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Abstract: Sweet sorghum bagasse (SSB) provides a raw material rich in polysaccharides that can be
converted into biofuel and other high-value-added bioproducts under the biorefinery concept. The
aim of this study was to evaluate the effect of hydrothermal pretreatment on the availability of SSB
fermentable sugars for bioethanol production, considering the energy balance of the process. For this,
the biomass was subjected to one process, pre-saccharification simultaneous and fermentation (PSSF).
Previously, the temperature, time, and particle size effect were determined, as well as the enzymatic
load for the more significant release of monomeric sugars. It was observed that the increase in the
pretreatment severity, defined by the severity factor [log(Ro)], resulted in a more significant release of
sugar and energy consumption. In the PSSF, bioethanol production was 22.17 g/L, with a total energy
consumption of 2.46 MJ/g of processed biomass, of which 79.14% was by concept of electricity.

Keywords: biomass; energy integration; bioprocess; hydrothermal pretreatment; biorefinery; biofuels

1. Introduction

The continuous use of fossil fuels as the primary energy source has decreased their
reserves and increased environmental pollution, intensifying the search for new renewable
and environmentally friendly energy sources [1,2]. In this sense, biofuels produced from
sustainable and renewable resources could be a potential alternative to meet the increase in
energy demand [3,4]. Biomass-integrated biorefinery includes physicochemical processes
for converting substrates rich in lignocellulose, triglycerides, sugar, and starch into biofu-
els [5,6], chemicals, and other bioproducts with the high added value that strengthens the
production chain [7,8].

There is a wide variety of lignocellulosic materials rich in polysaccharides, such as
agricultural crop residues. Between these can be mentioned sugar cane, sweet sorghum,
and agave bagasse, in addition to rice, barley, and wheat straws [9]. Sweet sorghum bagasse
(SSB) is an agro-industrial residue that has generated significant interest in biorefinery.
It is mainly composed of cellulose, a potential source of fermentable sugars that can be
transformed into biofuel [10]. Compared to other energy crops, sweet sorghum reduces the
conflict between food and fuel [11]. Additionally, it is a fast-growing crop that adapts to
various production conditions (climate, soil, stress tolerance, low input requirements, etc.)
and produces high biomass volumes [12,13]. In biorefinery processes, pretreatment is a
unitary operation that fractionates the biomass components and facilitates subsequent
processes [2]. The selection of the pretreatment method, raw material, and the efficient
use of biomass components (cellulose, hemicellulose, and lignin content) are determining
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factors in the conversion and economy of the process [2,4]. Hydrothermal processing is a
thermochemical pretreatment used to convert biomass into biofuels or high-value products,
using water as a solvent and reagent under subcritical and supercritical conditions [14,15],
characterized by its robustness, efficiency, and profitability [16]. Furthermore, it allows
hemicellulose depolymerization (oligomers, monomers), lignin degradation (phenolic
compounds), and the availability of cellulose increases [17]. Therefore, the pretreatment
can be summarized as a set of actions that allow breaking the recalcitrant structure of the
lignocellulosic biomass [18], among which are considered the supply of energy to increase
the temperature and pressure of the system. These can be obtained by various energy
sources whose effectiveness will be sufficient for operating parameters such as temperature,
pressure, particle size, water-solid ratio, pH, gravity, and residence time [7,14,19].

In energy terms, biorefinery optimization focuses on the reduction in energy consump-
tion. Thus, energy balances are decisive in understanding and comparing the various
scenarios in which biorefinery processes are developed, establishing indexes for the quan-
tification of energy flows in the systems based on the estimation and relationship between
non-renewable energy required by the system and the energy produced by it [1,20]. The
information obtained can be used to select the operating conditions that contribute to
increasing energy efficiency [21]. In this sense, the biomass pretreatment selection, the
method, and the technology to be used can represent an alternative that contributes to the
recycling of nutrients, waste and energy reduction, and operating costs [3,22].

Therefore, this study aimed to evaluate the effect of hydrothermal pretreatment on the
availability of SSB fermentable sugars for bioethanol production, considering the energy
balance of the process. Figure S1 (Supplementary Materials) shows the block diagram of
the process for obtaining bioethanol.

2. Materials and Methods
2.1. Raw Material

The SSB used in this study was obtained from the grinding of sweet sorghum cane
[Sorghum bicolor (L.) Moench] harvested at the Marín Academic Unit, belonging to the
School of Agronomy at the Autonomous University of Nuevo León (UANL) and was
kindly provided to perform the corresponding pretreatment tests. To reduce the moisture
content of the SSB and to be stored, it was placed in an oven (HAFO® 1600 series, USA) at
65 ◦C for 72 h.

2.2. Hydrothermal Pretreatment of Biomass (Autohydrolysis)

The SSB pretreatment process was carried out in the Biorefinery Laboratory. The
moisture content of the SSB (7.62%) was determined in a thermobalance (AND® MF-50
Moisture Analyzer, Japan). These were reduced to 20 mm pieces and ground in a blade
mill (PULVEX® Mini 100, Mexico) to decrease the particle size and increase the contact
surface. Subsequently, the material was sieved and classified by size (0.5, 1.0, and 1.5 mm).
Finally, it was characterized to determine the main biomass constituents and, thus, the
hydrothermal pretreatment effect. In each test, 10 g of biomass was used and combined
with distilled water in a solid/liquid ratio of 1:10 (w/v). The mixture was deposited in a
reactor that operated according to the temperatures established in the experimental design
(Section 2.2.1) and maintained for the specified residence time (Table 1). The pretreatment
was carried out under an isothermal heating regime, without agitation, in a batch reactor
pressurized by batches of stainless steel, with a total volume of 190 mL and a working
volume of 130 mL (≈70% of the total), in addition to the control of temperature and pressure,
which received the heat supply by means of electrical resistance and the cooling by a water
jacket system. This reactor was designed by the Biorefinery group at the Autonomous
University of Coahuila (www.biorefinerygroup.com, accessed on 16 November 2022),
with a proportional-integral-derivative (PID) controller for temperature and suitable for
subcritical processes (Figure S2, Supplementary Materials). Once the residence time was
over, it was cooled, and the resulting suspension was filtered to separate the solid phase

www.biorefinerygroup.com


Agronomy 2022, 12, 3106 3 of 20

from the liquid phase. The solid obtained was repeatedly washed with distilled water to
remove hemicellulose residues and dried at 50 ◦C for 48 h in an oven (Quincy lab Inc®

30 GC Lab Oven, USA). A sample (1 mL aliquots) was taken from the liquid phase and
centrifuged at 4500× g rpm (DLAB® D1008, China) to obtain the supernatant. Both phases
were characterized.

The degree of biomass solubilization (expressed as wt% on dry biomass) in the pre-
treatment experiments was determined by the weight (W) difference before and after the
experiment using the following equation [23]:

% solubilization =
Winitial biomass −Wtreated biomass

Winitial biomass
× 100 (1)

The chemical composition of the original biomass and the hydrothermally treated
samples was determined by acid hydrolysis of the solids. The contents of the main polysac-
charides and ash were estimated by the standard analytical procedures of the National
Renewable Energy Laboratory (NREL/TP-510-42618; NREL/TP-510-42622) [24,25]. The
solid recovered after acid hydrolysis was dried in the oven (under the conditions described
above) and weighed to determine Klason lignin by gravimetric method. The content of
monomeric sugars, acetic acid, and oligomers was determined by the HPLC method (see
Section 2.5). To determine the effect of the experimental conditions on the results obtained,
the severity factor was used, which provides a relationship between the temperature and
the reaction time of the isothermal process according to the following equations [5,15]:

[log(Ro)] = [RoHeating] + [Ro Isothermal process] + [RoCooling] (2)

[log(Ro)] =

[∫ tmax

0

T(t)− 100
ω

dt
]
+

[∫ ctr f

ctrl
exp
[

T(t)− 100
ω

]
dt
]
+

[∫ 0

tmax

T′(t) − 100
ω

dt

]
(3)

where [log Ro] is the severity factor; tmax (min) is the time needed to reach the maximum
autohydrolysis temperature; ctrl and ctrf (min) are the times required for the isothermal
period; T(t) and T′(t) (◦C) are the temperature profiles in heating and cooling, respectively;
ω is an empirical parameter related to the activation energy with a value of 14.75. The
severity factor [log(Ro)] was calculated using numerical integration to obtain the area under
the temperature vs. time curve.

2.2.1. Experiment Design

A Box–Behnken three-factor design was used to evaluate the effect of SSB hydrother-
mal pretreatment on overall sugar yields and energy intake (energy efficiency). The
independent variables evaluated were temperature (X1), residence time (X2), and particle
size (X3). The response or dependent variables were the sugar yield released in the form of
oligosaccharides and monosaccharides (g/L) and energy intake (MJ/g). The central point
was evaluated with one repetition, which generated a total of 13 experiments (Table 1).
The results were analyzed considering the degree of precision of the polynomial equation
expressed by the determination coefficient (R2). Statistical significance for the analysis of
variance (ANOVA) was verified by an F test at the 95% level of significance. The results
of the different conditions were compared using a Tukey test with a significance level of
p < 0.05. A correlation analysis was performed to determine the independent variables’
effect on the severity factor, and the latter on the dependent variables, in addition to the pH
effect on cellulose concentration. The analysis was complemented with the construction
of response and correlation surface diagrams. The statistical software MATLAB® version
R2017 was used for the analysis of experimental data, the prediction of the model, and the
construction of diagrams.
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Table 1. Box–Behnken experimental design for the analysis of the SSB pretreatment process.

Run Treatment X1 (◦C) X2 (min) X3 (mm)

1 1 −1 −1 0
2 2 −1 1 0
3 3 1 −1 0
4 4 1 1 0
5 5 −1 0 −1
6 6 −1 0 1
7 7 1 0 −1
8 8 1 0 1
9 9 0 −1 −1

10 10 0 −1 1
11 11 0 1 −1
12 12 0 1 1

13 * 13 0 0 0

Factors Symbol
Levels

−1 0 1

T (◦C) X1 170 180 190
t (min) X2 10 30 50
S (mm) X3 0.5 1 1.5

* Central point. T = reaction temperature; t = residence or retention time; S = particle size.

2.2.2. Energy Efficiency of Hydrothermal Pretreatment

The energy efficiency (ïT) of the pretreatment was calculated using the following
equation [26,27]:

ïT =
TSR
TEC

(4)

where TSR is the total sugar recovery, which was considered the recovery of sugar from the
liquid and solid phase of the pretreatment (gsugars/gbiomass); TEC is the total energy con-
sumption (MJ/gbiomasa), which considered the energy invested in electricity, human labor,
and water (see equations in Section 2.6.1) in the milling and pretreatment of the biomass.

2.3. Enzymatic Hydrolysis (Saccharification)
Enzymes

The Trichoderma reesei enzyme cocktails of commercial Cellic CTec2 and Cellic HTec2
used in this study were kindly provided by Novozymes (USA). Cellic CTec2 is a complex
enzyme cocktail consisting of β-glucosidases and hemicellulases, while Cellic HTec2 con-
tains endoxylanases for enzyme hydrolysis of hemicellulose. The initial cellulase activity
(118 FPU/mL) to Cellic CTec2 was determined according to the National Renewable Energy
Laboratory (NREL/TP-510–42628) method [28].

In the enzymatic hydrolysis, the biomass obtained from the SSB pretreatment con-
ditions was used, which allowed a higher sugar content. The tests were carried out in
triplicate in 125 mL Erlenmeyer flasks with a working volume of 50 ◦C and a stirring speed
of 150 rpm in an orbital shaker with temperature control (SHEL LAB®, Mexico), using a
solid loading of 10% (w/v). A cellulase/hemicellulase ratio of 1:2 (v/v) and a cellulase
loading rate of 10 and 15 FPU/g glucans were used [29]. Aparicio et al. [29] reported that
the supplement of hemicellulases can improve the enzymatic process conversion, since
a low quantity of xylan is in the pretreated solid (cellulose + lignin), the hemicellulases
increases the accessibility of glucan removing the hemicellulose and xylooligosaccharides
redeposited on the solid [30]. A variance analysis (ANOVA) was performed to determine
minimally significant differences (p < 0.05) between cellulase loading rates and their effect
on glucose concentration (g/L). During the hydrolysis process, samples (1 mL aliquots)
were taken at 24, 48, 72, and 96 h and centrifuged at 4500× g rpm (DLAB® D1008, China)
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to obtain the supernatant. The resulting supernatant was analyzed by HPLC (Section 2.5).
The saccharification yield (conversion of glucan to glucose, %) was calculated using the
following equation [31]:

Sacchari f ication yield (%) =
(Glucose) + 1.053(Cellobiose)

1.111( f )(Biomass)
∗ 100 (5)

where (Glucose) is the residual glucose concentration (g/L); (Cellobiose) is the residual cel-
lobiose concentration after glucan hydrolysis (g/L); 1.111 is the cellulose conversion factor;
1.053 is the cellobiose conversion factor; (f ) is the fraction of glucan on a dry basis (g/g);
(Biomass) is the concentration of dry biomass at the beginning of enzymatic hydrolysis.

2.4. Pre-Saccharification Simultaneous and Fermentation (PSSF)
2.4.1. Inoculum Preparation

Saccharomyces cerevisiae CA-11 yeast was acquired by the microbiological collection
of the Biological Engineering Center of the University of Minho, Portugal. The yeast was
cultivated in a 500 mL Erlenmeyer flask with 125 mL of medium composed of 50 g/L
glucose, 10 g/L peptone, and yeast extract, which were incubated at 35 ◦C with a stirring
speed of 150 rpm for 16 h in an orbital shaker with temperature control (SHEL LAB®,
Mexico). The cell suspension was aseptically centrifuged (4 ◦C, 5600 rpm, 15 min) in a
centrifuge (HERMLE® Z 326 K, Germany), and the solid was resuspended in 0.9% NaCl at
a final concentration of 200 g/L of fresh yeast [29].

2.4.2. Saccharification and Fermentation

In the saccharification, a cellulase/hemicellulase ratio of 1:2 (v/v) and a cellulase
loading of 15 FPU/g glucan were used, which was the condition with the highest glucose
yield obtained in the enzymatic hydrolysis assay (Section 2.3). The assay was performed in
a continuously stirred tank bioreactor (CSTBR) (my-Control for MiniBio Reactor, Applikon®

Biotechnology, The Netherlands) of 500 mL with a working volume of 150 mL for 24 h
at a temperature of 50 ◦C, pH of 4.8, and at 150 rpm under semi-anaerobic conditions.
Saccharification kinetics was monitored for 24 h and samples of 1 mL were taken at 0, 12,
and 24 h for glucose quantification. After that, the temperature was adjusted to 35 ◦C and
they were inoculated with 8 g/L of Saccharomyces cerevisiae CA-11 of fresh yeast in NaCl
suspension (0.9% w/v) to start the fermentation. Thus, aliquots of 1 mL were taken at
0, 2, 4, 6, 8, 10, 12, 24, 48, and 72 h for the quantification of glucose and bioethanol. The
samples taken in saccharification and fermentation were centrifuged at 4500 rpm (DLAB®

D1008, China) to obtain the supernatant. These were analyzed by the HPLC method
(Section 2.5); meanwhile, the results were expressed as ethanol conversion yield (%) using
the following equation [30]:

Cellulose conversion (%) =
[EtOH] f − [EtOH]0

0.51[ f ·(Biomass)·1.111]
× 100 (6)

where [EtOH] f is the ethanol concentration at the end of the fermentation (g/L) minus
any ethanol produced from the enzyme and medium; [EtOH]0 is the ethanol concentration
at the beginning of the fermentation (g/L), which should be zero; 0.51 is the conversion
factor for glucose to ethanol based on stoichiometric biochemistry of yeast; f is the cellulose
fraction of dry biomass (g/g); (Biomass) is the dry biomass concentration at the beginning
of the fermentation (g/L); 1.111 converts cellulose to equivalent glucose.

2.5. Analytical Procedures

The hydrolysates obtained from the pretreatment were filtered through a 0.45 µm
nylon filter and analyzed by a High-Performance Liquid Chromatography (HPLC) system
(Agilent Technologies® 1260 Infinity II, Germany) with refractive index for glucose, xylose,
arabinose, acetic acid, and degradation compounds using calibration curves of these
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reactive-grade compounds to determine their concentrations. A MetaCarb 87 H column
(300 mm × 7.8 mm, Agilent) was used for the analysis. The column temperature was 60 ◦C
and the mobile phase was 0.005 mol/L of sulfuric acid, using a flow rate of 0.7 mL/min.

2.6. Energy Balance

In the energy balance, the input energy and the energy output in the process used
the methodology proposed by López-Sandin [1] and Mayer et al. [32], considering the
energy equivalent of the inputs used and the power calorific value of the bioethanol
obtained (Table 2). The consumption data was compiled from the energy consumed by
the equipment, facilities, supplies, and labor used in each stage of the process (grinding,
pretreatment, acid hydrolysis, enzymatic hydrolysis, fermentation).

Table 2. Energy equivalents.

Concept Unit Equivalent Energy (MJ/Unit) Source

Human labor
Manual

h
1.96 [1]

Mechanized 1.05 [1]

Sulphury acid kg 0.702 [33]
Sodium hydroxide kg 10.41 [34]

Other chemicals kg 8.74 [34]
Enzymes kg 6.32 [34]

Yeasts kg 6.32 [34]
Water kg 0.005 [35]

Electricity kWh 11.93 [1]

Calorific power

Bioethanol kg 2.69 [36]

2.6.1. Energy Input

Energy input (Einp) in MJ was determined by the following equation:

Einp = ECG + ECH + ECA + ECE + ECF =
i=n

∑
i=1

EER + EHL + ECR + EEO (7)

where ECG is the energy consumed in grinding the SSB (MJ); ECH is the energy consumed
in the hydrothermal pretreatment (MJ); ECA is the energy consumed in acid hydrolysis
(MJ); ECE is the energy consumed in enzymatic hydrolysis; ECF is the energy consumed in
the fermentation process; EER is the energy consumed in electricity (MJ); EHL is the energy
consumed by human work (MJ); ECR is the energy consumed in chemical reagents (MJ);
EEO is the energy consumed by other inputs such as water, enzymes, and yeasts (MJ).

Electricity consumption considered the electrical devices directly used in the processes,
as well as the associated equipment and installations. Consumption data was recorded
by an electric meter (STEREN® CAJ-HER-432, DF, China) with a frequency of one hour
and for equipment and/or installations used for limited periods of time; it was measured
during the period of use. The energy consumed in electricity (EER) was determined using
the following equation:

EER =
i=n

∑
i=1

CER ∗QER (8)

where CER is the electricity consumption by the equipment or electrical installation (kWh);
QER is the energy equivalent of electricity (MJ/kWh) shown in Table 2.

Energy consumed in human labors (EHL) was determined by the following equation:

EHL =
i=n

∑
i=1

THL ∗QHL (9)
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where THL is the work time of the operator (h); QHL is the energy equivalent of human
work (MJ/h) shown in Table 2.

Energy consumed in chemical reagents (ECR) was determined by the following equation:

ECR =
i=n

∑
i=1

RCR ∗QCR (10)

where RCR is the chemical reactant (kg); QCR is the energy equivalent of the chemical
reactant (MJ/kg) shown in Table 2.

The energy consumed in other supplies (EEO) was determined by the following equation:

EEO =
i=n

∑
i=1

SEO ∗QEO (11)

where SEO is the consumed supply (kg); QEO is the energy equivalent of the supplies
(MJ/kg) shown in Table 2.

2.6.2. Energy Output

Renewable energy output (Eout) was determined using the following equation:

Eout = EtOHW ∗ HHVEtOH (12)

where EtOHW is the bioethanol weight (g); HHVEtOH is the higher heating value of
bioethanol (MJ/g) shown in Table 2.

3. Results and Discussion
3.1. Raw Material Composition

SSB carbohydrate content before hydrothermal pretreatment was 32.65 ± 1.47% cellu-
lose (determined as glucan), 20.8 ± 0.61% hemicellulose (15.63 ± 0.01% xylan, 4.14 ± 0.09%
arabinosyl groups, and 1.03 ± 0.04 acetyl groups), 27.87 ± 1.92% of lignin, 4.17 ± 0.66% of
ash, and 14.51 ± 1.17% of other components. In general, polysaccharide fractions make
up more than half of the material, while lignin makes up about 1

4 of the total dry biomass
content. The composition of this material was like that reported in other SSB studies, with
values ranging from 31.48 to 41.75% for cellulose, from 18.20 to 28.30% for hemicellulose,
and from 7.40 to 29.10% for lignin [37–40]. However, the variations in the SSB composition
may be associated, among other causes, as well with variety, location, degree of maturation
of the crop, agricultural practices, agronomic and climatic conditions of the production
areas, and the analytical procedure [37]. Thus, some studies have focused on selecting
genotypes with lower lignin content and, therefore, less recalcitrant, allowing the produc-
tion of economically efficient biofuels [41], since the high content of lignin can become a
physical barrier to accessing cellulose and hemicellulose [37]. Therefore, hydrothermal
pretreatment constitutes an alternative to increasing the biopolymers’ bioavailability [15].
It is worth mentioning that lignin is the primary plant cell wall component responsible
for biomass recalcitrance to industrial processing. Its recalcitrant chemical structure, like a
non-linear aromatic polymer built with chemically diverse and poorly reactive linkages,
with a variety of monomer units, reduces the ability of any single enzyme to recognize and
degrade. Therefore, lignocellulosic feedstock uses will depend on its recalcitrance, directly
relational with lignin, which protects cellulose and hemicellulose [42].

3.2. Effect of Hydrothermal Pretreatment (Autohydrolysis) on Raw Material Composition

The ANOVA results (Table S1, Supplementary Material) showed a statistically signifi-
cant difference (p < 0.05) in the cellulose percentage (determined as glucan) because of the
main factors. A significant effect was also observed for the interaction (p < 0.05) between
temperature and particle size. Therefore, temperature, time, and particle size influenced
the final percentage of cellulose to a lesser or greater extent.
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Correlation analysis (Table S2, Supplementary Material) between experimental pro-
cess variables showed a high positive correlation (r > 0.8 < 1) between temperature and
pretreatment severity. This was evidenced by the exponential increase in severity with
increasing temperature values. Likewise, a positive correlation was observed because of
retention time, with a gradual increase in the severity of the pretreatment (r > 0.2 < 0.4).
Regarding the particle size effect on the severity of the pretreatment, these had a weak
negative correlation (r < 0 > −0.2), indicating a slight increase in severity with its decrease.
Hence, the pretreatment severity expressed by the factor [log(Ro)] was defined mainly by
retention time and temperature effect, coinciding with reports from other studies [27,29,43].
However, it is crucial to consider that particle size can affect the ratio between the surface
area and volume of the particle and, thus, the accessibility of enzymes and microorganisms
during enzymatic hydrolysis and fermentation, respectively [13,18]. In this sense, it has
been reported that through SSB use, high yields of bioethanol with a particle size between
0.5 to 2.5 mm have been obtained [44].

Cybulska and Thomsen [16] reported that the pretreatment effectiveness to produce
highly digestible fibers depends principally on temperature and, to a lesser extent, on
retention time. Likewise, the latter has not had a significant effect on the statistical mod-
eling. However, this result could be a function of the temperature range and time used.
Therefore, regardless of the incidence level of the main factors, it is important to consider
the combined effect of these on the severity degree of the pretreatment and, thus, on the
biomass composition. On the other hand, the chemical reactions and rearrangements that
occur during pretreatment must be considered, since they are mainly regulated by the
severity and the biomass’s original characteristics [45]. Therefore, studying the effect of dif-
ferent combinations of temperature, time, and particle size can be the basis for optimizing
pretreatment conditions and obtaining fibers that allow greater enzymatic digestibility [46].
In this sense, it has been reported that the optimal [log(Ro)] to obtain the maximum di-
gestibility of the fibers produced should be between 3 and 4.5 [16]. Similarly, high severity
values can favor sugar degradation reactions and generate unwanted by-products such as
acetic acid, furfural, and 5-hydroxymethylfurfural, which in later stages come to inhibit the
growth of microorganisms and reduce bioethanol yields [16,43]. In this sense, the severity
values obtained under the conditions generated by the combination of the factors studied
are in the reported range (Table 3).

On the other hand, the pH of the liquid fraction showed a high negative correlation
(r < −0.8 > −1.0) with the pretreatment severity, decreasing approximately from 4.17 in
the most severe pretreatment (Tt-4: 190 ◦C, 50 min, 1.0 mm) to 3.75 in the less severe
pretreatment (Tt-1: 170 ◦C, 10 min, 1.0 mm) (see Table S2 (Supplementary Materials)),
behavior that has been reported previously [29,43]. This could be associated with the
elevated temperature that causes water autoionization and the degradation of the acetyl
groups present in the biomass [47], causing an increase in the concentration of hydrogen
ions that significantly reduces the pH [16,29], in addition to the action of the degradation
compounds produced (Table 4), mainly by the release of acetic acid due to the deacetylation
of hemicellulose and the degradation of 5-hydroxymethylfurfural (HMF) to furfural [14,43].
Thereby, pH control during pretreatment is essential to reduce the pentoses degradation that
results in the formation of byproducts that function as inhibitory agents during enzymatic
hydrolysis and fermentation [14,16,43].
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Table 3. Solid phase composition after hydrothermal processing.

EC GC Component (Dry Weight: %, w/w) *

Tt T t S P [log(Ro)] pH HTR Cellulose Hemicellulose Lignin

1 170 10 1 0.71 3.75 4.66 7.22 33.75 ± 0.79 FG ** 9.38 ± 0.61 A 26.02 ± 0.20 F

2 170 50 1 0.71 4.07 3.96 7.66 36.63 ± 0.16 EF 9.32 ± 0.24 A 30.40 ± 2.20 BC

3 190 10 1 1.26 3.90 3.92 5.74 41.09 ± 0.77 CD 7.78 ± 0.09 CD 30.53 ± 1.20 BC

4 190 50 1 1.26 4.17 3.60 6.76 52.48 ± 1.49 A 5.03 ± 0.50 F 32.53 ± 0.76 A

5 170 30 0.50 0.71 4.01 3.75 6.98 37.85 ± 0.62 DE 8.29 ± 0.49 A 29.80 ± 1.62 CD

6 170 30 1.50 0.71 3.93 4.01 8.09 33.68 ± 1.51 G 8.82 ± 0.58 AB 28.20 ± 1.31 E

7 190 30 0.50 1.26 4.09 3.75 5.71 44.10 ± 1.27 BC 5.45 ± 0.40 F 30.73 ± 0.50 BC

8 190 30 1.50 1.26 4.02 3.86 7.57 45.24 ± 1.73 B 6.48 ± 0.37 EF 31.13 ± 2.91 ABC

9 180 10 0.50 0.89 3.85 4.43 7.07 38.75 ± 0.86 DE 9.21 ± 0.68 A 28.27 ± 1.29 DE

10 180 10 1.50 0.89 3.76 4.54 8.53 37.97 ± 0.80 DE 8.72 ± 0.60 ABC 30.21 ± 1.12 BC

11 180 50 0.50 0.89 4.13 3.72 7.73 40.39 ± 1.23 CD 7.27 ± 0.60 DE 31.66 ± 1.98 AB

12 180 50 1.50 0.89 4.11 3.77 8.16 37.91 ± 1.24 DE 7.09 ± 0.37 DE 30.73 ± 1.41 BC

13 180 30 1 0.89 4.01 3.80 7.43 39.86 ± 2.36 DE 7.83 ± 0.19 BCD 31.58 ± 1.50 AB

Tt = treatment; EC = established conditions; GC = generated conditions; T = reaction temperature (◦C);
t = residence or retention time (min); S = particle size (mm); P = pressure (MPa); [log(Ro)] = severity factor;
HTR = heating rate (◦C/min). * Data are mean values ± standard deviation of triplicate experiments. ** Different
letters in the same column indicate statistically significant differences (p < 0.05).

Table 4. Liquid phase composition after hydrothermal processing.

Tt
Compounds (g/L) *

Glucose Xylose Arabinose Acetic Acid Levulinic Acid HMF Furfural XOS

1 0.15 ± 0.00 0.29 ± 0.00 0.23 ± 0.01 0.41 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
2 0.17 ± 0.00 0.37 ± 0.03 0.37 ± 0.00 0.91 ± 0.21 0.03 ± 0.01 0.04 ± 0.00 0.36 ± 0.19 0.04 ± 0.02
3 0.18 ± 0.00 0.47 ± 0.02 0.47 ± 0.02 1.02 ± 0.04 0.03 ± 0.00 0.05 ± 0.00 0.45 ± 0.04 0.05 ± 0.00
4 0.21 ± 0.00 1.55 ± 0.10 0.12 ± 0.00 3.13 ± 0.06 0.06 ± 0.00 0.24 ± 0.02 5.67 ± 0.29 0.23 ± 0.02
5 0.18 ± 0.00 0.31 ± 0.02 0.36 ± 0.00 1.07 ± 0.36 0.02 ± 0.00 0.03 ± 0.01 0.18 ± 0.08 0.03 ± 0.01
6 0.18 ± 0.00 0.30 ± 0.00 0.36 ± 0.02 0.54 ± 0.04 0.00 ± 0.00 0.01 ± 0.00 0.09 ± 0.00 0.02 ± 0.00
7 0.19 ± 0.00 1.51 ± 0.03 0.48 ± 0.08 1.39 ± 0.10 0.05 ± 0.01 0.30 ± 0.03 3.77 ± 0.19 0.28 ± 0.03
8 0.18 ± 0.00 0.83 ± 0.12 0.17 ± 0.00 0.64 ± 0.12 0.04 ± 0.02 0.08 ± 0.02 1.58 ± 0.31 0.08 ± 0.02
9 0.17 ± 0.00 0.29 ± 0.01 0.29 ± 0.03 0.44 ± 0.01 0.04 ± 0.02 0.02 ± 0.00 0.10 ± 0.04 0.02 ± 0.00

10 0.16 ± 0.00 0.29 ± 0.00 0.28 ± 0.00 0.38 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.05 ± 0.00 0.02 ± 0.00
11 0.19 ± 0.00 1.59 ± 1.49 0.26 ± 0.02 0.65 ± 0.08 0.03 ± 0.00 0.06 ± 0.01 0.84 ± 0.01 0.06 ± 0.01
12 0.18 ± 0.00 0.71 ± 0.04 0.31 ± 0.02 0.91 ± 0.09 0.04 ± 0.00 0.09 ± 0.01 1.20 ± 0.11 0.09 ± 0.00
13 0.17 ± 0.00 0.38 ± 0.00 0.31 ± 0.00 0.56 ± 0.02 0.03 ± 0.00 0.03 ± 0.00 0.36 ± 0.01 0.03 ± 0.00

HMF = Hydroxymethylfurfural or 5-hydroxy-methylfurfuraldehyde; XOS = Xylooligosaccharides. * Data are
mean values ± standard deviation of triplicate experiments.

3.2.1. Hydrothermal Pretreatment Influence on the Solid Phase

The chemical composition of the SSB solid phase fibers with respect to the three main
components of lignocellulose (cellulose, hemicellulose, and lignin) after hydrothermal
pretreatment is shown in Table 3. The three-dimensional mathematical model to estimate
the cellulose content (% of the total dry weight) and build the response surface graphs
(Figure 1) showed that the experimental data had a high degree of fit (regression coefficient:
R2 = 0.93) with respect to the experimental design, using the following equation:

Celulose (%) = 39.86 + 5.25T + 1.98t− 0.91S + 1.17T2 − 0.04t2 − 1.06S2 + 2.13(T·t) + 1.58(T·S)− 0.43(t·S) (13)

where T is the pretreatment temperature (◦C), t is the retention time (min), and S is the
particle size (mm).
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The higher percentage of cellulose (determined as glucan) and lignin (determined
as soluble and insoluble lignin in acid) was obtained under the treatment conditions of
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the higher [log(Ro)], coinciding with that reported in other studies [29,43]. Compared
to untreated biomass, pretreatment at temperatures of 170, 180, and 190 ◦C increased
cellulose availability by 6.98, 16.17, and 28.03%, respectively. Likewise, the lignin per-
centage increased from 27.87 to 32.53% with the most severe pretreatment (Tt-4), which
can be explained by the changes that the chemical structure undergoes due to fusion,
coagulation, and repolymerization with the fibers of cellulose [14]. This causes losses in
carbohydrate concentration due to solubilization with an apparent increase in the lignin
fraction resulting from the increase in acid-insoluble residues [14,16,46]. Similarly, the
hemicellulose content (measured as xylan, arabinan, and acetic acid) showed a decrease
with increasing treatment severity. This behavior was like what was previously reported in
other investigations [15,23,43] and can be attributed to the fact that these compounds are
hydrolyzed to the liquid phase, reaching their total solubilization with temperatures above
190 ◦C [14,43]. In this sense, the hemicellulose content with respect to the original biomass
decreased from 53.97 to 75.07% with temperatures of 170 and 190 ◦C in the treatments of
lesser (Tt-1) and greater (Tt-4) severity, respectively. In general, the pretreatment allowed
the dissolution of a solid biomass fraction, whose yield depended on the severity degree of
the experiment. Thus, the solubilization of the biomass increased with increasing values of
[log(Ro)] and the reduction in the pH in the liquid, varying approximately between 2.8%
(3 wt%) and 20.5% (20.5 wt%) in weight in the treatment of lesser (Tt-1) and greater severity
(Tt-4), respectively (Figure 2). Nitsos et al. [23] reported similar behavior using different
lignocellulosic biomasses, while Lin et al. [48] observed it in algae biomass. Finally, the
most severe operating condition (Tt-4) was selected to be scaled and continued with the
following enzymatic hydrolysis process, considering the response of the percentage of
cellulose to the temperature effect, time, and particle size. Based on these results, in future
research, the operating conditions of the process will be optimized to obtain a higher yield
of sugar with a lower energy cost.
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3.2.2. Hydrothermal Pretreatment Influence on the Liquid Phase

Table 4 shows the chemical composition of the main hydrolysate compounds obtained
during the hydrothermal pretreatment. In general, monomeric xylose was the majority
sugar detected in the liquid, while glucose and arabinose were detected in a smaller propor-
tion, according to what was reported for the SSB [49]. The sugars’ concentration (including
xylooligosaccharides) and carboxylic acids obtained in hydrothermal pretreatments can be
explained by the high rate of degradation of hemicellulose [23], whose concentrations can
vary depending on the severity [27,43]. Xylooligosaccharides (XOS) are sugar oligomers
made with xylose units. They are recognized for their great prebiotic potential and nutri-
tional benefits, promoting the growth of probiotic bacteria in the intestinal tract. Other
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benefits of XOS are stimulating intestinal microflora, including lowering blood cholesterol
and glycemic indices. Furthermore these reduce pro-cancer enzymes in the gastrointestinal
tract, improve the absorption of minerals in the large intestine, and stimulate the immune
system [50]. In addition, some XOS can promote root development as a plant regulator,
a sugar supplement for people, and prebiotics to promote intestinal motility utilization
health, increasing the added value of the process [51]. Thus, the hydrothermal pretreat-
ment allowed the breaking of the recalcitrant structure of the biomass and obtaining a
mixture rich in carbon that derives from the degradation of lignin, hemicellulose, small
fractions of cellulose, and some inert components [13]. Therefore, the characterization of
the liquid phase is necessary to know the concentration of unwanted components that
inhibit enzymatic action [14,29], as well as the XOS bioactivity assay that can increase
value-added products.

The Tt-11 treatment (180 ◦C, 50 min, 0.5 mm, [log(Ro)] = 4.13) showed the higher
xylose concentration (1.59 g/L), while Tt-4 (190 ◦C, 50 min, 1 mm, [log(Ro)] = 4.17) had the
higher glucose concentration (0.21 g/L). Regarding the concentration of arabinose, Tt-7
(190 ◦C, 30 min, 0.5 mm, [log(Ro)] = 4.09) showed a higher concentration, demonstrating
that the high-severity treatments had a greater sugar release. Regarding the degradation
compounds of the hydrolyzate, carboxylic acids (acetic acid, levulinic acid), aldehydes (Fur-
fural), and furans (hydroxymethylfurfural or 5-hydroxy-methylfurfuraldehyde, HMF) were
detected. The treatments generally showed a higher concentration of furfural (5.67 g/L),
followed by acetic acid (3.13 g/L), while the rest of the components were detected in lower
quantities. Although these are unwanted compounds during the transformation of biomass
to bioethanol, they can be used as raw material in the production of other value-added
products [52] with potential applications in different areas (energy, food, materials, etc.),
strengthening the biorefinery concept in terms of a circular bioeconomy [53,54].

3.2.3. Energy Efficiency of Hydrothermal Pretreatment

The energy balance for the different operating conditions of the SSB pretreatment is
shown in Figure 3. Treatments Tt-1 (170 ◦C, 10 min, 1.0 mm; [log(Ro)] = 3.75) and Tt-4
(190 ◦C, 50 min, 1.0 mm; [log(Ro)] = 4.17) showed the lowest (0.160 MJ/g) and highest
(0.320 MJ/g) energy consumption, respectively (Figure 3a), while treatment Tt-7 (190 ◦C,
30 min, 0.5 mm, [log(Ro)] = 4.09) had the highest ïT value (1.22 gsugars/MJ; Figure 4b). In
this sense, the energy consumed can be explained by the positive correlation observed
with the factor’s temperature and retention time and, hence, with the [log(Ro)] (Table S2,
Supplementary Materials). Thus, high energy efficiency can be achieved from the optimiza-
tion of these parameters, in addition to the recovery of heat lost during pretreatment and
the reduction in water use [48]. Shiva et al. [27] point out that energy efficiency can be
affected by the volume of processed biomass and by the solid’s load (>15% w/v). However,
the above is not synonymous with reaching the maximum sugar yield, since high energy
efficiency can be achieved [26,48], but with low sugar yields [26]. Thus, the highest ïT
was related to obtaining a high concentration of sugar and reduced energy expenditure,
as was observed in Tt-7. Although this treatment was not the one with the lowest energy
consumption and highest sugar yield (Table 3), it did show the highest numerical value of
ïT. On the other hand, the particle size did not have a direct effect on the energy consump-
tion of the pretreatment (Table S2, Supplementary Materials). This can be explained by the
difference in the size range used (0.5 mm), since the determining influence of particle size
on the pretreatment energy efficiency has been reported [26]. Likewise, an alternative to
improve energy efficiency is the combination of enzymatic pretreatment and hydrothermal
treatment [27,36]. It is worth mentioning that the energy balance may depend on factors
such as the origin, type, and chemical composition of the raw material, as well as the tech-
nology used in each process. In general, these results should be used to optimize the energy
consumption of the pretreatment and achieve energy integration in the second-generation
biorefinery, in addition to contributing to the generation of information that enriches future
studies of energy balances.
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3.3. Enzymatic Hydrolysis

The enzymatic hydrolysis results showed that the release of sugars did not have
statistically significant differences (p > 0.05) because of the independent variables evaluated.
However, interaction (p < 0.05) was observed between them (Table S3, Supplementary
Materials). The enzyme blends allowed the cellulose degradation to simple fermentable
sugars with greater susceptibility to enzymatic action in the biomass pretreated. Meanwhile,
the increase in the pretreated material digestibility can be explained by the modification
of the lignin layer and the structural morphology, the increase in the surface area and
porosity, and the decrease in the cellulose crystallinity [13,14,46]. Regarding the stability of
the enzymatic activity, the treatments conserved most of it up to 72 h, tending to a linear
behavior that later reaches equilibrium, showing the typical curve of enzyme kinetics [37,43].
Thus, the higher yield of monomeric sugars was observed at 24 h, with values of 79.06
and 71.25% for glucose, 80.41 and 75.96% for xylose, 45.08 and 52.84% for cellobiose, with
loads of 10 and 15 FPU/g, respectively (Figure 4). Therefore, the hydrolysis process can
be adjusted to 24 h using the lowest enzyme load, allowing the generated material to be
used in a saccharification and fermentation process simultaneously [16]. In this sense,
Thanapimmetha et al. [39] reported that enzyme load is a crucial factor in the rate and
hydrolysis degree of a pretreated lignocellulosic substrate. Therefore, it must be optimized
to reduce time and its impact on the economy of the process.

On the other hand, the saccharification process showed the classic kinetics of ligno-
cellulosic biomasses [27,37,39,43]. The final concentration of monomeric sugars at 96 h of
saccharification was 99.02 and 102.35 g/L for glucose (Figure 4a), 11.18 and 11.98 g/L for
xylose (Figure 4b), and 5.28 and 5.81 g/L for cellobiose (Figure 4c), for a yeast load of 10 and
15 FPU/g, respectively. Compared to the control, the glucose, xylose, and cellobiose con-
centration of the enzymatic treatments had increases of 6.5, 1.7, and 11 times, respectively.
Furthermore, they were higher than those reported for other sorghum varieties [37,39] and
other lignocellulosic materials [27].

Moreover, the glucose concentrations observed in the treatments with 10 and 15 FPU/g
were 80.08 and 82.63%, respectively (Figure 4d). It is worth mentioning that, in the first
24 h, the higher glucose release rate was observed at 2.93 and 3.04 g/L/h, respectively,
which gradually decreased over time. In this sense, it has been reported that an increase
in the concentration of monomeric sugars is associated with an increase in the solids load.
However, the high viscosity of the substrate contributes to keeping the sugar concentration
constant since it limits mass transfer and the possible inhibition of cellulases due to the high
content of glucose and cellobiose [37,43]. In addition, the effect of enzyme blend used to
catalyze the cellulose decomposition into simple sugars may vary due to the characteristics
of the biomass and the pretreatment [14].
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3.4. Pre-Simultaneous Saccharification and Fermentation (PSSF)

PSSF consisted of the SSB prehydrolyzing at an optimal temperature for the enzymes
(high enzymatic activity). After 24 h, the reactor was cooled to an ideal temperature for
fermentation (yeast). In addition, PSSF allows the use of a high solids load since it reduces
the suspension’s initial viscosity before fermentation starts [55]. PSSF process kinetics is
shown in Figure 5, in which an increase in glucose concentration can be observed in the first
24 h due to the action of the enzymes on the substrate (saccharification). From 24 to 48 h, a
linear decrease of 97.48% glucose was observed, with a consumption rate of 1.90 g/L/h,
related to the establishment and growth of the yeast in the medium (fermentation). From
48 to 96 h, minimum glucose levels were detected. In the box of Figure 5, the fermentation
process kinetics presented the typical phases of yeast growth, as it has been reported for
the fermentation of sorghum juice fermented with Saccharomyces cerevisiae PE-2 [56]. Thus,
in the first 24 h of fermentation, it had a linear behavior, with a bioethanol production rate
of 0.94 g/L/h, which is equivalent to 98.42% of the maximum obtained in the process at
48 h (22.17 g/L) and which remains constant until the end. This behavior and yield were
like those reported for other sorghum varieties [37,39]. Although after 48 h of treatment,
the glucose concentration was below 0.78 g/L, the maintenance of the culture and the
production of bioethanol can be explained by the presence of residual xylose and XOS that
are preserved in the bagasse.
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On the other hand, the bioethanol conversion rate at 24 h of fermentation was 2.47%,
with a yield in the process of 57.32% (Figure 6). Therefore, the fermentation process can
be stopped after 24 h and thus reduce costs by saving resources and energy. In this sense,
a wide range of bioethanol yields has been reported using different production technolo-
gies. For example, Thanapimmetha et al. [39], using different methods of simultaneous
saccharification and fermentation (SSF), obtained yields of 22.30 and 28.30 g/L in SSB.
Su et al. [40], applying a pretreatment with NaOH in SSB, reported a bioethanol yield of
50.80 ± 3.20 g/L from an initial 111.50 g/L of glucose. Matsakas and Christakopoulos. [57],
with the liquefaction of pretreated SSB, obtained 41.43 g/L and a productivity of 1.88 g/L/h.
Furthermore, they increased the concentration of bioethanol by adding additional enzymes
at the start of saccharification. On the other hand, Tinôco et al. [58] reached 17.83 g/L of
bioethanol at 42 ◦C in 24 h, using SSB pretreated with base acid and saccharification at
50 ◦C for 72 h. Thus, among the factors that can influence bioethanol yield are the type
of reactor, load and enzymes blend in saccharification, initial availability of fermentable
sugars, solids load, temperature, time, type of yeast, and raw material.
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3.5. Energy Balance in the Bioethanol Production Process

Table 5 shows the net energy balance of the process. The total energy consumption in
the bioethanol production process was 229.03 MJ, equivalent to 2.46 MJ/g of SSB processed,
of which 79.14% was by concept of electricity (181.26 MJ), with PSSF being the stage of the
process with the highest demand (154.58 MJ, at equivalent to 1.67 MJ/g). This consumption
was associated with the technology used, where electricity is the principal source for the
operation of the facilities and mechanized equipment used. Accordingly, an alternative
that can reduce electricity consumption is to make the most of the work capacity of these
means. For example, increasing the solids load in the autohydrolysis and enzymatic
pretreatment [27], in addition to the unit processes integration, is recommended to improve
performance, reduce reaction time, and make better use of the resources and materials
generated [8,54,57].

Table 5. Energy balance in the bioethanol production process.

FE
Processes

Einp (MJ) Eout (MJ)
GD (MJ) HP (MJ) AH (MJ) PSSF (MJ)

Electricity 0.79 29.73 25.35 125.39 181.26 -
Human

labor 3.01 1.75 5.88 29.1 39.74 -

Chemicals 0.00 0.00 6.54 0.00 6.54 -
Enzymes 0.00 0.00 0.00 0.04 0.04 -

Yeasts 0.00 0.00 0.00 0.05 0.05 -
Water 0.00 0.47 0.93 0.0025 1.40 -
Total 3.80 31.95 38.71 154.58 229.03 2.52

Energy consumed per unit of processed biomass * (MJ/g)

Electricity 0.01 0.32 0.27 1.35 1.94 -
Human

labor 0.03 0.02 0.06 0.31 0.43 -

Chemicals 0.00 0.00 0.07 0.00 0.07 -
Enzymes 0.00 0.00 0.00 0.0004 0.0004 -

Yeasts 0.00 0.00 0.00 0.0005 0.0005 -
Water 0.00 0.01 0.01 0.00 0.02 -

Einp 0.04 0.34 0.42 1.67 2.46 -
Eout - - - - - 0.03

FE = forms of energy; GD = grinding; HP = hydrothermal pretreatment; AH = acid hydrolysis; EH = enzymatic
hydrolysis; PSSF = pre-saccharification simultaneous and fermentation; Einp = energy input; Eout = energy output;
* Processed biomass weight = 93.2 g.

On the other hand, the difference between the energy obtained (Eout = 0.03 MJ/g)
from bioethanol and the energy consumed in obtaining it (2.46 MJ/g) was notable. This
result affects the process’s energy efficiency. It can be explained by the volume of SSB
processed per energy unit, the yield of bioethanol obtained (Section 3.4), and its calorific
value (Table 2), among other factors. These may vary depending on the technology used
and the source of origin of the raw material (renewable and non-renewable) [35,59]. In
this sense, energy efficiency can be increased by integrating the lignin and other products
derived from the process of obtaining bioethanol (cogeneration) [19,22], in addition to
integrating biochemical, thermochemical, physical, and catalytic conversion to produce
a wide range of biobased products [54], reusing the water and soluble products [60], as
well as the carbon dioxide (CO2) released during fermentation as a carbon source for
other crops [61]. In general, this information can be used to compare different production
scenarios in energetic terms and select the best operating conditions that contribute to
increasing efficiency [21].
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4. Conclusions

The chemical composition of SSB allows it to be used as a feedstock to produce second-
generation bioethanol from a hydrothermal pretreatment process followed by simultaneous
pre-saccharification and fermentation. Furthermore, the increase in the severe conditions of
the pretreatment resulted in a higher release of fermentable sugars and energy consumption.
In the process of pre-saccharification and simultaneous fermentation, fermentation time can
be carried out by 24 h, with a bioethanol yield of 98.42%. Moreover, the energy input was
higher concerning the energy output of the bioethanol production process, which resulted
in lower energy efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123106/s1, Figure S1: The block diagram of the
process for obtaining bioethanol; Figure S2: Stainless steel pressurized batch reactor with total volume
of 0.190 L; Table S1: Analysis of variance (ANOVA) of the cellulose (determined as glucan) in the solid
phase of the hydrothermal pretreatment; Table S2: Correlation between the experimental variables of
the process; Table S3: Analysis of variance (ANOVA) for glucose release during enzymatic hydrolysis.
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