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Abstract: The present study focuses on the overproduc-
tion of bioethanol through submerged fermentation. In 
a batch-scale submerged bioreactor using a traditional 
and an industrial Saccharomyces cerevisiae (NCYC 4109 
and SFO6) strains, the fermentation was accomplished. 
The effects of the substrate brix (20.50–24.00 °Bx) and 
inoculum percentage in the initial fermentation solution 
(15%–45%) as independent variables on bioethanol pro-
duction (g/l) as the dependent variable were assessed 
using the response surface methodology. Using the 
obtained experimental values for the response variable 
based on experiments for the fermentation parameters, 
a general model (second-order) with high coefficient of 
determination values (R2 > 95%) was generated to predict 
the bioethanol concentrations that were obtained using 
both yeast strains. The obtained results indicated that the 
optimum fermentation conditions to overproduce bioeth-
anol (56.14 g/l) using the SFO6 yeast were at the substrate 
brix and inoculum percentage values of 24.70 °Bx and 
26.35%, respectively. However, a higher concentration of 
bioethanol (53.1 g/l) using the NCYC 4109 yeast strain was 
obtained at the substrate brix and inoculum percentage 
values of 24.68 °Bx and 40.07%, respectively.

Keywords: bioethanol production; inoculum density; 
optimization; response surface methodology; Saccharo-
myces cerevisiae.

1  �Introduction

After the overutilization of fossil fuels in the past, con-
cerns are being raised regarding their exhaustible nature 
and their negative environmental impacts [1]. In the last 
decades, there have been many attempts to develop new 
processes for finding replacements that do not have 
their negative features but are commercially practical. 
Bioethanol and biodiesel can be produced from agricul-
tural products and wastes, and have attracted attention 
because of their huge and diverse raw material avail-
ability [2–5]. Compared to the conventional fossil fuels, 
bioethanol has numerous advantages such as lower 
emission of volatile organic compounds and higher spe-
cific energy and heat of vaporization [6]. Bioethanol, as 
with other sustainable energy sources, has got its own 
advantages and disadvantages. One of the disadvantages 
of the current production routes is the low productivity 
of the process in comparison with the current chemical 
process, which has motivated the manipulation of the 
process conditions in order to increase productivity [7]. 
Studies have shown that the performance of fermentation 
is highly dependent on the type of microorganism strain 
that is used as the producing agent, the type and volume 
of the bioreactors, the type and composition of culture 
media and proper nutrients, and the pH and temperature 
of the fermentation media [8–10].

One of the factors that can significantly affect the 
fermentation efficiency is the initial concentration of the 
activated yeast in the medium, which should be able to 
tolerate the higher osmotic pressure of the growth medium 
and bioethanol concentration [11, 12]. As the initial con-
centration of the inoculum is increased, the required time 
for the completion of the fermentation process would 
decrease, and consequently the amount of alcohol pro-
duced will also decrease because of the lesser quantity of 
substrate present in the medium. Thus, there should be 
a balance between the speed of production of bioethanol 
and the appropriate final concentration [10, 13–15].

Some studies have arrived at appropriate models for 
describing the produced bioethanol based on process 
variables such as temperature, substrate type, and 
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concentration. Laluce et  al. utilized the response surface 
methodology (RSM) with central composite design (CCD) as 
a statistical analysis and design procedure in order to better 
monitor, model, and optimize the inoculum size, sub-
strate density, and temperature in bioethanol production. 
Their study revealed such independent variables’ effects 
on bioethanol production and also showed that statistical 
procedures could be successfully utilized for modeling to 
optimize the process [15]. In fact, statistical methods can 
easily determine the interaction effects of the independent 
parameters on the responses [16]. On the other hand, the 
obtained mathematical models generated using experi-
mental data can be used to predict the responses of the 
process and to find the optimum process conditions [10].

In this work, an industrial and a traditional Saccharo-
myces cerevisiae strains, which were screened in our pre-
vious study, were used to overproduce bioethanol selected 
through optimization [17]. In order to do that, the sub-
strate brix (°Bx) and the inoculum percentage were used 
as independent variables and alcohol production (g/l) as 
the dependent variable. Experimental design and RSM 
were used to evaluate the effects of changing the variables 
on the rapid fermentation in bioethanol production.

2  �Materials and methods
2.1  Materials

The molasses used as the substrate was supplied by Sahand Sugar 
Beet Company (Khoy, Iran). It has a brix value, total amount of 
reduced sugar, pH, ash content, and density of 74.07 (°Bx), 48.65%, 
6.16, 9.6% (v/v), and 1.385 × 103 (kg/m3), respectively. Based on the 
obtained results of our previous study, two different kinds of dried 
form of S. cerevisiae strains, namely NCYC 4109 (a traditional bakery 
yeast from the National Collection of Yeast Cultures, Norwich, UK) 
and SFO6 (an industrial yeast from Iran Mayeh Company, Tehran, 
Iran), were selected and provided by the Agricultural Research and 
Education Natural Resources Center (West Azerbaijan, Urmia, Iran) 
[17]. Sulfuric acid, diammonium hydrogen phosphate (DHP), and 
urea as the pH adjuster, P, and N sources, respectively, were pur-
chased from the Dr. Mojallali Company (Tehran, Iran).

2.2  �Inoculum preparation and anaerobic fermentation

In order to prepare of the inoculum (biomass), sterile molasses was 
diluted using distilled water to provide a diluted molasses solution 
with a brix value of 11.24 (°Bx), and its pH was set to 4.2 using sulfuric 
acid (30% v/v). Urea (250 ppm) and DHP (500 ppm) were added to 
the substrate to increase its nutritional value. Each provided dried 
yeast (0.3 g) was added to 1 l of the prepared substrate. The samples 
were incubated at 32°C for 14 h and then aerated (1 volume of air per 
volume of liquid per minute).

In order to produce bioethanol, batches of submerged fermenta-
tion molasses with different brix values (20.5–24.00 °Bx) were pre-
pared and used as the fermentation substrates. They were added 
to different amounts of the provided inoculum (15–30 ml) to obtain 
100 ml each of the fermented solution (including the substrate and 
inoculum). The solution mixtures were then poured into 250-ml 
sealed bottles and incubated at 32°C for 32 h.

2.3  �Analysis

Concentration of bioethanol: At the end of anaerobic fermenta-
tion, the concentration of the produced bioethanol was calculated 
using the technique described by Son et  al. [18]. In this method, 
after bioethanol distillation, the true brix value in the distilled fer-
mentation broth was measured by a refractometer (Index instrument 
Ltd., Kissimmee, FL, USA) and the bioethanol concentration using a 
hydrometer.

2.4  �Design of experiments and statistical analysis

As a useful statistical method, RSM has numerous advantages 
including designing experiments that yield sufficient and consist-
ent measurements of the studied responses, achieving a model that 
best fits the experimental data, and gaining optimum values of the 
experimental parameters that lead to target values for the responses 
[16, 19–21].

According to the literature, the effects of two independent vari-
ables, namely the substrate brix (°Bx, X1) and percentage of inoculum 
(%, X2), in the initial fermentation solutions on the response variable, 
namely the bioethanol concentration (g/l, Y), were evaluated using 
RSM [15, 17]. The experiments were designed by a two-factor CCD 
based on cubic points and using one block, which indicated that 
the total experiment runs should be 13  with five replicates for the 
center points [16]. Table 1 shows the levels of the studied variables. 
A general polynomial model was used to establish the relationship 
between the response variable of the fermentation process and the 
two independent variables for each microorganism:

	 2 2
0 1 1 2 2 11 1 22 2 12 1 2Y X X X X X Xβ β β β β β= + + + + + � (1)

where Y and Xi are related to the bioethanol concentration and fer-
mentation parameters, respectively. Furthermore, β is a constant, 
and βi, βii, and βij represent the coefficients of the main, quadratic, 
and interaction terms, respectively. Significant differences between 
the fermentation parameters were analyzed using the analysis 
of variance (ANOVA) and based on the p-value. In fact, a small 
p-value (p < 0.05) means a significant effect of the terms (e.g. linear, 

Table 1: Fermentation conditions and their levels.

Independent variables Unit Levels

Low Middle High

X1, substrate brix (°Bx) 20.50 22.25 24.00
X2, inoculum percentage (%) 15 30 45
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quadratic, and interaction) on the responses [22]. Adequacy of the 
generated models was evaluated using the coefficient of determina-
tion (R2 and R2-adjusted) [20].

2.5  �Optimization procedure and model verification

To better visualize the interaction effects of the fermentation vari-
ables on the bioethanol concentration, three-dimensional surface 
plots were established for each yeast strain [14]. In order to show 
graphically the optimum area, the contour plots were used [19]. For 
obtaining the exact values of the optimized fermentation conditions 
under which bioethanol with highest concentration was produced, 
numerical optimization was used [23]. To verify the acceptability of 
the fitted models, Tukey’s comparison test was performed between 
the values of the predicted and experimental bioethanol concentra-
tion at the obtained optimum fermentation conditions. The Minitab 
statistical software (Minitab Inc., version 16.2.4, PA, USA) was used 
for CCD, RSM, ANOVA, Tukey’s test, optimization, and verification 
procedures.

3  �Results and discussion

3.1  �Response surface models investigation

The response values for the experimental data (Tables 2 
and  3) were used to fit and generate second-order poly-
nomial models for studying bioethanol production as 
a function of the fermentation variables using the SFO6 

and NCYC 4109 yeast strains, respectively. The estimated 
regression coefficients and p-values of all terms are given 
in Tables  4 and 5 for the fitted models based on SFO6 
and NCYC 4109 strains, respectively. As can be seen from 
Table 4, among all the terms, the main term (i.e. the inocu-
lum percentage) in the fermentation solution and quad-
ratic term (i.e. substrate brix) had only insignificant effects 
on the bioethanol production using the industrial yeast 
strain (SFO6). The high value (0.9653) of the coefficient of 
determination (R2) and the reasonably high value (0.7622) 
of R2-adjusted confirmed the suitability of the resulting 
model for predicting the produced bioethanol concentra-
tion using the yeast SFO6  within the defined ranges for 

Table 2: Matrix of the CCD for bioethanol production using the SFO6 
yeast.

Run   Substrate 
brix (°Bx)

  Inoculum 
(%)

  Bioethanol 
concentration 

(g/l)a

  Bioethanol 
concentration 

(g/l)b

1   24.72  30.0  55.62  55.91
2   22.25  30.0  55.23  55.27
3   20.50  15.0  49.70  49.27
4   24.00  45.0  50.49  50.92
5   22.25  30.0  55.23  55.27
6   22.25  30.0  54.99  55.27
7   22.25  30.0  55.38  55.27
8   22.25  30.0  55.54  55.27
9   20.50  45.0  50.6  51.43
10   19.78  30.0  53.49  53.20
11   22.25  51.2  48.78  47.88
12   24.00  15.0  54.44  53.60
13   22.25  8.8  47.34  48.24

aExperimental value.
bPredicted value.
CCD, Central composite design.

Table 3: Matrix of the CCD for bioethanol production using the NCYC 
4109 yeast.

Run   Substrate 
brix (°Bx)

  Inoculum 
(%)

  Bioethanol 
concentration 

(g/l)a

  Bioethanol 
concentration 

(g/l)b

1   24.72  30.0  50.34  50.14
2   22.25  30.0  51.68  51.05
3   20.50  15.0  44.97  45.07
4   24.00  45.0  51.29  51.26
5   22.25  30.0  52.07  51.05
6   22.25  30.0  52.47  51.05
7   22.25  30.0  51.68  51.05
8   22.25  30.0  50.89  51.05
9   20.50  45.0  41.20  38.23
10   19.78  30.0  44.97  45.95
11   22.25  51.2  39.45  40.51
12   24.00  15.0  35.40  37.96
13   22.25  8.8  37.08  35.94

aExperimental value.
bPredicted value.
CCD, Central composite design.

Table 4: p-Values and regression coefficients for the generated 
model based on the yeast strain SFO6.

 p-Value   
 

Regression coefficient

Parameters Independent 
variables

  p-Value β   Coefficient

Constant     0.000  β0 (constant)   55.27
Main   X1   0.008  β1   0.95

  X2   0.638  β2   −0.12
Quadratic   X1

2   0.236  β11   −0.35
  X2

2   0.000  β22   −3.60
Interaction   X1X2   0.013  β12   −1.20
R2     0.9653   
R2-adjusted     0.7622   

1, Substrate brix (°Bx); 2, inoculum (%).
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the fermentation conditions. As can be seen from Table 5, 
all the terms in the generated model for predicting bioeth-
anol concentration throughout the fermentation process 
using a traditional bakery yeast (NCYC 4109) had signifi-
cant (p < 0.05) effects. The higher values of R2 (0.9776) and 
R2-adjusted (0.8508) also verified the fitness of the pro-
posed model.

3.2  �Influence of the fermentation conditions 
on the bioethanol concentration

Effects of the fermentation parameters, namely substrate 
brix and percentage of inoculum in the initial fermen-
tation solution, on the concentration of the produced 
bioethanol using SFO6 and NCYC 4109 yeast strains are 
presented in Figure 1A and B, respectively. As can be seen 
in Figure 1A, during bioethanol production using the 
yeast strain SFO6, at a lower substrate brix, by increas-
ing the inoculum percentage the concentration of pro-
duced bioethanol increased. However, at higher substrate 
brix, with an increase in the amount of inoculum, the 
concentration of the produced bioethanol increased and 
then decreased. This can be described by the fact that 
at low substrate brix, a high amount of inoculum can 
drastically decrease the duration of the yeast lag phase 
of growth, which in turn could initiate the bioethanol 
production. On the other hand, at high substrate brix, 
it seems that by increasing the percentage of inoculum, 
the concentration of biomass and bioethanol increased, 
which in turn increased the osmotic pressure of the fer-
mentation broth and inhibited the growth of the yeast. 
Therefore, the bioethanol production decreased, as can 
be seen at higher substrate brix and inoculum percentage 
(Figure 1A). As can be seen in Table 2, the concentration 

of bioethanol produced by the yeast SFO6 changed from 
47.34 to 55.62  g/l, while concentration of the produced 
bioethanol using the yeast NCYC 4109 varied from 35.40 
to 52.47 g/l (Table 3). As can be seen in Figure 1B, at higher 
substrate brix, by increasing the percentage of inoculum 
(NCYC 4109) in the initial fermentation solution, the con-
centration of the produced bioethanol increased. The 
opposite trends in the produced bioethanol concentration 
using both yeasts at higher substrate brix and the amount 
of inoculum revealed that the traditional bakery yeast 
(NCYC 4109) was tolerant to the high osmotic pressure 
of the fermentation broth. However, the concentration of 
the produced bioethanol using this yeast was lower than 
that produced using the industrial yeast (SFO6), as can be 
observed in Tables 2 and 3.

Table 5: p-Values and regression coefficients for the generated 
model based on the yeast strain NCYC 4109.

p-Value  
 

Regression coefficient

Parameters Independent 
variables

  p-Value β   Coefficient

Constant     0.000  β0 (constant)   51.05
Main   X1   0.010  β1   1.48

  X2   0.006  β2   1.61
Quadratic   X1

2   0.012  β11   −1.50
  X2

2   0.000  β22   −6.41
Interaction   X1X2   0.000  β12   5.03
R2     0.9776   
R2-adjusted     0.8508   

1, Substrate brix (°Bx); 2, inoculum (%).
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Figure 1: Surface plots of the concentration of the produced 
bioethanol (g/l) as function of the substrate brix (°Bx) and inoculum 
percentage (%), during fermentation using the yeast strains 
(A) SFO6 and (B) NCYC 4109.
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3.3  �Optimization of the submerged 
fermentation conditions to overproduce 
bioethanol

Graphical optimizations of the fermentation conditions 
using the yeast strains SFO6 and NCYC 4109 to over-
produce bioethanol are indicated in Figure  2A and B, 
respectively. As can be seen in Figure 2A, the minimum 
concentrations for the produced bioethanol using the 
industrial yeast (SFO6) were obtained at lower substrate 
brix and inoculum percentage and higher substrate brix 
and percentage of inoculum. However, the maximum 
concentrations of the produced bioethanol using the 
yeast of SFO6 were obtained at the substrate brix ranging 
from 19 to 35 (°Bx) and an inoculum percentage value of 
higher than 22%. Numerical optimization indicated that 
the maximum concentration of the produced bioethanol 
using SFO6 (56.14 g/l) was obtained at the substrate brix 
and inoculum percentage values of 24.70 °Bx and 26.35%, 

respectively. As can be seen in Figure 2B, the minimum 
concentrations for the produced bioethanol using the 
traditional bakery yeast (NCYC 4109) were obtained at 
lower substrate brix and higher inoculum percentage and 
at lower inoculum percentage and higher substrate brix, 
while higher concentrations of the produced bioethanol, 
using the yeast of NCYC 4109, were obtained at both higher 
substrate brix (>21 °Bx) and inoculum percentage (>25%). 
Numerical optimization illustrated that the maximum con-
centration of the produced bioethanol using NCYC 4109 
(53.1 g/l) was obtained at the substrate brix and inoculum 
percentage values of 24.68 °Bx and 40.07%, respectively. 
The nonsignificant differences between the values of the 
experimental and predicted concentration of the produced 
bioethanol at the obtained optimum fermentation condi-
tions using the yeasts strains SFO6 and NCYC 4109 verified 
the adequacy of the generated models. The experimental 
values for the concentrations of the produced bioethanol 
at the obtained optimum conditions using SFO6 and NCYC 
4109 were 55.2 ± 2 and 54.23 ± 2 g/l, respectively.

4  �Conclusions
Based on the above study, it can be concluded that RSM 
can be an effective method to predict, model, and optimize 
bioethanol production by manipulating the process vari-
ables. In this regard, the influence of the interaction of the 
substrate brix and the inoculum percentage was remark-
able on bioethanol production for two selected (industrial 
and traditional bakery) yeast strains in order to maximize 
the productivity. However, the findings of the present 
study revealed that the industrial strain had higher resist-
ance against osmotic pressure of the fermented broth than 
the traditional bakery yeast strain.
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