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Abstract: Alternative to the use of fossil fuels are biofuels (e.g., bioethanol, biodiesel and biogas),
which are more environmentally friendly and which can be produced from different renewable
resources. In this investigation, bioethanol production from raw sugar beet cossettes (semi-solid
substrate) by yeast Saccharomyces cerevisiae in a horizontal rotating tubular bioreactor (HRTB) was
studied. Obtained results show that HRTB rotation mode (constant or interval) and rotation speed
have considerable impact on the efficiency of bioethanol production in the HRTB. The main goal of
this research was to develop a non-structural mathematical model of bioethanol production from raw
sugar beet cossettes in the HRTB. The established mathematical model of bioethanol production in
the HRTB describes substrate utilization and product formation (glycerol, ethanol and acetate) and
presumes negative impact of high substrate concentration on the working microorganism (substrate
inhibition) by using Andrews inhibition kinetics. All simulations of bioethanol production in the
HRTB were performed by using Berkeley Madonna software, version 8.3.14 (Berkeley Madonna,
Berkeley, CA, USA). The established non-structural bioprocess model describes relatively well the
bioethanol production from raw sugar beet cossettes in the HRTB.

Keywords: bioethanol; sugar beet cossettes; horizontal rotating tubular bioreactor; mathematical
modelling; Andrews model

1. Introduction

Today, when the demand for energy is constantly increasing and environmental pollu-
tion caused by fossil fuels usage is on the rise, an alternative is necessary. Bioethanol among
other biofuels (biodiesel, biogas) can replace fossil fuel usage and contribute to a cleaner
and safer environment. Interesting enough, so far, it has been shown that several different
feed stocks can be used for its production [1–4] with promising results. In 2020, world
bioethanol production is still based on corn and sugarcane as the most often used raw ma-
terials. Corn represents 62% (ca. 62 millions m3), sugarcane 30% (ca. 30 millions m3), sugar
beet and manioc 7% (ca. 7 millions m3) and all other raw materials 1% (ca. 1 million m3) [5].
For industrial bioethanol production, the most often used bioprocess conduction modes
are fed batch, repeated batch or continuous mode. Semi-solid or solid state bioethanol
production systems are related to the bioprocess with very high gravity fermentation me-
dia [6,7]. These bioethanol production systems are not often present at industrial scale due
to their substrate or ethanol inhibitions, which have to be overcome to establish a stable
bioethanol production system [8]. In Brazil, bioethanol production is based on the sugar
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cane and in North America on corn as raw materials [9]. In Europe, the sugar [10–12] and
starch [8] containing raw materials are still the main raw materials for industrial bioethanol
production. Sugar factories often redirect surplus of sugar beet into bioethanol production
to achieve the sustainability of sugar production. The major cost of sugar production is
related to the transport and availability of sugar beet in the surrounding of sugar factories.
The current equipment of sugar factories produces different intermediates of sugar beet
processing (e.g., thin (15–18% sugar) or thick (65–67% sugar) sugar beet juice as well as
by-products (e.g., molasses ≈ 50% sugar)) that can be used for bioethanol production [13].
However, production of these intermediates in a classic bioethanol production system is
related to the main energy and water consuming operations such as sugar extraction from
sugar beet cossettes, sugar juice concentration by evaporation, ethanol distillation, and
distillers mash concentration and drying. These processes significantly affect the energy
input/output ratio as well as water consumption, and therefore they have direct impact on
the ecological sustainability of bioethanol production. In the semi-solid bioethanol produc-
tion system, sugar extraction by hot water and sugar juice concentration by evaporation
can be avoided, and therefore considerable reduction in energy and water consumption can
be achieved. Furthermore, reduced consumption of cooling water and energy for ethanol
distillation, as well as decreased volume of fermentation stillage due to the reduced volume
of fermentation broth, can be obtained [14,15]. Additionally, it is even possible to use non
sterilized sugar beet cossettes to additionally reduce energy demand at the beginning of
bioethanol production. However, this can have a dual effect due to the fact that sugar beet
naturally contains many different naturally occurring microorganisms [16,17]. Some of
them, due to improper storage or higher temperature during harvest, can contribute to
spoilage and loss of the sugar, which can lead to lower ethanol yields and productivity [18].
Sugar losses vary, and in literature it is reported that these losses can be in the range of
0.02–0.66% w/w, respectively [19,20]. The quality of bioethanol produced from sugar beet
is characterized by the lower content of fermentation by-products (e.g., higher alcohols)
compared with the fermentation of starch containing raw materials. Higher concentration
of by-products in unpurified ethanol reduces its price and can cause fast deterioration of
molecular sieves for ethanol dehydration [15,21]. Mathematical models are very useful tool
for the prediction of bioprocess performance under new experimental conditions and also
additional bioprocess optimization.

In this paper, the non-structural bioprocess model of bioethanol production from raw
sugar beet cossettes (semi-solid substrate) in the HRTB is presented. This mathematical
model describes substrate utilization, products formation (ethanol, glycerol and acetic acid)
and negative impact of high sugar concentration on a working microorganism by using
the Andrews kinetic model. It is based on experimental data obtained in our research of
bioethanol production in the HRTB [16]. So far, only a few mathematical models have
been developed describing bioethanol production from the intermediates of sugar beet
processing [22,23].

2. Materials and Methods
2.1. Bioethanol Production in the HRTB

In our previous research, a series of experiments in the HRTB (Rosing, Zagreb, Croatia)
was performed in order to evaluate the possibility of using semi-solid substrate (raw
sugar beet cossettes) for bioethanol production by using yeast S. cerevisiae (yeast strain
isolated from sugar factory; Culture collection of the Faculty of Food Technology and
Biotechnology University of Zagreb; YSLZ-01) as working microorganism [16]. The HRTB
is actually a tube 0.6 m long and 0.25 m wide with a total volume of 30 L. Inside the
bioreactor there are two paddles mounted symmetrically opposite each other. Their length
is the same as the length of the bioreactor, while their width is 0.04 m. The bioreactor
was placed on bearings that enable rotation of the whole bioreactor. Furthermore, the
HRTB is additionally equipped with a regulation system that enables continuous (constant)
or interval rotation with different rotation/stagnation times. The inoculum for HRTB
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inoculation was prepared in Erlenmeyer flasks (ratio medium/total volume = 0.4) on the
raw sugar beet juice (ca. 150 g L−1 of sugar) with the addition of 1 g L−1 of NH4H2PO4
(Sigma Aldrich, St. Louis, MO, USA), as an additional source of phosphate and nitrogen, in
order to support yeast growth and its physiological activity [16]. The flasks were cultivated
on a rotary shaker (rotation speed of 100 min−1) for 18 h at 28 ◦C. The study of bioethanol
production in the HRTB was also characterized by NH4H2PO4 addition (1 g kg−1 of raw
sugar beet cossettes). Prior to the addition of raw sugar beet cossettes and yeast inoculation,
the bioreactor was sterilized at 121 ◦C for 20 min. In this research, bioethanol production
was studied by different HRTB operational conditions (Table 1). In the first part of the
investigation, the impact of constant HRTB rotation on the bioethanol production was
examined by varying the speed from 5 to 15 min−1. In the second part of the investigation,
bioethanol production was studied by interval HRTB rotation (3–15 min per hour; rotation
speed 5–15 min−1). In the first two sets of experiments, the HRTB was filled with 5 kg
of unsterile raw sugar beet cossettes and inoculated with 1 L of yeast suspension (16.67%
v/w raw sugar beet cossettes). In the third part of investigation, the effect of different
working volume (ratio between the working (Vw) and total (VT) bioreactor volume) of
HRTB on bioethanol production was studied. In these experiments, the mass of raw
sugar beet cossettes in the HRTB was changed in the range of 5–17.5 kg. Depending on
the mass of initial sugar beet cossettes, the volume of yeast inoculum varied but always
remained 16.67% v/w. The study of bioethanol production in the HRTB was performed
at room temperature without pH value correction. Bioethanol production in the HRTB
was conducted by all combinations of operational parameters until ethanol concentration
reached approximately constant level in the period of at least 48 h. During the bioprocess,
broth samples were taken, and their constituents were determined by HPLC (Shimadzu,
Kyoto, Japan). All experiments in the HRTB were at least repeated, and the standard
deviation of all measurements was in the range of experimental error (below 4.8%) [16].

Table 1. Bioprocess efficiency parameters obtained during bioethanol production in the HRTB under
different operational conditions.

HRTB Operational
Conditions

Bioprocess Efficiency Parameters

YEtOH/S
(g g−1)

E
(%)

Pr
(g L−1 h−1)

Constant HRTB rotation mode

5 rpm 0.27 50.20 0.247

10 rpm 0.19 35.20 0.185

15 rpm 0.26 49.30 0.196

Interval HRTB rotation mode

3 min; 5 rpm 0.36 66.90 0.832

6 min; 5 rpm 0.44 81.80 0.682

9 min; 5 rpm 0.35 65.00 0.613

12 min; 5 rpm 0.43 79.90 0.769

15 min; 5 rpm 0.26 48.30 0.497

3 min; 10 rpm 0.40 74.30 0.552

6 min; 10 rpm 0.23 42.70 0.357

9 min; 10 rpm 0.35 65.00 0.812

12 min; 10 rpm 0.25 46.50 0.665

15 min; 10 rpm 0.33 60.70 0.583

3 min;15 rpm 0.35 64.30 0.934

6 min;15 rpm 0.31 57.60 0.327



Fermentation 2022, 8, 13 4 of 14

Table 1. Cont.

HRTB Operational
Conditions

Bioprocess Efficiency Parameters

YEtOH/S
(g g−1)

E
(%)

Pr
(g L−1 h−1)

9 min;15 rpm 0.32 58.70 0.606

12 min; 15 rpm 0.47 87.36 0.618

15 min; 15 rpm 0.22 40.90 0.332

Interval HRTB rotation mode (12 min; 15 rpm)—different initial mass of sugar beet cossettes

10.0 kg 0.45 83.64 0.560

12.5 kg 0.38 70.63 0.312

15.0 kg 0.37 68.77 0.548

17.5 kg 0.37 68.77 0.552

2.2. Mathematical Modelling of Bioethanol Production in the HRTB

The developed bioprocess model describes the changes in concentration of biomass
and main fermentation products detected in all experiments: ethanol, glycerol and acetic
acid. This mathematical model was developed by using computing Berkeley Madonna
software, version 8.3.14 (Berkeley Madonna, Berkeley, CA, USA). Generally, the kinetic
parameters of the developed model can be divided into two groups: fixed and adjustable.
The values of fixed and adjustable model parameters are presented in Tables 2 and 3.

Table 2. List and values of fixed mathematical model parameters.

Parameter YX/S
(g g−1)

YEtOH/S
(g g−1)

YGLY/S
(g g−1)

YACET/S
(g g−1)

Ks
(g L−1)

Ki
(g L−1)

Value 0.02 0.50 0.18 0.28 6.07 20.00

Table 3. Adjustable model parameters obtained during simulation of bioethanol production in the
HRTB under different operational conditions.

HRTB Operational
Conditions

Adjustable Model Parameters

Xk
(g L−1)

µmax
(h−1)

qEtOH
(g gx

−1 h−1)
qGly

(g gx
−1 h−1)

qAcet
(g gx

−1 h−1)
kd

(h−1)

Constant HRTB rotation mode

5 rpm 1.36 0.05 0.79 0.10 0.16 0.04

10 rpm 0.71 0.07 1.10 0.40 0.29 0.04

15 rpm 1.03 0.01 0.27 0.63 0.10 0.04

Interval HRTB rotation mode

3 min; 5 rpm 2.82 0.03 0.88 0.10 0.03 0.04

6 min; 5 rpm 1.49 0.05 0.80 0.01 0.08 0.04

9 min; 5 rpm 1.60 0.11 0.80 0.05 0.01 0.04

12 min; 5 rpm 1.66 0.06 0.90 0.14 0.06 0.04

15 min; 5 rpm 0.70 0.04 0.78 0.20 0.15 0.01

3 min; 10 rpm 1.13 0.08 0.65 0.08 0.08 0.01

6 min; 10 rpm 1.00 0.09 0.80 0.27 0.15 0.04

9 min; 10 rpm 1.70 0.10 0.68 0.06 0.003 0.02

12 min; 10 rpm 2.63 0.07 0.57 0.09 0.04 0.03
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Table 3. Cont.

HRTB Operational
Conditions

Adjustable Model Parameters

Xk
(g L−1)

µmax
(h−1)

qEtOH
(g gx

−1 h−1)
qGly

(g gx h−1)
qAcet

(g gx
−1 h−1)

kd
(h−1)

15 min; 10 rpm 1.35 0.02 0.61 0.13 0.07 0.01

3 min;15 rpm 2.10 0.07 0.75 0.07 0.05 0.02

6 min;15 rpm 1.00 0.07 0.30 0.10 0.06 0.01

9 min;15 rpm 1.60 0.09 0.48 0.09 0.02 0.02

12 min; 15 rpm 0.75 0.07 0.80 0.03 0.02 0.005

15 min; 15 rpm 0.80 0.07 0.82 0.26 0.17 0.03

Interval HRTB rotation mode (12 min; 15 rpm)—different initial mass of sugar beet cossettes

10.0 kg 0.58 0.07 0.80 0.18 0.07 0.007

12.5 kg 0.50 0.07 0.25 0.05 0.05 0.010

15.0 kg 2.00 0.07 0.13 0.04 0.01 0.001

17.5 kg 1.12 0.07 0.80 0.16 0.06 0.010

2.2.1. Yeast Growth during Bioethanol Production

The growth of the yeast that was introduced by inoculum at the beginning of each
experiment is defined by the following equation:

dX
dt

= µ × X − kd × X (1)

where specific growth rate is defined by

µ =
µmax × S(

Ks + S + S2

Ki

) (2)

The total yeast concentration (X) is the result of yeast growth and yeast cell decaying
(kd), which is presented in Equation (1). The specific growth rate of yeast cells (µ) is defined
using the Andrews model, which incorporates the negative impact of high substrate
concentration on biomass growth [24] (Equation (2)). Both µmax and kd are adjustable
parameters, and their values were predicted by mathematical model.

2.2.2. Products Formation during Bioethanol Production

The two main fermentation products produced by yeast are ethanol and glycerol.
During the fermentation process, air was not introduced in the HRTB, and therefore
the bioprocess was considered as an anaerobic process. The formation of the ethanol is
described by the following equation:

dEtOH
dt

= qEtOH × X (3)

where EtOH represents ethanol concentration, and qEtOH is a specific rate of ethanol
production (gEtOH/gx h). This parameter is also adjustable (qEtOH), and it is predicted by a
model for each specific experimental setup.

In has been shown that high sugar concentrations cause osmotic stress for the yeast
cells and therefore cause lower specific growth rates [25]. This phenomenon can be seen
in different cultivation media and with different compounds on which yeast cells can
be exposed [26,27]. It was observed that natural yeast cells’ response to such a stressful
condition is the production of osmoprotectant—namely, glycerol [27,28]. In addition to
osmoprotection, glycerol can serve as an alternative carbon source, it can be included in
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redox regulation, and it can be used as a precursor for glycerophospholipids [29]. Glycerol
production by yeast cells was incorporated in this model, but not its utilization in the yeast
metabolism.

Glycerol production is represented by the following equation:

dGlY
dt

= qGlY × X (4)

qGlY is an adjustable model parameter in Equation (4) and is predicted by the model.
During bioethanol production in the HRTB, lower concentrations of acetic acid were also
detected. Production of acetic acid has also been observed with many different strains of
S. cerevisiae that can be used in wine production [30]. One of the possible reasons for acetate
production may be an inability for yeast cells to synthesize lipids, which are important for
cell membrane integrity, for which pyruvate is the precursor. The yeast cell actually may
try to synthesize acetyl CoA as the precursor for lipid synthesis, but this is only possible
under aerobic conditions because of lack of oxygen yeast cells can accumulate acetyl CoA,
which can be very easily hydrolyzed to acetic acid [31]. It has also been seen that some
strains of S. cerevisiae are able to synthesize glycerol and larger quantities of acetic acid.
The reason for this are changes in carbon and NADH usage [32]. The change in acetic acid
concentration during fermentation in HRTB is given by the following equation:

dAcet
dt

= qAcet × X (5)

2.2.3. Substrate Utilization during Bioethanol Production

The main sugar found in the sugar beet cossettes is sucrose. During ethanol fermenta-
tion, the yeast hydrolyzes sucrose to glucose and fructose with an enzyme—invertase [33].
A carbon source is used for both yeast growth and products formation. Equation (6)
represents the change in substrate concentration over the ethanol production period in
the HRTB:

dS
dt

= − µ × X
YX/S

−qEtoH × X
YEtOH/S

−qGly × X
YGly/S

− qAcet × X
YAcet/S

(6)

2.2.4. Mathematical Model and Bioprocess Evaluation Criteria

The established mathematical model was evaluated by calculating mean square errors
between experimental and modeled values over the whole bioprocess period in the HRTB.
Mean square error was calculated by Equation (7):

MSE = (1/n) × Σ (actual − forecast)2 (7)

n = number of measuring points;
Σ = summation notation;
actual = original or observed y-value;
forecast = y-value from regression.
Generally, the lower the value of errors the better the mathematical model describes

experimental data. Furthermore, it has to be pointed out that the shape of the simulated
curve was also taken into consideration during the evaluation of the mathematical model
prediction efficiency.

Bioprocess efficiency parameters were calculated by using following equations:

YS = S0 − S (8)

YEtOH = EtOH − EtOH0 (9)

YEtOH/S =
YEtOH

YS
(10)
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E =
YEtOH/S

YEtOH/ST
× 100 (%) (11)

Pr =
YEtOH

t
(12)

where S0, EtOH0—initial concentration of substrate or ethanol (g L−1); S, EtOH—final
concentration of substrate or ethanol (g L−1); YS—total consumption of substrates (g L−1);
YEtOH—total ethanol yield (g L−1); YEtOH/S—conversion coefficient of substrate into ethanol
(g g−1); YEtOH/ST—theoretical conversion coefficient of substrate into ethanol (g g−1);
E—bioprocess efficiency (%), Pr—bioprocess productivity (g L−1 h−1) and t—time (h).

3. Results
3.1. Bioethanol Production in the HRTB

Bioethanol production from non-sterilized raw sugar beet cossettes in the HRTB was
studied by different bioreactor operational setup (different rotation speeds and modes)
together with different initial mass of sugar beet cossettes. In summary, all conversion
coefficients of substrate into ethanol (YEtOH/S), efficiencies (E), and productivities (Pr) are
given in Table 1.

From the data shown in Table 1, it can be seen that the obtained bioprocess efficiency
parameters are not clearly correlated with HRTB operational conditions by experiments
with constant HRTB rotation mode. In cases when interval HRTB rotation mode was used,
the highest bioprocess efficiency was observed by rotation of 12 min within one hour and
rotation speed of 15 rpm. This was the highest efficiency calculated in all experimental
setups. The study of ethanol production in the HRTB by constant and interval rotation
mode (first two sections in Table 1) were performed with 5 kg of raw sugar beet cossettes.
Generally speaking, it was observed that longer HRTB rotation time contributed to higher
bioprocess efficiency because of better homogeneity and mass transfer in the HRTB as a
consequence of longer mixing period. The rotation speed of HRTB, however, was less of
importance since relatively good yields were obtained at lower and higher rotation speeds.
Due to fact that the highest bioprocess efficiency (87.36%) was obtained at interval rotation
mode (12 min and 15 rpm), this setup was used in the final research stage where different
initial masses of sugar beet cossettes were added in the HRTB. In this stage, the highest
bioprocess efficiency parameters were observed by bioethanol production with 10 kg of
raw sugar beet cossettes in the HRTB.

3.2. Mathematical Model

The established bioprocess model is comprised of two types of parameters: fixed
parameters given in Table 2 and adjustable parameters presented in Table 3. Fixed model
parameters have the same values in established mathematical models, whereas adjustable
are changed during the simulation process.

Adjustable model parameters are µmax, qEtOH, qGly, qAcet and yeast cell death rate (kd).
All values for adjustable parameters are given in Table 3.

Initial concentrations of ethanol, glycerol and acetic acid are different for all experi-
ments, together with biomass concentration, which is logical because of the complexity of
the substrate and initial inoculum composition in each experiment. Due to the problems
with initial yeast biomass concentration determination (dispersion within the cossettes,
presence of small particles from the sugar beet that influenced the experimental data),
initial biomass concentration was predicted by the bioprocess model. Figure 1 shows the
modelled data in cases where constant HRTB rotation mode was used (10 rpm).
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Figure 1. Comparison between experimental (no line) and model values (dashed line) for (A) substrate
(•) and ethanol (N) concentration and (B) glycerol (�) and acetic acid (•) concentration obtained for
experiment with constant HRTB rotation mode (10 rpm). Discrepancies between experimental data
are presented as error bars.

An example of bioethanol production in the HRTB at interval rotation mode (12 min;
10 rpm) is presented in Figure 2, and discrepancies between modelled and experimental
data are given in Table 4.

Figure 2. Comparison between experimental (no line) and model values (dashed line) for
(A) substrate (•) and ethanol (N) concentration and (B) glycerol (�) and acetic acid (•) concen-
tration obtained for experiment with interval HRTB rotation mode (12 min; 10 rpm). Discrepancies
between experimental data are presented as error bars.
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Table 4. Mean square errors for bioethanol production in the HRTB under different bioreactor
operational conditions.

HRTB Operational Conditions
MSE

Substrate Ethanol Glycerol Acetic Acid

Constant HRTB rotation mode

5 rpm 480.60 53.05 42.70 0.26

10 rpm 273.79 30.38 3.84 2.02

15 rpm 629.86 18.83 15.79 11.83

Interval HRTB rotation mode

3 min; 5 rpm 265.64 29.35 3.56 1.22

6 min; 5 rpm 334.17 278.58 59.70 0.14

9 min; 5 rpm 75.38 173.65 14.24 0.54

12 min; 5 rpm 1468.88 265.26 3.18 0.49

15 min; 5 rpm 524.14 20.09 3.24 0.80

3 min; 10 rpm 144.53 1276.16 17.11 4.67

6 min; 10 rpm 649.08 505.06 8667.72 345.15

9 min; 10 rpm 690.02 4.52 3.15 0.04

12 min; 10 rpm 282.46 36.75 1.72 0.30

15 min; 10 rpm 171.00 40.83 2.97 1.94

3 min;15 rpm 336.39 53.30 1.04 2.09

6 min;15 rpm 365.11 27.05 7.42 4.70

9 min;15 rpm 601.61 250.88 8.05 0.59

12 min; 15 rpm 562.54 299.83 27.01 0.30

15 min; 15 rpm 279.14 57.95 4.14 1.92

Interval HRTB rotation mode (12 min; 15 rpm)—different initial mass of sugar beet cossettes

10.0 kg 377.57 81.06 8.51 1.69

12.5 kg 460.67 18.69 27.54 3.60

15.0 kg 401.92 528.26 14.28 3.79

17.5 kg 383.48 374.22 6.20 1.05

Results of bioethanol production in the HRTB with 17.5 kg of sugar beet cossettes and
interval HRTB rotation mode (12 min; 15 rpm) are presented in Figure 3. Discrepancies
between modelled and experimental data for all HRTB operational conditions are presented
in Table 4.
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Figure 3. Comparison between experimental (no line) and model values (dashed line) for
(A) substrate (•) and ethanol (N) concentration and (B) glycerol (�) and acetic acid (•) concen-
tration obtained for experiment with interval HRTB rotation mode (12 min; 15 rpm) and 17.5 kg
of initial mass of sugar beet cossettes. Discrepancies between experimental data are presented as
error bars.

4. Discussion

In this paper, a mathematical model representing bioethanol production from raw
sugar beet cossettes in the HRTB was developed. From the data shown in Table 1, it
can be seen that the constant HRTB rotation mode with different rotation speeds did
not show clear impact on bioethanol production efficiency. In cases with 5 and 15 rpm,
similar bioprocess efficiency parameters were observed. However, slightly lower bioprocess
efficiency parameters were observed at rotation speed of 10 rpm, probably as a consequence
of raw sugar beet cossettes heterogeneity. In general, constant HRTB rotation mode is
related to the lower bioethanol production efficiency. In cases when interval HRTB rotation
mode was used, the highest efficiency was observed when the bioreactor rotated 12 min
within one hour and when HRTB rotation speed was set to 15 rpm. This was the highest
efficiency calculated in all experiments concerning bioethanol production (E = 87.36%).
Due to this fact, this HRTB operational setup was applied in the final research stage where
different initial mass of sugar beet cossettes were added in the bioreactor. The highest
efficiency (83.64%) and productivity (0.560 g L−1 h) in these experiments were obtained by
bioethanol production in the HRTB with 10 kg of raw sugar beet cossettes (Table 1). The
impact of bioreactor operational parameters on the bioethanol production in the HRTB was
discussed in more detail earlier [16].

The mathematical model of bioethanol production from the raw sugar beet cossettes
in HRTB consists of different differential equations expressing the change in yeast biomass
concentration, substrate consumption and product formation over time (ethanol, glycerol
and acetic acid). Due to relatively high initial sugar concentration, and during the whole
fermentation process, a negative impact of substrate concentration (inhibition) on the yeast
growth rate was assumed. The effect of substrate inhibition is dominant, and it mitigates
the inhibitory effect of ethanol for instance. Additionally, it has been shown that sugar beet
cossettes can effectively be used as a carrier (immobilizing agent) for yeast cells during
ethanol production [34]. In this way, cells were in a way “protected” from an additional
inhibitory effect from ethanol but not from high sugar concentrations. Specific growth
rate was defined using the Andrews model, which is represented in Equation (2). The
model is comprised of two types of parameters: fixed (Table 2) and adjustable (Table 3)
parameters. Fixed model parameter means that it has the same value under all HRTB
operational conditions, whereas adjustable parameters are slightly changed depending on
the bioreactor operational conditions. Initial concentrations of ethanol, glycerol and acetic
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acid are different for all experiments, together with yeast biomass concentration, which is
logical because of the complexity of the substrate (its heterogeneity) and initial inoculum
composition in each experimental setup. Direct determination of yeast biomass concentra-
tion (dispersion within the cossettes, presence of small particles from the sugar beet that
effected the analytical results, etc.) faced a lot of problems, and therefore its concentrations
were predicted by mathematical model. However, the values of initial yeast concentration
in the bioprocess model were in accordance with the data in the literature [35]. Indirect
methods for determination of biomass concentrations were also developed that include
physical (e.g., scanning electron microscopy, epifluorescence microscopy, flow cytometry,
effluent gas composition or light reflectance), chemical and biochemical (quantification of
cell-specific components (e.g., ergosterol, glucosamine, chitin, nucleic acids or proteins) or
other cell parameters determination (e.g., intracellular water and total carbon content, en-
zymatic or immunological activity or ATP levels etc.)) methods [36–38]. However, all these
methods have their own advantages and disadvantages, which have to be considered in the
selection procedure for biomass determination during semi-solid (or solid) bioprocesses.

The obtained model data were compared within the same group of experiments
(i.e., constant rotation mode) and also within two different operational bioreactor setups
(interval rotation mode). In the case of experiments with constant HRTB rotation mode at
different rotation speeds, the best bioprocess model prediction of experimental data was
obtained in the experiment where bioreactor rotation speed was set at 10 rpm (Table 4).
This comparison is presented in Figure 1. However, in every experimental setup, some
discrepancy between real and modelled data can be seen. One of the reasons for this
difference is the heterogeneity of the sample (sugar beet cossettes). It is possible that in
some samples the fermentation medium was not fully homogenous (representative), and
therefore the experimental data were not quite in accordance with the predicted model
values. For instance, in the case of lower rotation speed (5 rpm), the difference between
experimental and model values was even greater, which might be the result of poorer
mixing in comparison with the experiment with 10 rpm. It would be expected that at higher
HRTB rotation speed (15 rpm) the fermentation media would be more homogenized and
that the discrepancy between experimental and model values would be lower; however,
this was not the case. It is possible that with higher rotation speeds, the more liquid part of
the broth was dispersed within the beet cossettes, and therefore the sample concentrations
were not representative.

The second part of investigation was more focused on interval HRTB rotation mode,
where the bioreactor rotated for a different period of time within one hour, together with a
different rotation speed. The developed bioprocess model also relatively well describes the
obtained experimental data under these HRTB operational conditions. In cases when the
HRTB rotated only 3 min within 1 h and the rest of the time the bioreactor stood still, the
best bioprocess model prediction was observed in the experiment where the lowest rotation
speed was used (5 rpm). The bioprocess model predicts lower maximal specific growth
rates of the working microorganism, which is in accordance with the fact that all experi-
ments were done under anaerobic conditions. The lowest growth rate (µmax = 0.03 h−1) was
obtained in the experiment with the lowest rotation speed. With an increase in HRTB rota-
tion speed, the maximum specific growth rate was raised, and it was 0.07 h−1 and 0.08 h−1

in experiments with 10 and 15 rpm, respectively. The results for highest specific product
formation rates were mixed. When the bioreactor rotation speed was the lowest, it benefited
faster ethanol and glycerol production (qETOH = 0.88 g gx

−1 h−1, qGLY = 0.10 g gx
−1 h−1).

The slowest acetate production rate was observed at 5 rpm (qACET = 0.03 g gx
−1 h−1),

where at 10 and 15 rpm this parameter was almost the same (qACET = 0.05 g gx
−1 h−1).

Increasing the duration of mixing (6 min rotation and 54 min resting) did influence the
correlation between experimental and model data. The smallest discrepancy was ob-
served in the experiment where bioreactor speed was set to 10 rpm. The bioprocess model
predicted the highest specific growth rate for the working microorganism in this case
(µmax = 0.09 h−1). Additionally, predicted values for initial biomass concentration in all
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three experiments were around 1 g L−1. The weakest correlation between experimental
and modelled data was observed in the case of glycerol and acetate concentrations in all
three experiments (Table 4). Further increase in the duration of bioreactor rotation (9 min
rotation, 51 min stationary) gave similar results as the previous HRTB operational setup.
Slightly lower bioprocess model prediction was observed when bioreactor rotation speed
was set to 5 and 10 rpm. The best bioprocess model fitting was observed in the case where
rotation was set to 15 rpm (data not shown). The highest modelled specific growth rate
was 0.11 h−1. This result was achieved at the lowest bioreactor rotation speed, and this
shows that multiple factors influence the bioprocess dynamics and yeast activity. The
initial biomass concentration predicted in all three models was similar and was around
1.6 g L−1. In the next series of experiments, HRTB rotation time was further prolonged to
12 min in a one-hour period. In all three cases, it was observed that the modelled specific
growth rate was higher in comparison with experiments with lower bioreactor rotation
times (µmax = 0.07 h−1). This can be explained by better homogenization in the HRTB
and better mass transfer due to better mixing. The best results for model approximation
of experimental data were obtained in the case where the bioreactor rotation speed was
set to 10 rpm. The bioprocess model relatively well describes the experimental data. The
mean square error calculated for this case is given in Table 4. In cases of lower and higher
rotation speed (5 and 15 rpm) with the same rotation/stationary phase times, there was
a noticeable discrepancy, probably due to the fact that lower bioreactor rotation speed
contributed to poorer homogenization. In the case of 15 rpm, it seems that a higher rotation
speed caused higher liquid phase dispersion within cossettes, which also influenced the
sample homogeneity. It should be noted that in the case where the bioreactor rotation
speed was set to 10 rpm, our developed model most accurately described the experimental
data in comparison with all fermentations. The last bioreactor operational setting was
15 min rotation and 45 min stationary phase. Additionally, three experiments were done
using three different HRTB rotation speeds. The bioprocess model described relatively
well the obtained experimental data. In all three experiments (5 rpm, 10 rpm and 15 rpm)
there was a similar discrepancy with obtained experimental data (Table 4). The highest
maximum specific growth rate was observed at 15 rpm (µmax = 0.07 h−1). In addition, all
three specific product synthesis rates were observed with the highest bioreactor rotation
speed. Modelled values of these parameters were as follows; qEtOH = 0.82 g gx

−1 h−1,
qGly = 0.26 g gx

−1 h−1, qAcet = 0.17 g gx
−1 h−1, respectively. In conclusion to this part of

the investigation, it seems that even lower rotation speed, when the bioreactor is rotating
long enough, can ensure proper and good homogenization of the fermentation broth. It can
also be concluded that 15 rpm is the optimal bioreactor rotation speed through all different
combinations of rotation/stationary phases.

In the final stage of our research, a series of experiments was performed to see if
the initial mass of raw sugar beet cossettes had influence on the bioethanol yield. The
experiments were conducted with 10, 12.5, 15 and 17.5 kg of initial mass of raw sugar beet
cossettes. In comparison with previous results, it was observed that the developed model
fitted the experimental data less accurately, which can be explained by poorer bioreactor
mixing and liquid dispersion as the initial mass of sugar beet cossettes increases. Therefore,
it is necessary to optimize the bioreactor interval rotation mode conditions for higher initial
mass of sugar beet cossettes in the HRTB. The discrepancy between experimental and
modeled values increased with the initial mass of raw sugar beet cossettes and it was the
highest for the experiment where 17.5 kg of sugar beet was used. The highest value of
modelled parameters was observed in the case where 10 kg of sugar beet cossettes was
used—namely, their values were as follows; qEtOH = 0.80 g gx

−1 h−1, qGly = 0.18 g gx
−1 h−1,

qAcet = 0.07 g gx
−1 h−1, respectively (Table 3).

5. Conclusions

On the basis of research data, it is obvious that HRTB rotation mode (constant or
interval) and rotation speed have considerable impact on bioprocess performance (kinetics
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and efficiency). It was also proved that HRTB interval rotation mode is superior to constant
HRTB rotation mode. Increasing the initial mass of raw sugar beet cossettes did not have
any beneficial effects since the main problem was probably poor mixing together, with
even more pronounced substrate inhibition. Therefore, a new investigation has to be
performed in order to define the HRTB operational conditions under which bioethanol
production efficiency can be improved. On the basis of the obtained results, it is clear that
the established non-structural mathematical model with Andrews inhibition kinetics can be
successfully used for the prediction of bioethanol production in the HRTB on a semi-solid
substrate (raw sugar beet cossettes). It can be also applied for monitoring of bioethanol
production in different bioreactor systems through the control and prediction of bioprocess
parameters such as concentration of sugars, ethanol, lactate or other bioprocess products.
Prediction of bioprocess performance and scale-up of bioethanol production systems after
additional testing in larger bioreactor scales can be also accomplished by the established
bioprocess model.
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