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Figure 4. Flow rate effect on ethanol production using a feeding glucose concentration of 15 g/L. (a) 

F0 = 1 ml/min; (b) F0 = 2 ml/min; (c) F0 = 5 ml/min. 

(a) 

(b) 

(c) 



URICSE 2021
Journal of Physics: Conference Series 2049 (2021) 012086

IOP Publishing
doi:10.1088/1742-6596/2049/1/012086

7

 
 
 
 
 
 

 

 

 
 

Figure 5. Flow rate effect on ethanol production using a feeding glucose concentration of 20 g/L. (a) 

F0 = 1 ml/min; (b) F0 = 2 ml/min; (c) F0 = 5 ml/min. 

(a) 

(b) 

(c) 
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The preceding suggests that ethanol production is favored when using 5 ml/min flow rates. The 

latter suggests a relationship between the biomass-ethanol concentrations and the flow rate 

implemented. Furthermore, in a study [10], researchers evaluated the glucose concentration in the feed 

stream and the dilution rate by implementing a non-linear analysis of the cybernetic model. The 

mentioned work concluded that the dilution rate plays an essential role in the cellular metabolism of 

microorganisms where biomass cells are sensitive to a high dilution rate, which is directly related to 

the flow rate. 

Likewise, glucose can enrich the cells in a continuous stirred tank reactor (CSTR), achieving a vital 

biomass yield in ATP when implementing other carbohydrates as a carbon source in SBR and CSTR 

reactors [11-13]. The latter is because most microorganisms can metabolize monosaccharides, mainly 

glucose, to carry out their metabolic reactions and bioproducts. 

Likewise, the maximum volumetric productivities of biomass and ethanol were reached in 

simulations 2 and 9, respectively: 0.050 g/Lh and 0.054 g/Lh for biomass and 0.037 g/Lh and 0.036 

g/Lh for ethanol (both simulations implemented an F0 = 5 ml/min).  

On the other hand, simulations 1 and 8 obtained the lowest values in the volumetric productivity of 

biomass with 0.017 g/Lh and 0.020 g/Lh and ethanol being 0.0071 g/Lh and 0.0095 g/Lh when 

implementing a flow rate of 1 ml/min. Results can be seen in Figure 6.  

 

 
 

Figure 6. Volumetric productivity of ethanol and biomass obtained.   

 

The response surface technique establishes a relationship between the experimental and the 

observed parameters, analyzing the effect of the factors applied in the process, thus generating a 

mathematical model capable of identifying the variable of interest in the process [14-16]. According to 

the results obtained by evaluating flow and substrate effect on biomass and ethanol productivity (see 

Figure 7), it is observed that the predominant factor is the flow rate so that slight variations in 

substrate concentration increase the productivity of both biomass and ethanol. However, the substrate 

affects the productivity of the process to a lesser degree since significant changes are not reflected in a 

considerable increase in productivity. According to [5], the high substrate concentrations allow a high 

ethanol production because the raw material can more easily bind to the enzyme's active site, thus 

generating higher productivity.  
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Figure 7. Contours of (a) Biomass Qx and (b) Ethanol productivities evaluated for different 

Volumetric productivity of ethanol and biomass obtained.   

 

However, it should be noted that the excessive increase in substrate concentrations causes various 

problems in the enzymatic capacity of the microorganism, resulting in the proliferation of inhibitory 

compounds that end up limiting mass transfer in the bioprocess [17]. 

Therefore, the bioethanol industry generates greater interest every day by playing a fundamental 

role in forming a sustainable energy system capable of reducing greenhouse gases and increasing the 

production of renewable fuels [18].  

The efficiency of a biological process can be improved by employing engineering studies that 

allow the modeling and optimization of process variables [19-21]. The mathematical modeling of the 

bioprocess allows controlling key factors such as the substrate concentration and the fed flow, 

guaranteeing the minimization of waste through the optimal use of raw materials, achieving greater 

profitability, stability, and productivity in the process.  

 

4. Conclusions 

Bioethanol is considered an ideal substitute for fossil fuels, playing a fundamental role in forming a 

sustainable energy system. Furthermore, the modeling of a bioprocess at an industrial level makes it 

possible to evaluate the behavior of the feed flows and the concentrations obtained from biomass and 

ethanol, generating more significant optimization of the process and, therefore, high profitability. The 

results of this study suggest that the use of flow rates with values of 1 ml/min favor biomass 

production, while ethanol production is favored when using flow rates of 5 ml/min; as well as, the 

high concentrations of substrate favor a high production of ethanol, by generating greater 

incorporation of the molecule with the active site of the enzyme.  
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