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Abstract: This review paper examines acid and alkaline pretreatments on perennial grasses for
second-generation (2G) bioethanol production, a relatively unexplored area in this field. It compares
the efficiency of these pretreatments in producing fermentable sugar and bioethanol yield. This
study finds that alkaline pretreatment is more effective than acidic pretreatment in removing lignin
and increasing sugar yield, leading to higher ethanol yields. However, it is costlier and requires
longer reaction times than acidic pretreatment, while acidic pretreatment often leads to the forma-
tion of inhibitory compounds at higher temperatures, which is undesirable. The economic and
environmental impacts of lignocellulosic biomass (LCB) are also assessed. It is revealed that LCB
has a lower carbon but higher water footprint and significant costs due to pretreatment compared
to first-generation biofuels. This review further explores artificial intelligence (AI) and advanced
technologies in optimizing bioethanol production and identified the gap in literature regarding their
application to pretreatment of perennial grasses. This review concludes that although perennial
grasses hold promise for 2G bioethanol, the high costs and environmental challenges associated
with LCB necessitate further research. This research should focus on integrating AI to optimize the
pretreatment of LCB, thereby improving efficiency and sustainability in 2G biofuel production.

Keywords: lignocellulosic biomass; perennial grass; acid pretreatment; alkaline pretreatment; reduc-
ing sugar; bioethanol

1. Introduction

The widespread reliance on fossil fuels globally, driven by the growing need for energy,
has given rise to environmental concerns such as climate change, global warming, and
air pollution. On a global scale, carbon dioxide (CO2) emissions from the transportation
industry increased by 24% in 2019, reaching a cumulative figure of 8.2 gigatons. Projections
indicate that the number of vehicles is expected to reach 1.3 billion by 2030 and 2 billion
by 2050 [1]. The projection spanning 2010 to 2040 indicates a 26.2% increase in global oil
consumption. It is feasible that some of these increasing energy needs could be satisfied
by harnessing renewable energy sources [2]. Therefore, there has been substantial interest
within the scientific community in the exploration of renewable and sustainable energy
sources. Biomass, as a renewable energy source, has been gaining increasing attention as a
potential replacement for fossil fuels, primarily because of its carbon-neutral characteristics
and its status as the most abundant renewable resource worldwide [3,4].

Biomass-derived biofuels include biodiesel, biogas, and bioethanol. These fuels offer
potential benefits in reducing carbon emissions and enhancing energy security [5–7]. The
worldwide production of bioethanol increased by 10% in 2018, reaching 154 billion liters,
and is forecasted to increase by 25% by 2024 [1]. Presently, the foremost global bioethanol
producers include the United States and Brazil, followed by the European Union, China,
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and other nations, as shown in Figure 1. These countries incorporated bioethanol into gaso-
line blends as a strategic measure to mitigate the costs associated with gasoline imports.
Blends currently incorporated include E5, E10, E15, and E85, denoting bioethanol and
gasoline ratios of 5:95, 10:90, 15:85, and 85:15, respectively. The utilization of these blends
does not necessitate any modifications to the engine; however, the E85 blend is exclusively
compatible with flex-fuel engines [8–11]. Bioethanol is currently derived through the fer-
mentation of first generation (1G) starch-based crops, including corn starch, sugarcane, and
sugar beet, a practice that raises significant concerns about its impact on food security [12].
Consequently, there is growing interest in exploring second generation (2G) lignocellulosic
biomass (LCB), characterized by its non-food origin and widespread availability, as a
promising alternative for biofuel production compared to the utilization of 1G crops [13].
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Perennial grasses, recognized as 2G LCB, are emerging as favored energy crops for
several reasons [14]. However, converting 2G LCB into bioethanol faces challenges, no-
tably higher costs than 1G ethanol production. A typical process for converting LCB into
bioethanol involves four main stages: pre-treatment, enzymatic hydrolysis, fermentation,
and distillation. Throughout the process, pretreatment is the most crucial step, given its
significant impact on the overall efficiency of the bioconversion process [15,16].

To optimize the reducing sugar yield and minimize degradation products from LCB,
it is imperative to employ specific pretreatment methods or combinations thereof. Among
these, chemical pretreatment methods utilizing acid and alkaline reagents have been ex-
tensively investigated and are currently at the forefront of commercialization. Alkaline
pretreatment, particularly notable for its efficiency in lignin removal and lower energy
requirements, outperforms alternative techniques across various feedstocks such as agricul-
tural residues and forages. The hydrolysis of cellulose and hemicellulose polymers in LCB
to fermentable sugars is achieved using either dilute or concentrated acids [17].

As the pursuit of sustainable and economically viable biofuel production intensifies,
a nuanced understanding of the application of acid and alkaline pretreatment to LCB is
imperative for well-informed decision-making.

Given the prominence of chemical pretreatment using acid and alkaline reagents in
the commercial landscape, this review paper conducts a comparative analysis of acidic
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and alkaline pretreatments, specifically applied to perennial grasses. The primary aim is to
evaluate their impact on fermentable sugar production and bioethanol yield while identi-
fying the optimal operational conditions and limitations for each pretreatment approach.
Additionally, this paper emphasizes the techno-economic assessment of pretreatment steps,
including a life cycle assessment of the overall conversion process. Furthermore, the adop-
tion of smart approaches, emphasizing the integration of advanced technologies such as
big data and AI in the context of bioethanol production from biomass, is explored.

2. Lignocellulosic Biomass
2.1. Perennial Grasses

Perennial grasses, also known as native or herbaceous crops, stand out for their
straightforward cultivation compared to annual crops; they offer advantages in terms
of cost-effective cultivation, minimal water, fertilizer, and pesticide requirements, and
adaptability to various climates, including marginal lands with poor soil quality, thus
making them highly cost-effective [18–22]. Perennial grasses offer the potential to mitigate
concerns related to land use, competition between food and fuel production, and other
environmental threats compared to annual crops [23]. Moreover, at the end of their growth
cycle, they exhibit impressively low moisture content and feature high cellulose content
compared with other plant varieties [18]. Therefore, they hold significant promise as
bioenergy crops because of their substantial carbohydrate content. The average annual
production yields of several perennial grasses commonly investigated in the literature for
their bioethanol potential are summarized in Table 1.

Biotechnological methods have been used to explore perennial grasses for various
applications, including bioethanol and biomethane production, as well as utilizing cellulose
and hemicellulose for material synthesis [23]. Despite extensive research on different
pretreatment techniques to enhance digestibility and fermentability, hydrolyzing perennial
grasses and other lignocellulosic biomass into fermentable sugars remains a challenge
because of LCB recalcitrance [24].

Table 1. Perennial grasses and their annual production.

Grass Characteristics Annual Production Reference

Bermuda grass (Cynodon dactylon) Grows in tropical and subtropical regions.
High carbohydrate content. 6–27 t/ha [25]

Napier/elephant grass
(Pennisetum purpureum schum)

Fodder crop native to tropical and
subtropical regions. Fast growing 46.2 t/ha [26–28]

Silver grass (Miscanthus floridulus)
Exhibits excellent resilience to saline

conditions and drought. High
lignocellulose yield.

27.0–38.0 t/ha [29]

Switchgrass (Panicum virgatum)
Flourishes in different soil types with

minimal fertilizer requirement. Potential
for soil carbon sequestration.

14.8–37.1 t/ha [21]

Fountain grass
(Pennisetum alopecuroides) Can withstand salinity and drought. 40–50.2 t/ha [30]

Palisade grass (Brachiaria brizantha) High photosynthesis efficiency 40 t/ha [23,31]

Giant reed (Arundo donax) Helps mitigate soil erosion. 3.00–37.00 t/ha [32–34]

King grass (Pennisetum hybridum) Fast growing, high yield. Grows in a
variety of soil conditions 40–60 t/ha [35]

Cogongrass (Imperata cylindrical)
Globally distributed weed, ecological

threat to upland crops, requires minimal
water and thrives well in unfertile soil.

8–20 t/ha [36]
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2.2. Lignocellulosic Biomass Composition

LCB is characterized by the predominant presence of three biopolymers: cellulose,
hemicellulose, and lignin. These constituents collectively contribute to a complex and rigid
structure, rendering LCB resistant to degradation by microorganisms and enzymes without
prior pretreatment [37]. LCB is the most abundant biomass globally, with an estimated
annual production of approximately 200 billion tons, which constitutes approximately
90% of the overall plant material production and is derived mainly from agricultural
and forestry residues, horticultural waste, and economically valuable crops [38–41]. An
estimated 8–20 billion tons of readily available LCB has biotechnological potential [42].

Typical LCB comprise cellulose (35–55%), hemicellulose (20–40%), and lignin (10–25%)
as the main components along with trace proteins, pectin, ash, and other substances, such
as inorganic materials, waxes, fats, and phenolics [43–46]. However, the composition
varies among plant species owing to factors such as age, harvesting season, and cultivation
conditions. LCB is classified into four primary categories: hardwood, softwood, agricultural
residues, and grass [47].

Accurate compositional analysis of LCB is vital for biofuel production, impacting
parameters such as ethanol yield, recovery rates, and techno-economic assessments [48,49].
Reliable analytical techniques, such as those provided by the National Renewable Energy
Laboratory (NREL) and the Chesson standard method, are employed for quantifying
carbohydrates, lignin, and ash in biomass [49–54]. Table 2 summarizes the composition of
commonly employed grasses in the biofuel industry, as documented in the literature.

Table 2. Composition of different perennial grasses.

Biomass Cellulose (%) Hemicellulose (%) Lignin (%) References

Switchgrass 45.00 31.40 12.00 [55]

Switchgrass 32.00 17.90 21.40 [16]

Bermuda grass 25.60 15.90 19.30 [16]

Bermuda grass 25.00 35.70 6.40 [55]

Napier grass 41.80 ± 2.20 23.20 ± 1.10 25.00 ± 0.30 [26]

Kans grass 44.00 21.50 28.50 [56]

Miscanthus 52.10 25.80 12.60 [44]

Bamboo 46.50 18.80 25.70 [47]

Rye 42.83 27.86 6.51 [57]

Reed 49.40 31.50 8.74 [57]

Amur silver grass 42.00 30.15 7.00 [57]

Natural hay 44.90 31.40 12.00 [47]

Para grass 42.00 ± 1.90 20.00 ± 0.20 19.00 ± 0.20 [58]

Vetiver 34.48 35.07 14.34 [59]

Cogongrass 41.50 22.50 20.40 [36]

2.2.1. Cellulose

Cellulose, a linear polymer composed of D-glucose subunits covalently linked to
β-(1,4)-glycosidic bonds, forms chains comprising 500–1400 D-glucose units, resulting in
microfibrils that are tightly packed together to form cellulose fibrils [60,61]. The crystalline
structure of cellulose is attributed to intra- and intermolecular hydrogen bonds and van
der Waals bonds among the hydroxyl groups on its chains [62,63]. It is insoluble in most
common solvents, including water, owing to its robust intermolecular and intramolecular
hydrogen bonds [64]. Amorphous cellulose is particularly prone to enzymatic degradation,
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owing to its more accessible and less compact nature unlike crystalline cellulose [61]. The
structure of cellulose is shown in Figure 2.
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2.2.2. Hemicellulose

Hemicellulose is a carbohydrate composed of branched structures featuring short
lateral chains that include a blend of monosaccharides, including pentoses (e.g., xylose
and arabinose), hexoses (mannose, glucose, and galactose), and sugar acids [61]. Sugars
comprising hemicellulose are interconnected by β-1,4-glycosidic bonds, and sometimes by
β-1,3-glycosidic bonds [66]. In contrast to cellulose, hemicelluloses do not exhibit chemical
homogeneity. Hemicellulose typically exhibits a lower degree of polymerization, consisting
of only a few hundred units, compared to cellulose. The lower degree of polymerization
and hydrophilic nature of hemicellulose make it more susceptible to hydrolysis [67]. The
structure of hemicellulose is shown in Figure 3.
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2.2.3. Lignin

Lignin is a heterogeneous biopolymer consisting of multiple cross-linked phenyl
propanoids of which p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol exist as its
monomers [61]. The resulting structure is a hydrophobic molecule with high carbon content
and high energy value, exhibiting significant resistance to biological degradation [69,70].
The predominant interconnections in the lignin structure are β-O-4 aryl ethers, which
contribute to the formation of its highly branched aromatic structure. This characteristic
renders lignin a valuable resource for the production of aromatic-based chemicals [71,72].
Generally, herbaceous plants, such as grasses, tend to have the lowest lignin content,
whereas softwoods, such as coniferous trees, typically have the highest lignin content
among various plant biomasses. The structure of lignin is shown in Figure 4.
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2.3. Pretreatment of Biomass

LCB exhibits inherent resistance to hydrolysis owing to the crystallinity and dense
packing of cellulose, hemicellulose, and lignin, posing a critical bottleneck in industrial
processes. Effective pretreatment is essential to enhance enzymatic hydrolysis, involving
lignin breakdown, disruption of cellulose crystalline structure, and increased accessibility
of carbohydrate polymers to enzymes [12,73–75].

A successful pretreatment process should optimize biomass porosity for enhanced
enzyme penetration, while simultaneously reducing lignin content and crystallinity to
alleviate physical barriers [62,76]. This results in a cellulose-rich residue that not only
facilitates efficient hydrolysis but also minimizes the formation of inhibitory compounds,
such as furfural, 5-hydroxymethylfurfural (5-HMF), and acetic acid, which could impede
the activity of cellulases and fermenting yeast [77]. Efficient pretreatment can substantially
reduce the amount of enzyme cocktail required for cellulose hydrolysis, leading to signifi-
cant cost savings [78]. To achieve the desired pretreatment outcomes, the conditions must
be environmentally friendly, cost-effective, and economically feasible [79]. It is crucial to
acknowledge that a one-size-fits-all pretreatment technique does not exist for all types of
LCB; rather, the specific approach depends on the biomass type and the intended final
products [47].

Pretreatment methods include (1) physical methods, such as milling, grinding, and
extrusion; (2) chemical methods, involving the utilization of alkalis, acids, and ionic liq-
uids; (3) biological methods, which make use of microorganisms; and (4) physico-chemical
methods, which involve steam explosion and ammonia fiber explosion [80–84]. Chemical
pretreatment methods have emerged as popular choices for LCB due to their efficiency,
potential cost-effectiveness, and effectiveness in degrading more complex structured sub-
strates [16,85].

2.3.1. Acidic Pretreatment

Acidic pretreatment facilitates the degradation of hemicellulose and reduces the
crystalline structure of cellulose by disrupting the covalent bonds, hydrogen bonds, and
van der Waals forces that hold cellulose, hemicellulose, and lignin in association [86].
Commonly utilized acids include sulfuric acid (H2SO4), hydrochloric acid (HCl), nitric
acid (HNO 3), maleic acid (C4H4O4), formic acid (HCOOH), phosphoric acid (H3PO4), and
others. Among these options, H2SO4 stands out as the most widely used [87–89]. The
utilization of acids such as HNO3, HCOOH, and HCl has been explored; however, their
application is constrained by their limited effectiveness in removing lignin [70]. Extensive
research has been conducted on acid pretreatment, and it is presently regarded as the
leading pretreatment technology at the forefront of commercialization for the conversion of
LCB [90].



Energies 2024, 17, 1048 7 of 33

Concentrated acid pretreatment makes use of highly concentrated acids, typically
exceeding 30% (v/v), and relatively moderate temperatures, generally below 100 ◦C. The
primary objective of this approach is to achieve higher sugar yields without subsequent
enzymatic saccharification [91]. The process commences by extracting hemicellulose during
the pre-hydrolysis phase, followed by disruption of cellulose to generate cellooligosac-
charides. Subsequently, these cellooligosaccharides are enzymatically hydrolyzed to yield
monomeric sugars. In the initial two stages, the crystalline structure of cellulose transforms
into its amorphous form, which enhances its transformation into value-added products [92].
Despite its efficiency, concentrated acid pretreatment has several drawbacks, including
elevated inhibitory compound levels, salt formation, reactor corrosion, increased acid
catalyst costs, and safety concerns [91,93].

Dilute acid pretreatment, considered the most suitable for commercialization, is known
for its simplicity, cost-effectiveness, and high efficiency [91]. Dilute acid pretreatment typ-
ically involves a solid-to-liquid ratio of 1:10, operation at relatively high temperatures
(120–215 ◦C), moderate pressures (ranging from 2 to 10 atm), and low acid concentrations
of up to 5% (v/v), and residence time in this process can vary from 10 to 120 min [90].
Dilute acid pretreatment primarily focuses on the hydrolysis of hemicellulose, particularly
targeting xylan removal from the hemicellulose fraction and some degree of lignin solubi-
lization owing to degradation by acid-catalyzed hydrolysis [26,58,94]. Employing dilute
acid pretreatment at high temperatures is often preferred for enhanced cellulose hydrolysis
compared to concentrated acid pretreatment at milder temperatures [16].

2.3.2. Alkaline Pretreatment

Alkaline pretreatment involves the utilization of alkaline bases such as sodium hydrox-
ide (NaOH), potassium (KOH), calcium hydroxide (Ca(OH)2) , and ammonia hydroxide
(NH4OH), among others. A notable feature is its operation under mild temperature and
pressure conditions, minimizing sugar degradation and inhibitory compounds forma-
tion [12,95]. The primary outcome of alkaline pretreatment is disintegration of the cell wall,
which is achieved by dissolving polysaccharides and inducing chemical swelling, leading
to the disruption of linkages between lignin and carbohydrates, ultimately removing lignin.
This, in turn, leads to an increased surface area and increased porosity of the biomass,
while decreasing the degree of polymerization. These alterations enhance the accessibil-
ity and reactivity of structural carbohydrates to enzymes, facilitating their conversion
to fermentable sugars [96–98]. NH4OH has been reported to selectively remove lignin
and hemicellulose while preserving the cellulose fraction, thereby improving enzymatic
hydrolysis [99]. NaOH, extensively studied, is effective in disrupting and removing lignin
from LCB as well [77]. Ca(OH)2 with its prolonged reaction time that may span weeks,
offers benefits, such as reduced cost, easier handling, and the absence of residual sodium
salts. However, its slow reaction time may pose a limitation when fast biofuel production
is required [4,100].

3. Enzymatic Hydrolysis and Fermentation

During the enzymatic hydrolysis of pretreated biomass, cellulase enzymes catalyze
the depolymerization of cellulose and hemicellulose, playing a crucial role in converting
cellulose to glucose. The three primary categories of cellulase enzymes responsible for cellu-
lose hydrolysis are endo-glucanase, exo-glucanase or cellobiohydrolase, and β-glucosidase
or cellobiase. These enzymes target different glycosidic bonds within cellulose, leading
to the formation of cello-oligosaccharides, cellobiose, and glucose, respectively [16,39].
Hemicellulose hydrolysis relies on endo-β-1-4 xylanase, exoxylanase, and β-xylosidase to
produce xylooligosaccharides, xylobiose, and xylose, respectively [16].

Cellulase enzymes exhibit peak efficiency at temperatures between 45–55 ◦C, a pH
level of 4 to 5, and a time frame of 48 to 72 h [101]. Various additional enzymes, includ-
ing acetylesterase, glucoronide, galactomannase, and glucomannase, sourced from fungi
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and bacteria contribute to hemicellulose breakdown with different cellulolytic mecha-
nisms [102].

Saccharomyces cerevisiae is a commonly employed microorganism for ethanol fermenta-
tion because of its high tolerance to various conditions. Other microorganisms such as Pichia
stipitis, Zymomonas mobilis, Mucor indicus, Escherichia coli, Penicillium, and Aspergillus are
utilized in the fermentation process [103–106]. Enzymatic hydrolysis and fermentation can
be conducted simultaneously in one step (simultaneous saccharification and fermentation;
SSF) or sequentially (separate hydrolysis and fermentation; SHF).

4. Effect of Acidic and Alkaline Pretreatments of Perennial Grasses
4.1. Biomass Composition before and after Pretreatment

Assessment of pretreatment efficacy involves analyzing changes in biomass composi-
tion before and after the pretreatment process. Generally, pretreatment induces alterations
in biomass composition, leading to an increase in cellulose content and a decrease in hemi-
cellulose and lignin contents. Table 3 outlines the compositional changes in different grasses
before and after acid and alkaline pretreatments. Alkaline pretreatments, particularly with
NaOH, consistently result in higher cellulose content and lower lignin content than acidic
pretreatments in perennial grasses.

Table 3. Composition of perennial grasses before and after acid and alkaline pretreatment.

Biomass Pretreatment Cellulose [%] Hemicellulose [%] Lignin [%] Reference

Napier grass

Untreated 41.80 ± 2.20 23.20 ± 1.30 25.00 ± 0.30

[26]Alkaline (NaOH) 62.10 ± 2.70 16.10 ± 0.80 19.50 ± 1.70

Acidic (H2SO4) 47.80 8.50 26.80

Acidic-Alkaline
(H2SO4–NaOH) 67.60 4.00 17.00

Bermuda grass
Untreated 25.59 15.88 19.33

[96]
Alkaline (NaOH) 25.01–23.11 13.60–6.27 16.93–2.82

B. brizantha
Untreated 42.15 12.70 18.80

[23]

Acidic (H2SO4) 42.85 ± 2.25–54.63 ±
0.63

4.07 ± 0.13–12.10 ±
0.10 -

Napier grass

Untreated 22.60 20.90 19.40

[12]Alkaline (NaOH) 31.20 21.90 6.80

Acidic (H2SO4) 24.00 13.50 13.40

Alkaline (aqueous NH3) 35.50 25.40 9.20

Alkaline (aH2O2) 39.20 10.50 11.00

King grass

Untreated 31.60 ± 2.50 15.2 ± 0.90 15.40 ± 1.00

[35]Alkaline (NaOH) 35.70 ± 0.30 21.60 ± 0.90 6.80 ± 1.90

Acidic (H2SO4) 43.80 ± 2.30 13.10 ± 1.10 17.20 ± 1.70

Alkaline (aqueous NH3) 36.10 ± 0.40 23.30 ± 1.30 9.90 ± 0.80

Alkaline (aH2O2) 37.90 ± 0.90 19.80 ± 0.50 14.10 ± 0.60

Giant reed
(Arundo donax)

Untreated 33.00 ± 0.70 29.70 ± 0.90 23.00 ± 1.11

[29]Acidic (H2SO4) 55.10 ± 1.30–58.30 ±
0.90

12.30 ± 0.70–18.20 ±
1.70

18.10 ± 1.30–21.10 ±
1.50

Acidic (FeCl3) 52.90 ± 1.30–62.90 ±
1.20

10.60 ± 1.40–15.40 ±
0.90

15.80 ± 0.70–20.30 ±
2.10

Alkaline (NaOH) 48.90 ± 0.50–62.70 ±
0.70

16.20 ± 0.40–24.40 ±
0.20

13.70 ± 0.8–17.90 ±
0.90
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Table 3. Cont.

Biomass Pretreatment Cellulose [%] Hemicellulose [%] Lignin [%] Reference

Napier grass
Untreated 36.67 ± 0.17 20.23 ± 0.09 19.33 ± 0.33

[107]

Alkaline (NaOH) 55.83 ± 0.13–72.30 ±
0.17

15.45 ± 0.06–20.30 ±
0.12

4.33 ± 0.07–7.00 ±
0.23

Para grass
Untreated 42.00 ± 1.90 20.00 ± 0.20 19.00 ± 0.20

[58]Alkaline (NaOH) 58.13 ± 0.60 21.68 ± 0.20 10.09 ± 0.10

Acidic (H2SO4) 55.61 ± 0.30 9.48 ± 0.05 19.01 ± 0.00

Napier grass, for example, exhibits a substantial increase in cellulose content and a
significant decrease in lignin content after alkaline pretreatment with NaOH. Cellulose
content increased from 41.80 ± 2.20% in the untreated sample to 67.60% in the pretreated
sample [26], and from 36.67 ± 0.17% in the untreated sample to percentages ranging beween
55.83 ± 0.13% to 72.30 ± 0.17% in the pretreated sample depending on the concentration
of NaOH [107]. The lignin composition in Napier grass decreased from 19.40% in the
untreated sample to 6.30% in the pretreated sample [12] and from 19.33% to percentages
ranging between 4.33 ± 0.07% to 7.00 ± 0.23% with NaOH [107]. However, the superiority
of alkaline pretreatment in compositional changes is not consistent across all grass types,
as observed by [35] for Napier grass, whereby H2SO4 pretreatment resulted in higher
cellulose content compared to the alkaline pretreatments, although it was associated with
lower lignin removal. A notable reduction in carbohydrates in switchgrass occurred after
NaOH pretreatment, which was linked with increased lignin reduction and pretreatment
severity. Despite the subsequent ease of enzymatic saccharification due to enhanced
cellulose exposure and reduced lignin, high sugar recovery was not guaranteed, as the
solubilization of carbohydrates results in the loss of solids [108].

Alkaline pretreatment can also increase the hemicellulose content, as observed for
Napier grass and Para grass pretreatment in studies by [12,35,58]. This increase is attributed
to significant lignin loss, leading to a relative increase in hemicellulose content [109]. Alka-
line pretreatment enhances hemicellulose solubilization and increases lignin removal by
disrupting ester bonds and glycosidic chains, resulting in increased cellulose crystallinity.
Efficient lignin removal is associated with enhanced biomass porosity and cellulose accessi-
bility [110,111], whereas acid pretreatment dissolves the hemicellulose fraction by altering
bonds within the biomass [86,110].

4.2. Morphology and Crystallinity before and after Acidic and Alkaline Pretreatment

The objective of biomass pretreatment is to disrupt the compact and organized cell
wall structure, making it more susceptible to enzymatic hydrolysis [23]. Scanning electron
microscopy (SEM) analysis is commonly employed to visualize the effects of pretreatment
on the cell wall structure of the biomass.

Morphological alterations in perennial grasses have been observed before and af-
ter acid and alkaline pretreatment in many studies [23,107,109]. The untreated biomass
initially displays a compact structure, whereas the biomass subjected to pretreatment ex-
hibits thinner and distorted fibers, indicating potential lignin removal or the formation
of lignin–hemicellulose complexes. Alkaline pretreatment, particularly with increasing
concentrations, results in notable disruptions, including the formation of hollow spaces and
increased breakage of cellulosic chains within the biomass following pretreatment [107].
Similarly with acidic pretreatment, the cell wall structure of raw biomass is generally com-
pact. After undergoing acidic pretreatment, the structure becomes partially deconstructed
as observed for B. brizantha with H2SO4. The severity of the acid treatment played a crucial
role in this process [23]. Morphological alterations in Napier grass were examined follow-
ing various alkaline pretreatments. NaOH treatment resulted in significant disruption of
the fibers, displaying eroded and ruptured surfaces, which is indicative of substantial lignin
removal. Ca(OH)2 , NH3, and aH2O2 pretreatments partially maintained fiber integrity
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but induced surface deformation. Ca(OH)2 treatment resulted in fiber loosening, revealing
inner rough-textured surfaces, possibly indicating lignin redeposition in the form of small
spheres. NH3 treatment caused surface disruption, disintegration, and increased porosity.
aH2O2 pretreatment weakened and ruptured fibers, with certain sections breaking into sep-
arate fibers [109]. The structural modifications induced by acidic and alkaline pretreatment
on lignocellulosic biomass (LCB) are crucial for enhancing the accessibility and reactivity
of the biomass for subsequent enzymatic hydrolysis or fermentation.

Cellulose microfibrils exhibit crystalline and amorphous regions, with cellulose crys-
tallinity recognized as a significant factor influencing hydrolysis rates [112]. Crystallinity
assessment is often conducted using X-ray diffractometry, and the crystallinity index (Crl)
is determined using Equation (1):

Crl(%) =
I002 − I001

I002
× 100 (1)

I002 (2θ = 22◦) is the peak intensity of the crystalline peak.
I001 (2θ = 16◦) is the peak intensity of the amorphous zone in the diffractogram [109].
Various pretreatment methods applied to grass consistently resulted in an enhanced

crystallinity index in the treated biomass compared to the untreated biomass as outlined in
Table 4. Pretreatments including acid, alkaline, and ionic liquids were applied to Napier
grass, leading to notable changes in its Crl. Initially, the Crl of fresh Napier grass was 33%.
Post-treatment, the Crl increased 1.51-fold with acid pretreatment and, more significantly,
1.94-fold with alkaline pretreatment [113]. The rigorous reaction conditions during pretreat-
ment result in the release of amorphous hemicellulose and lignin, leading to significant
improvement in cellulose crystallinity, as well as its Crl. Alkaline pretreatment surpasses
acidic pretreatment in enhancing biomass Crl by effectively solubilizing hemicellulose
and removing lignin. This process disrupts the cellulose–hemicellulose–lignin network,
exposing more crystalline cellulose and reducing amorphous components. Unlike acid
treatments that can hydrolyze cellulose, alkaline pretreatment is gentler, preserving the
cellulose structure and significantly improving its crystallinity [58,114].

Table 4. Crystallinity index of grasses before and after pretreatment.

Biomass Pretreatment Crl before [%] Crl after [%] Reference

Para grass Alkaline 33.40 58.60 [58]

Para grass Acid 33.40 54.30 [58]

Napier grass Alkaline 33.00 64.02 [113]

Napier grass Acidic 33.00 49.83 [113]

Chinese
Pennisetum Alkaline 49.50 60.60–63.40 [115]

Hybrid
Pennisetum Alkaline 43.40 56.80–58.60 [115]

4.3. Effect of Temperature, Residence Time, and Acid/Alkaline Concentration on the
Pretreatment Yield

Assessing the impact of temperature, residence time, and pretreatment chemical
concentrations on the pretreatment yield is critical for optimizing bioethanol production
from biomass. This optimization is essential for enhancing the efficiency of the pretreatment
process, crucial for the effective breakdown of biomass and the release of fermentable sugars.
Optimizing these parameters contributes to the cost-effectiveness and energy efficiency
of the overall process, reducing environmental impacts and maximizing the final ethanol
yield [14,116].

Temperature significantly influences the efficiency of biomass pre-treatment, making
it imperative to investigate the impact of different temperatures to determine the optimal
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conditions for efficient biomass conversion. In a comparative study involving acid, alkaline,
and two-stage acid–alkaline pretreatment, Napier grass underwent pretreatment with
H2SO4 at concentrations of 1%, 5%, and 10% (w/v) at temperatures of 120 ◦C, 150 ◦C, and
180 ◦C for 90 min. Additionally, NaOH at a concentration of 10% (w/v) was applied at
90 ◦C for 60 min. Higher temperatures and prolonged pretreatment times were positively
correlated with increased release of sugars. Specifically, a pretreatment temperature of
120 ◦C resulted in higher sugar yields (both glucose and xylose), reaching 24.0% g/g of
dried biomass, compared with a higher temperature of 180 ◦C. At 180 ◦C, only the glucose
yield increased to 16.3% g/g of dried biomass, whereas at 120 ◦C, it was approximately
6.3% g/g dried biomass. Consequently, the study identified optimal conditions for dilute
acid pretreatment of Napier grass: H2SO4 concentration of 1% (w/v), a solid-to-liquid
ratio of 1:10, a reaction temperature of 120 ◦C, and a reaction duration of 60 min [26]. In a
comprehensive study on perennial grasses as a substrate for bioethanol production, [14]
found that although glucose concentrations and hydrolysis efficiencies remained consistent
across various temperatures, the ethanol yield notably decreased with an increase in
pretreatment temperature.

Coastal Bermuda grass underwent NaOH pretreatment with varied concentrations
ranging from 0.5% to 3% (w/v) and reaction times of 15, 30, 60, and 90 min at 121 ◦C [96].
The results indicated that 30 min pretreatment time effectively removed a substantial
amount of total lignin (up to 86%), particularly for NaOH concentrations of 1% and higher.
The use of 1% and 2% NaOH led to higher total reducing sugar production, ranging be-
tween 400–440 mg/g raw biomass, compared to 3% NaOH, which achieved total reducing
sugar between 340–360 mg/g raw biomass at earlier pretreatment times of 15 and 30 min.
Extended pretreatment times of 60 and 90 min resulted in decreased reducing sugar pro-
duction for all NaOH concentrations due to reduced solid recovery despite higher lignin
removal. The optimal conditions for coastal Bermuda grass pretreatment were identified as
0.75% NaOH concentration with a 15-min pretreatment time at 121 ◦C [96]. In a comparable
NaOH pretreatment of Napier grass, a 2% (w/v) NaOH solution effectively delignified the
biomass, achieving a maximum delignification of 81.0% after 60 min, outperforming 1%
and 3% NaOH concentrations. The 2% NaOH treatment resulted in the highest glucose
(368 mg/g of dry biomass) and xylose (64 mg/g of dry biomass) production during enzy-
matic hydrolysis, with glucan and xylan conversions of 50.6% and 32.2%, respectively [107],
comparable to those observed in Bermuda grass pretreatment by [117]. However, increasing
acid or alkali concentration alone does not always yield better results, but their synergistic
effect is crucial [118].

When evaluating the efficacy of KOH, NaOH, and Ca(OH)2 as pretreatment agents
for switchgrass and Miscanthus under a solid loading of 40% dry matter content and mild
temperatures of 20 ◦C and 50 ◦C [20], it was observed that KOH and NaOH were more
effective than Ca(OH)2 in altering the biomass composition after pretreatment. The delig-
nification achieved by KOH and NaOH was higher at both temperatures, ranging from
30% to 37% for switchgrass and 32% to 47% for Miscanthus, while Ca(OH)2 achieved
delignification of 13% to 21% for switchgrass and 14% to 20% for Miscanthus. Cellulose
conversion rates ranged between 56.1% and 70.5% with either NaOH or KOH for switch-
grass at both temperatures, whereas for Miscanthus, cellulose conversion ranged between
59.0% and 80.5%. These cellulose conversion rates were higher compared to those achieved
using Ca(OH)2 (38.9% to 44.9% for switchgrass and 23.0% to 32.0% for Miscanthus). The
lower performance of Ca(OH)2 can be attributed to its low solubility (173 g in 100 mL
of water at 20 ◦C and 0.133 g at 50 ◦C), requiring longer treatment times for comparable
digestibility rates as those achieved with KOH and NaOH. Despite being inferior to other
alkalis, Ca(OH)2 as a pretreatment agent still possesses desirable qualities, considering
aspects such as cost-effectiveness, recovery after pretreatment, and safe handling [20,119].
At temperatures below 50 ◦C and extended residence times, alkali effectiveness, particularly
soaking in aqueous ammonia (SAA), was highlighted by [17]. SAA demonstrated high
efficacy in lignin removal with minimal hemicellulose loss, maintaining biomass cellulose
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content. However, at increased biomass loading from 10% to 20%, lignin removal efficiency
decreased from 48% to 31% during SAA pretreatment. Higher biomass loading posed
challenges, including inhibition, limited mass transfer due to low free water content, and
handling difficulties with viscous materials [120]. This process took a relatively long time,
specifically 40 days [17]. This extended duration could be considered a drawback of SAA as
a pretreatment method, especially in situations where faster processing times are desired.

4.4. Acidic, Alkaline, and Two-Stage Acid–Alkaline/Alkaline–Acid Pretreatment of
Perennial Grasses

Coastal Bermuda grass and switchgrass underwent pretreatment using NaOH, Ca(OH)2 ,
and H2SO4 [16]. Alkaline pretreatment with NaOH and Ca(OH)2 at milder temperatures
(50 ◦C) yielded greater sugar recovery during enzymatic hydrolysis compared to acid pre-
treatment with H2SO4 at higher temperature of 121 ◦C (see Table 5). Alkaline pretreatment,
especially with NaOH, demonstrated higher sugar yields (56.8% to 129% greater), attributed
to its effectiveness even at lower temperatures. This efficiency is linked to a significant
retention of carbohydrates in the solid residue, promoting additional hydrolysis, unlike high-
temperature acid pretreatments where carbohydrates dissolve into the solution, interacting
with inhibitory degradation products. NaOH proved more efficient than Ca(OH)2 , achieving
a reducing sugar yield of 86% of the theoretical yield [16].

The augmentation of pretreatment efficiency can be achieved through the implemen-
tation of a two-stage acid–alkaline pretreatment. During the initial stage, hemicellulose
hydrolysis is effectively carried out through diluted acid pretreatment and in the second
stage, alkaline pretreatment is employed. This dual-stage methodology improves the
overall removal rate of lignin, preserving cellulose within the solid fraction. The alka-
line solution serves to dissolve lignin from the biomass, thereby contributing to a more
comprehensive and efficient pretreatment process [26]. In a comparison of acid (H2SO4),
alkali (NaOH), and two-stage acid–alkali (H2SO4-NaOH) pretreatment of Napier grass, it
was found that all three methods were effective to some extent in removing non-cellulosic
components from the biomass. The two-stage acid–alkaline pretreatment exhibited the
highest reducing sugar yields, 56.9 g/L glucose and 4.2 g/L xylose, followed by NaOH
pretreatment with reducing sugar yields of 51.6 g/L glucose and 13.5 g/L xylose, and
finally, H2SO4 pretreatment with yields of 29.2 g/L glucose and 5.1 g/L xylose [26]. In
a comparable context of sequential acid–alkaline pretreatments involving H2SO4, FeCl3,
NaOH, and a two-stage FeCl3-NaOH process for Arundo donax by [29], the combined
acid–alkaline treatment outperformed individual acid and alkaline pretreatments. The total
soluble sugars obtained from H2SO4 and FeCl3 pretreatments were in the lower range of
236.2 to 255.9 mg/g of reducing sugar, as opposed to NaOH treatment, which achieved a
maximum of 379.7 mg/g of reducing sugar. The two-stage FeCl3-NaOH pretreatment re-
sulted in the highest maximum reducing sugar yield of 420.4 mg/g, surpassing the one-step
NaOH and FeCl3 pretreatments by 111% and 164%, respectively. While FeCl3 effectively
dissolves hemicellulose and recovers soluble sugars, it falls short in enhancing enzymatic
hydrolysis. Further treatment with NaOH in the second step enhanced delignification,
improving the efficiency of enzymatic hydrolysis [29]. Similarly in two-stage pretreatment
of Miscanthus using acid and lime, higher recoveries of both glucose (>80%) and xylose
(>70%) were observed, outperforming the results of single-stage pretreatments [121].

Pre-treating kans grass with different alkalis followed by concentrated acid hydrol-
ysis was employed, and this method was found to enhance the interaction between acid
and cellulose/hemicellulose. It promoted a more effective hydrolysis process, leading to
increased yields of monomeric sugars. A promising approach for generating monomeric
sugars from kans grass involved SAA pretreatment, followed by concentrated H2SO4 pre-
treatment, which resulted in the highest concentrations of total reducing sugars, reaching
up to 580.3 mg/g (see Table 5). The recovery of ammonia from the pre-treatment liquor
was possible, allowing for its subsequent reuse [17]. Alkaline pretreatment provides bene-
fits, including the ability to be recycled up to five times without any loss of effectiveness,
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which leads to cost savings on chemicals, as demonstrated in the case of cogon grass using
a 10 wt.% NaOH [122]. The advantages and disadvantages of both acidic and alkaline
pretreatment are summarized in Table 6.

Alkali pretreatment, specifically using NaOH, significantly enhances the production
of fermentable sugars compared to acid pretreatment [12,16,26,30,35,98,123]. This chemical
process is common and proves effective in improving cellulose digestibility by removing
lignin. At the same time, alkali pretreatment can hinder the enzyme’s access to the cellulose
and can also absorb the cellulase enzymes, which can lead to low sugar release compared
to dilute acid pretreatment, which removes less lignin [58]. However, in contrast to this,
substantial lignin removal does not necessarily correlate with the quantity of total reducing
sugars produced during enzymatic hydrolysis. This is because the dispersed residual lignin
may still hinder enzyme access to the amorphous portion of cellulose, thereby influencing
the efficiency of enzymatic hydrolysis in terms of total reducing sugar production [12]. This
inconsistency underscores the complexity of lignin modification and its relationship with
enzymatic hydrolysis efficiency.

Table 5. Total reducing sugar and bioethanol yields from acidic and alkaline pretreatments on
perennial grasses.

Biomass Pretreatment
Efficiency % [w/w]

Enzymatic Hydrolysis and
Fermentation

Hydrolysis Efficiency/Total
Reducing Sugar
Concentration

Bioethanol Yield Reference

Napier grass

Alkaline (NaOH)
CR: 62.1 ± 2.7%
HR: 67.1 ± 0.2%
LR: 63.0 ± 3.2%

Cellulases Cellic CTec2 and
HTec2

12 FPU/g. S. cerevisiae
SSF

Glucose: 51.60 g/L
Xylose: 13.50 g/L

Glucose yield: 75.4 ± 2.9%
0.143 ± 0.006 g/g

[26]

Acidic (H2SO4)
CR: 47.8%
HR: 81.1%
LR: 46.2%

Glucose: 29.20 g/L
Xylose: 5.10 g/L

Glucose yield: 55.4 ± 6.5%
0.075 ± 0.003 g/g

Acidic-Alkaline
H2SO4–NaOH

CR: 67.6%
HR: 93.4%
LR: 74.1%

Glucose: 56.90 g/L
Xylose: 4.20 g/L

Glucose yield: 76.4 ± 5.0%
0.116 ± 0.006 g/g

Vetiver Acidic-Alkaline
(H2SO4–NaOH)

Cellulase (8 U/g),
β-glucosidase (120 U/g).

S. cerevisiae
SSF

Glucose: 11.08–13.56%
Xylose: 44.21–47.84%

Arabinose: 15.41–16.34%
Galactose: 6.51–7.88%

0.142–0.151 g/g [59]

Napier grass

Alkaline (NaOH)
CR: 96.5–99%

HR: 19.7–82.7%
LR: 76.2–88.4% Accellerase 1500,

30 FPU/g.
S. cerevisiae

SSF

TRS: 146.90 mg/g

0.142 g/g
(With NaOH) [12]Acidic (H2SO4) TRS: 80.00–90.00 mg/g

Alkaline (aqueous
NH3) TRS: 133.60 mg/g

Alkaline (Alkaline
peroxide) TRS: 20.00–30.00 mg/g

King grass

Alkaline (NaOH)
CR: 55.8–92.8%
HR: 22.6–98.4%

LR: 53.00–94.00% Accellerase 1500,
30 FPU/g.
S. cerevisiae

SSF

TRS: 268.00 mg/g

0.166 g/g
With NaOH

[35]Acidic (H2SO4) TRS: ~120.00 mg/g

Alkaline (aqueous
NH3) TRS: 179.40 mg/g

Alkaline (Alkaline
peroxide) TRS: ~50.00 mg/g
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Table 5. Cont.

Biomass Pretreatment
Efficiency % [w/w]

Enzymatic Hydrolysis and
Fermentation

Hydrolysis Efficiency/Total
Reducing Sugar
Concentration

Bioethanol Yield Reference

Switchgrass
Alkaline Aqueous

NH3
LR: 40.0–50.0%

Cellulase β-glucosidase,
26–77 FPU/mL.

S. cerevisiae
SSF

Glucose: ~6.40 g/L
Xylose: ~7.90 g/L

Cellobiose: ~3.80 g/L
22.00 g/L [99]

Napier grass Alkaline (NaOH)
LR: 63.79–81.03%

Cellulase
20 FPU/g

Glucose: 18.40 g/L
Glucose yield: 45.2–50.6%
Xylose yield: 24.0–32.2%

- [107]

Para grass

Acidic (H2SO4) Commercial Cellulase
20 FPU/g.
S. cerevisiae

SHF

TRS: 660.00 mg/g -

[58]
Alkaline (NaOH) TRS: 696.00 mg/g 71.8%

Kans grass

2-stage
NaOH–H2SO4

LR: 47.9%

Yeast strain Scheffersomyces
stipitis CBS 6054

TR: 44.30–373.60 mg/g

0.35 g/g [17]
2-stage NaOH +

urea–H2SO4
LR: 51.0%

TRS: 75.20–448.30 mg/g

2-stage Aqueous
NH3–H2SO4

LR: 48.0%
TRS: 159.70–580.30 mg/g

B. brizantha Acidic (H2SO4)
HR: 73.3%

Commercial cellulase,
20 FPU/g. S. cerevisiae

SSF

TRS: 0.19–0.54 g/g
Saccharification efficiency:

46.0%
~6.50 g/L [23]

Bermuda grass Acidic (H2SO4)
LR: 20.0–30.0%

Cellulase, NS50013
(40 FPU/g) and cellobiase

NS50010 (70 CBU/g).
S. cerevisiae

TRS: 464.80 mg/g
TRS yield: 80.00–97.00% 52.00–83.00% [110]

Bermuda grass Acidic (H2SO4) Cellulases (25 FPU/g) and
β -glucosidase (75IU/g)

TRS: 203.70–229.30 mg/g
Glucose conversion rate;

46.1–83.1%
- [124]

Rye straw Acidic (H2SO4) Cellulases (25 FPU/g) and
β -glucosidase (75IU/g)

TRS: 125.00–197.10 mg/g
Glucose yield: 29.9–52.3% - [124]

Cogon grass Alkaline (NaOH)

Accellerase 150 (0.15-0.25
mL/g-WIS).
S. cerevisiae

SSF

- 19.08 g/L
(76.2%) [122]

Napier grass Alkaline (NaOH)

cellulase Cellic® CTec2
(5–40 FPU/g).

S. cerevisiae
SHF and SSF

TRS: ~90.00 g/L maximum
(SSF)

30.60 ± 0.40 g/L
(SHF)

28.50 ± 2.30 g/L
(SSF)

[125]

Switchgrass

Acidic (H2SO4)
HR: >80.0%

NS 50013 (20 FPU/g) + NS
50010 (10 CBU/g) TRS: 188.70 mg/g

- [16]

Celli CTec (20 FPU/g) TRS: 207.50 mg/g

Alkaline (NaOH)
LR: >55.0%

NS 50013 (15 FPU/g) + NS
50010 (20 CBU/g) TRS: 431.40 mg/g

Cellic CTec (15 FPU/g) +
Cellic HTec (25 FXU/g) TRS: 399.00 mg/g

Alkaline (Ca(OH)2 )

NS 50013 (20 FPU/g) + NS
50010 (20 CBU/g) TRS: 433.00 mg/g

Cellic CTec (20 FPU/g) +
Cellic HTec (25 FXU/g) TRS: 412.30 mg/g
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Table 5. Cont.

Biomass Pretreatment
Efficiency % [w/w]

Enzymatic Hydrolysis and
Fermentation

Hydrolysis Efficiency/Total
Reducing Sugar
Concentration

Bioethanol Yield Reference

Bermuda grass

Acidic (H2SO4)
NS 50013 (20 FPU/g) + NS

50010 (10 CBU/g) TRS: 232.10 mg/g

Celli CTec (20 FPU/g) TRS: 242.10 mg/g

Alkaline (NaOH)

NS 50013 (15 FPU/g) + NS
50010 (10 CBU/g) TRS: 396.00 mg/g

Cellic CTec (10 FPU/g) +
Cellic HTec (25 FXU/g) TRS: 379.50 mg/g

Alkaline (Ca(OH)2)

NS 50013 (20 FPU/g) + NS
50010 (10 CBU/g) TRS: 426.40 mg/g

Cellic CTec (15 FPU/g) +
Cellic HTec (50 FXU/g) TRS: 429.70 mg/g

Miscanthus floridulus

Alkaline (NaO) at RT.
HR: 51.5%
LR: 73.7% Accellerase 1000,

10 FPU/g-WIS. S. cerevisiae
SSF

0.071 g/g (48.9%)

[126]Alkaline (NaO) at
90 ◦C.

HR: 85.1%
LR: 61.5%

0.124 g/g (78.4%)

CR: Cellulose recovery; HR: Hemicellulose removal; LR: Lignin removal; TRS: Total reducing sugar; SSF: Simulta-
neous saccharification and fermentation; SHF: Separate hydrolysis and fermentation; RT: room temperature; FPU:
Filter paper unit; FXU: Fungal xylanase unit; CBU: Cellobiase unit.

Table 6. Advantages and disadvantages of acid and alkaline pretreatments.

Pretreatment Advantages Disadvantages References

Acidic

Short residence times.
Mild temperatures and low-pressure

operations.
Eliminating the need for enzymatic

hydrolysis is possible sometimes, as the
pretreated feedstock is directly

hydrolyzed into fermentable sugars.
Achieves high rates of cellulose

hydrolysis.

The generation of inhibitory
compounds is very high.

Requires washing and neutralizing of
the acid in the feedstock before

enzymatic hydrolysis.
High cost to design reactors due to

acid-resistant material.
Need to recover the acid used.

Corrosive.
Toxic.

[47,75,112,127]

Alkaline

Less degradation of sugars.
Low temperature and low-pressure

operation.
Enhances enzymatic hydrolysis.

Low inhibitory compounds generation.
Reuse of alkaline solution.

Ideal for low lignin content biomass.
Difficult to neutralize.

High cost.
Extended reaction time.

[38,47,70,112,122,128]

4.5. Perennial Grasses Pretreatment Comparison with Other LCB

Comparing the hydrolysis of perennial grasses to other lignocellulosic biomass feed-
stocks, silver grass, rice straw, and bagasse were pretreated with dilute H2SO4 at 121 ◦C
for 30 min. The xylose yield from silver grass (70–75%) was comparable to rice straw
and bagasse. Following fermentation with Candida shehatae, all three hydrolysates yielded
ethanol in the range of 64–66%, indicating that silver grass is as viable as bagasse and rice
straw for bioethanol production [129]. Bermuda grass exhibited dominance over rye straw
during pretreatment with H2SO4, showing an increased glucose yield ranging from 46% to
81% of the theoretical potential. In contrast, rye straw consistently yielded lower glucose,
ranging from 30% to 52% of the theoretical potential across various pretreatment conditions.
Discrepancies in biomass structure, culture season, and duration between the winter-grown
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rye and summer-cultured Bermuda grass may contribute to variations in acid pretreatment
and enzymatic hydrolysis outcomes, as indicated by [124].

Four different strong inorganic acids, namely, HCl, H3PO4, HNO3, and H2SO4 were
evaluated in fractional hydrolysis to achieve maximum sugar recovery with minimal toxic
by-products from three different feedstocks: kans grass, sugarcane bagasse, and wheat
straw. Among these acids, H2SO4 proved to be the most effective, resulting in the high-
est extraction of pentose and hexose sugars from kans grass biomass without significant
toxic by-products. The saccharification percentages were as follows: kans grass (84.88%),
sugarcane bagasse (82.55%), and wheat straw (81.66%). This study successfully achieved
82.45% of the maximum theoretical ethanol production from the kans grass hydrolysate,
providing validation for the common use of H2SO4 due to its superior performance com-
pared to other acids [56]. These findings demonstrate that perennial grasses possess the
potential to achieve conversion yields suitable for bioethanol production, comparable to or
even surpassing those of other biomass feedstocks, further affirming their viability for 2G
bioethanol production due to their greater susceptibility to saccharification.

4.6. Inhibitory Compounds Production

The generation of by-products during pretreatment predominantly stems from the
solubilization and degradation of pentoses, hexoses, and lignin. Elevated concentrations
of these by-products, particularly notable in acid pretreatment, exert inhibitory effects on
fermenting microorganisms, including yeast and bacteria, as evidenced in the existing
literature [23,26,121].

In the pretreatment of Napier grass, different methods including acid, alkaline and 2-
stage acid-alkaline methods were investigated [26]. The use of H2SO4 revealed that elevated
concentrations and prolonged pretreatment times resulted in the formation of inhibitory
compounds, specifically furfural and acetic acid. The concentrations of furfural increased
from approximately 1 g/g biomass at 120 ◦C to about 4 g/g biomass at 180 ◦C, while acetic
acid concentrations rose from 4 g/g biomass at 120 ◦C to 16 g/g biomass at 180 ◦C [26].
Similar observations of acetic acid and furfural were reported in the pretreatment of
switchgrass by [129] after a longer pretreatment time of 180 min using H2SO4, with acetic
acid concentrations of 3.5 g/L and furfural 1.0 g/L. Acetic acid is produced through the
release of the acetyl group from hemicellulose hydrolysis, whereas furfural is formed
via the dehydration of pentose sugars [129,130]. A lower H2SO4 concentration of 1%
(w/v) was considered suitable for the prevention of inhibitory compounds in contrast to
concentrations of 5% and 10% (w/v) [26].

Comparing acid hydrolysis of silver grass with that of sugarcane bagasse and rice
straw, silver grass exhibited an acetic acid concentration of 3.5 g/L while sugarcane bagasse
and rice straw exhibited 6.2 g/L and 1.7 g/L, respectively. The acetic acid concentrations
were lower in silver grass and rice straw because of their lower acetyl group contents
compared to sugarcane bagasse [129]. At 180 ◦C, degradation of hemicellulose to produce
2-furaldehyde and 5-hydroxymethyl-furaldehyde was observed for three grasses (Panicum
maximum, Pennisetum purpureum, and Brachiaria brizantha), sugarcane bagasse, and bark
residues. Sugarcane bagasse and bark residues exhibited higher susceptibility to cellu-
lose dehydration, while perennial grasses demonstrated hydroxymethyl–furfural levels
below 20 µg/per gram of biomass. The soluble fraction from perennial grasses was the
primary source of C5 conversion into 2-furaldehyde, with B. brizantha showing height-
ened production under acid pretreatment [131]. Comparing B. brizantha with sugarcane
bagasse, the effects of H2SO4 pretreatment at concentrations of 0.5%, 1%, and 2% (v/v)
were assessed. Under the most extreme conditions, sugarcane bagasse released furfural in
amounts 1.7 times higher than B. brizantha, while HMF from sugarcane bagasse (4.268 g/L)
was remarkably 9.4 times greater than that of B. brizantha (0.454 g/L). Optimal conditions
for B. brizantha, 1% or 2% acid concentration for 60 min, not only maximized carbohy-
drate content but also kept inhibitor concentrations at acceptable levels. Additionally, B.
brizantha exhibited superior efficiency, achieving a 46% conversion of released glucose
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to ethanol compared to sugarcane bagasse’s, which was 33% [23]. Similar results of the
generation of inhibitory compounds at elevated temperatures were observed in the dilute
acid pretreatment of Bermuda grass, where the maximum total sugar yield was 97% [110].
The severity of the pretreatment process influences the formation of inhibitory products,
as demonstrated by [121] in their study on Miscanthus. With increasing pretreatment
severity (two-stage acidic–alkaline), they observed a rise in the concentration of inhibitory
compounds, yielding 3.8–15.2 g/L of acetic acid, 0.9–13.2 g/L of furfural, and 0–3.0 g/L
of HMF.

Kans grass, previously treated with ammonia, underwent a three-fold concentration of
acid pretreatment and subsequent detoxification using charcoal (5 g/L) [17]. While the total
reducing sugars were conserved post-concentration, a notable decrease in xylose content
occurred, leading to the formation of furfural, which increased in concentration from 4.56
to 20.35 mM. A slight reduction in phenolics was observed during the concentration phase.
The detoxification process resulted in a 0.76 g/L total reducing sugar loss, along with
reductions in furfural and phenolics concentrations from 20.35 to 15.53 mM and 253.03 to
79.47 mg/L, respectively. Notably, the detoxification process exhibited a more pronounced
reduction in phenolics compared to furfural [17]. Organisms, including specific strains of S.
cerevisiae capable of converting furfural and HMF into less toxic compounds (furfural alco-
hol and 2,5-bis-hydroxymethylfuran, respectively) and Pichia stipitis, exhibiting resilience
to furfural, can be utilized for detoxification [132]. This approach helps alleviate the toxic
effects of inhibitory compounds generated during pretreatment.

4.7. Effect of Enzymatic Hydrolysis and Fermentation on Reducing Sugar Concentrations and
Ethanol Yields

Enzymatic saccharification aims to induce structural changes in cellulose and other
carbohydrate polymers within pretreated biomass, ultimately converting them into fer-
mentable sugars [133]. The efficiency of enzymatic saccharification depends on various
factors, including biomass chemical composition, the effectiveness of the pretreatment
method, and the mode of enzyme action, among others [134].

The glucose yields obtained from CTec2 enzyme saccharification of Napier grass
pretreated with dilute acid, alkaline, and two-stage acid-alkaline methods were 55.4%,
75.4%, and 76.4% (w/w), respectively. The cellulase CTec2 enzyme exhibited similar ef-
ficiency on alkaline-pretreated and two-stage-pretreated biomass, but less efficiency on
dilute acid-pretreated biomass. Effective lignin removal facilitated cellulase access to cellu-
lose, significantly enhancing glucan and xylan hydrolysis. Glucose yields after enzymatic
saccharification for acid, alkaline, and two-stage acid-alkaline pretreatments were 55.4%,
75.4%, and 76.4%, respectively. Alkaline pretreatment of Napier grass outperformed dilute
acid pretreatment and two-stage pretreatment (see Table 5). This superiority is attributed to
higher lignin and hemicellulose removal while retaining a greater amount of glucan [26].

The enzymatic hydrolysis of switchgrass and coastal Bermuda grass following pretreat-
ment with H2SO4, NaOH, and Ca(OH)2 was assessed using two enzyme combinations with
varying activities [16]. Combination 1, comprising cellulases from Trichoderma reesei (NS 50013
cellulase complex) and cellobiase from Aspergillus niger (NS 50010 β-glucosidase). Combi-
nation 2, comprising Cellic Ctec (aggressive cellulases and high level of β-glucosidase) and
Cellic Htec (endoxylanase). Using the first enzyme combination (NS 50013 + NS 50010), sugar
yields from switchgrass and Bermuda grass pretreatments ranged between 188.7–433.0 mg/g
raw biomass. For the second enzyme combination (Cellic Ctec + Cellic Htec), sugar yields
ranged between 207.5–429.7 mg/g raw biomass. The Cellic Ctec + Cellic Htec enzyme combi-
nation was identified as the preferred choice, considering the same unit cost due to its higher
enzyme activity. It exhibited superior hydrolysis of coastal Bermuda grass over switchgrass
(See Table 5) [16].

Cellulose hydrolysis in untreated Chinese Pennisetum (CP) and Hybrid Pennisetum
(HP) using Celluclast 1.5 L and Novozyme 188 showed low yields, reaching as low as 19.0%
for CP and 29.6% for HP, even at high cellulase loadings (up to 60 FPU/g dry biomass).
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Increasing cellulase loading positively impacted the hydrolysis of mild pretreated CP
and HP, notably improving glucose yields from 1 to 20 FPU/g dry biomass (29.5% to
40.0% for CP and from 80.0% to 82.0% for HP). Beyond 20 FPU/g, the enhancement in
glucose yields weakened for SAA-pretreated CP and HP. Xylan hydrolysis increased up
to 20 FPU/g, but higher cellulase dosages had limited impact. Hence, cellulase loadings
greater than 20 FPU/g dry biomass were deemed unnecessary for the hydrolysis of pre-
treated CP and HP, indicating a weak impact on cellulose and xylan hydrolysis with higher
cellulase supplementation [115]. Optimum cellulase enzyme loading of 20 FPU/g for
HP was also reported by [135] after pretreatment with oxygen-aqueous alkaline 1-ethyl-
3-methylimidazolium acetate ([Emim]Ac) media (OEA) and aqueous alkaline [Emim]Ac
media (EA). OEA treatment resulted in the highest glucose concentration at 11.2 g/L, a
significant 9.1-fold increase compared to untreated biomass (1.25 g/L), achieving a 96.6%
yield. In contrast, EA pretreatment yielded only about 3 g/L glucose. Overall, OEA pre-
treatment proves to be an effective and economically viable method for biofuel production,
marked by a short reaction period, low thermal energy requirements, and reduced enzyme
usage [135].

The yield of reducing sugars from various grass species under identical alkaline pre-
treatment conditions can differ due to factors such as composition, growth, and harvest
conditions. In a comparative study involving switchgrass, silver grass, and hemp, sil-
ver grass was the most promising feedstock for high total reducing sugar (TSR) yield,
achieving 79% enzymatic conversion with NaOH pretreatment. TRS yields obtained were
39.55 ± 0.30 g/L for silver grass, 34.49 ± 0.03 g/L for switchgrass, and 30.49 ± 0.49 g/L for
hemp using a combination of Cellic CTec and Viscozyme-L enzymes (0.5 FPU/g) [41]. The
TRS for silver grass aligned with a previous study that reported 40 g/L TRS after alkaline
pretreatment [136]. The variation in cellulose content among different grasses, such as
44.1% for silver grass and 36.5% for switchgrass, is the contributing factor to the difference
TRS. Despite hemp fiber having a reported significantly higher cellulose content, the sugar
concentration was lower due to the reduced effectiveness of delignification, potentially
diminishing the accessibility of enzymes to cellulose fibers [41].

The incorporation of certain compounds, such as proteins and surfactants after pre-
treatment can enhance the efficiency of enzymatic hydrolysis by establishing hydrophobic
interactions with lignin residues [137]. Napier grass, pretreated with 5% (w/v) H2SO4 and
cellulase complex (NS50013) with enzyme loading of 5 FPU/g of dry matter, exhibited im-
proved yields in enzymatic hydrolysis with the incorporation of bovine serum albumin (BSA),
polyethylene glycol 6000 (PEG 6000), Tween 80, as surfactants, and β-glucosidase (10 CBU/g
dry matter). The addition of β-glucosidase significantly enhanced cellulose conversion. While
BSA had no impact on cellulose hydrolysis, the inclusion of PEG 6000 and Tween 80 increased
the hydrolysis yield after 140 h to 41% and 42%, respectively, surpassing the 32% obtained
with a higher cellulase enzyme loading of 25 FPU/g of dry matter [138].

The potential for bioethanol production from Andropogon gayanus, also known as
gamba grass, was evaluated using 5% (v/v) and 10% (v/v) H2SO4 at 50 ◦C for 30 min,
followed by fermentation with cultured bacteria (Zymomonas mobilis) and yeast (S. cere-
visiae) [139]. With yeast, higher acid concentration (10%) resulted in bioethanol yields
ranging from 37.80% to 38.50%, whereas 5% acid hydrolysis bioethanol yields were 36.50%
to 36.70%. These outcomes are relatively close, especially considering that the acid concen-
trations differ by a factor of two. Similar trends were observed with Z.mobilis whereby hy-
drolysis with 10% H2SO4 led to slightly higher ethanol yields compared to 5% H2SO4 [139].

4.8. Water Consumption of the Pretreatment Process

While specific studies focusing directly on quantifying water consumption in the
pretreatment of perennial grasses are limited, related research provides valuable insights
into the broader context of bioethanol production and its water use implications.

The production of bioethanol from 2G LCB significantly increases water usage, es-
pecially during the pretreatment phase. The increased water consumption is attributed
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to the need for water in removing inhibitory compounds and neutralizing the feedstock
after chemical pretreatment (see Table 7). The water-insoluble nature of LCB necessitates
additional water for mass transfer during various stages, including pretreatment, saccha-
rification, and fermentation, making 2G biomass conversion more water-intensive than
1G biomass processes. Combined with the challenges in commercial realization, such as
the massive collection of raw biomass and high production costs, coupled with excessive
wastewater generation from pretreatment. These factors raise concern about the economic
viability and sustainability of bioethanol production from LCB, particularly in regions with
limited water resources [140–142]. Therefore, minimizing water consumption of 2G ethanol
production especially in the pretreatment stage is necessary to ensure sustainability.

Higher solid loadings in the pretreatment stage significantly reduce estimated water
consumption. Increasing solid loading from 10% to 15% (w/w) can lower the estimated water
consumption from 9 tons to 5.7 tons of water per ton of biomass, with further reductions at
20% loading [140]. While increasing the solid loading in biomass pretreatment can reduce
water usage, it has some drawbacks. These include less effective pretreatment, increased
generation of byproducts, and higher viscosity, all of which can impact the overall efficiency
of the biofuel conversion process [142]. It has been found that while increasing the volume
of water for washing pretreated biomass raises production costs, an optimal balance was
achieved using 5.5 g of water per g of ionic liquid. This method proved to be cost-effective,
minimizing the total recovery cost of ionic liquid to USD 16 per kg of biomass [143].

Besides increasing biomass loading to enhance water efficiency in LCB pretreatment,
several strategies have been proposed. These include adopting alternative methods such as
alkali pretreatment to reduce the formation of inhibitory compounds, recycling the liquid
fraction post-pretreatment, employing physicochemical detoxification, omitting water-
washing post solid–liquid separation, and using calcium oxide (CaO) in pretreatment
with subsequent acid neutralization [142,144]. Additionally, seawater has emerged as a
viable solution for water conservation during pretreatment processes in lignocellulose
biorefineries. Research indicates that seawater yields similar amounts of digestible and
fermentable solids during pretreatment as compared to freshwater [145]. This suggests
that seawater holds potential as a sustainable water source in lignocellulose biorefineries,
offering comparable efficacy to freshwater. These strategies collectively aim to minimize
water usage and contribute to the sustainability of the bioethanol production process.

Table 7. Studies relating to water overconsumption from different pretreatments.

Biomass Pretreatment Water usage after Treatment Reference

Miscanthus HNO3
Solid residues washed thoroughly with water until

neutral pH. [146]

Switchgrass Hot water
Pretreated residue washed with 10 g of distilled
water per gram of solids four times; wastewater

was discarded.
[147]

Bamboo Glacial acetic acid Pretreated biomass was washed with tap water;
wastewater was discarded. [148]

Hybrid Pennisetum

γ-valerolactone,
tetrahydrofurfuryl alcohol,

ethanol, and acetone assisted
by H2SO4

Pretreated biomass was first washed with an equal
volume of the organic solvent at least three times
then washed to neutral with water; wastewater

was discarded.

[149]

Hybrid Pennisetum FeCl3 in ChCl/glycerol
Pretreated biomass was washed with 50%

acetone/water (100 mL) until the filtrate was
colorless.

[150]

Napier grass H2SO4 and NaOH Pretreated biomass was washed with tap water
until the pH became neutral. [26]

Cogon grass NaOH Pretreated biomass washed with 300 mL of water
in 3 stages [36]
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5. Techno-Economic and Environmental Analysis of Bioethanol Production from
Perennial Grasses

Techno-economic analysis (TEA) for bioethanol production involves evaluating both
the technological aspects and economic feasibility of producing bioethanol, typically from
biomass. This analysis includes examining the costs associated with production processes,
such as growing biomass, pretreatment, fermentation, and distillation. It also involves
assessing the potential revenue, economic viability, and overall efficiency of the bioethanol
production process [151]. Life cycle assessment (LCA) considers factors such as energy
use, greenhouse gas emissions, water use, and pollution. The goal is to understand the
overall environmental footprint of bioethanol production and to identify areas where
improvements can be made for more sustainable production [152].

5.1. Production Costs
5.1.1. Production Cost of Perennial Grasses

As of 2018, the global capacity of commercially operational advanced 2G ethanol
facilities was relatively modest, at around 10 million liters annually. This figure constituted
only a small fraction of the total fuel ethanol consumption, which stood at 126 billion
liters [120]. With most new plant projects being at the demonstration stage, there is a clear
need for the expansion and improvement of advanced biofuels to meet growing energy
demands and sustainability goals.

The economic evaluation of biofuel production entails a thorough examination of the
feasibility of feedstocks and the overall production expenses. Unlike 1G feedstocks, the
market worth of 2G feedstocks remains uncertain due to underdeveloped residue markets
in numerous countries. Moreover, the restricted commercial production of energy crops,
such as switchgrass, in developing nations makes it challenging to establish their market
value. Consequently, the cost analysis for 2G biofuels primarily hinges on production
expenses, covering everything from land preparation to biomass harvesting, incorporating
labor, materials, land rent, fertilizers, and other supplies [132].

The economic viability of cultivating perennial grasses like giant reed, miscanthus,
and switchgrass in South Europe’s marginal lands was found challenging. Cultivation,
harvesting, and transportation costs exceeded the expected selling price of EUR 65/dry ton,
making it financially unattractive for farmers. The reduced yields in marginal lands further
diminished profitability. With substantial initial investments (around EUR 3000/ha for
giant reed) and a nearly 10-year payback period, the financial returns did not sufficiently
cover the risks involved. The seasonal harvesting (September to February) necessitated
long-term storage, adding to the complexity. Given these factors, and the uncertainty in
energy prices, the narrow profit margins did not incentivize farmers to cultivate these
grasses without subsidies. State or biomass user-provided financial incentives and long-
term contracts were proposed to mitigate the risks and encourage cultivation [153].

Bioeconomic GIS-based simulation modeling was used to analyze yields and break-
even prices of perennial grasses to address the uncertainty surrounding investments in
biomass feedstocks in North Dakota, USA. Cordgrass, switchgrass, and Miscanthus state
average yields were 4.9 t/ha, 5.8 t/ha, and 4.0 t/ha with break-even prices of USD 274/t,
USD 271/t, and USD 272/t, respectively. The average yields were lower, whereas the break-
even prices were higher compared to those of the same biomass for other states such as
Illinois which had a break-even price of USD 98/t for switchgrass and Minnesota with USD
144/t–USD 188/t. The findings suggest challenges for large-scale investments in perennial
grass biomass in North Dakota, due to high break-even prices [154]. In a European study
by [155], Miscanthus, compared to willow and poplar, exhibited notably higher production
costs, averaging EUR 909 (~USD 987) per hectare annually. This cost was about 70% higher
than that of willow and poplar, which had similar costs slightly above EUR 500 (~USD
543) per hectare. Despite these cost differences, revenue distribution was similar across
these crops, with willow and poplar yielding around EUR 200 (~USD 217) per hectare, and
Miscanthus generating approximately EUR 400 (~USD 434) per hectare. The market price
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for biomass was consistent across these crops suggesting that production conditions, rather
than the crop type, primarily influenced economic outcomes [155]. The results highlight the
critical need to comprehend each crop’s specific production requirements, as these factors
significantly influence the potential for generating expected revenue.

The economic prospects for bioenergy crops cultivated in marginal lands are not
definitively established. To gain a more comprehensive understanding of the economic
feasibility of using perennial grass biomass for bioethanol production on a global scale, a
broader evaluation is necessary. This is because local variables can have a considerable
impact on economic results.

5.1.2. Cost of Pretreatment

The cost of 1G ethanol, derived from corn and sugarcane, is on average about 43% less
than that of 2G ethanol. While 1G ethanol costs range from USD 0.30/L to USD 0.90/L,
2G ethanol produced from sugarcane bagasse and Asian rice straws ranges from USD
1.33/L to USD 1.66/L [85,151]. Given the broad spectrum of cost estimations, 2G ethanol is
generally regarded as less competitive in comparison to 1G ethanol [151].

Constituting 18–33% of the total production cost, pretreatment is acknowledged as
the most expensive step in 2G ethanol production [156,157]. The predominant operating
expenses in most pretreatment processes stem from energy and the expenditures associ-
ated with chemicals. Chemical expenditures related to glucose production via alkaline
pretreatment of switchgrass and Miscanthus, employing NaOH, KOH, and Ca(OH)2 , were
examined. NaOH, recognized for its superior cellulose conversion and relatively reduced
chemical expenses, emerged as the most economically efficient for sugar production, with
costs ranging from USD 0.11 to USD 0.19 per kilogram of glucose. Conversely, Ca(OH)2
exhibited a slightly elevated glucose cost, fluctuating between USD 0.18–USD 0.45 per
kilogram of glucose, reflecting the lower cellulose conversion observed. KOH incurred
the highest glucose cost, ranging from USD 0.45 to USD 0.70 per kilogram of glucose,
primarily attributable to its elevated cost [20]. Acid and alkaline (using Ca(OH)2 ) pre-
treatment methods were similarly found to be costlier compared to other techniques in 2G
ethanol production, according to [156]. Steam explosion and liquid hot water pretreatment
methods exhibited lower costs due to the absence of specialized chemical requirements.
Steam explosion, with a reported cost of USD 0.18 per gallon of ethanol stands out for
its minimal energy consumption and economic efficiency, surpassing, liquid hot water
(USD 0.23/gallon), ammonia fiber explosion (USD 0.28/gallon), dilute acid pretreatment
(USD 0.28/gallon), and alkali pretreatment utilizing Ca(OH)2 (USD 0.55/gallon) [156].
While Ca(OH)2 was recognized as a more expensive pretreatment option, it facilitates
calcium recovery via CO2 addition and presents a safer handling alternative compared to
NaOH and KOH [4,20]. It is relevant to analyze the relationship between its higher cost and
environmental benefits. This evaluation could determine if the increased expense of using
Ca(OH)2 for pretreatment is offset by its environmental advantages, thereby justifying its
use in terms of sustainability.

The capital costs associated with fermentation in bioethanol production exhibit vari-
ations with unit capital costs spanning USD 0.55 to USD 2.35 per liter of ethanol, contin-
gent upon the choice of feedstock and pretreatment method. A major challenge is the
pronounced cost of enzymes. On-site enzyme production is a potential solution through co-
location to minimize expenses related to enzyme stabilizers and transportation. Ref. [151]
underscored the economic advantage of on-site enzymes, reporting a cost of USD 0.08 per
liter of ethanol, in contrast to purchased enzymes at USD 0.13 per liter of ethanol. Addi-
tionally, the prospect of economically beneficial recovery and reuse of yeast emerges as a
noteworthy consideration for the optimization of biochemical biorefineries. The assessed
minimum fuel selling price for 2G ethanol exhibited considerable variation, spanning from
USD 0.23 to USD 1.58 per liter. The average, standing at USD 0.70 ± USD 0.29 per liter, falls
within a range comparable to the average retail prices of regular gasoline in the U.S. during
the period from 2015 to 2020 [151]. These findings not only deepen our understanding of
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the economic factors related to 2G ethanol but also emphasize the need for comprehensive
governmental policies. Financial incentives, mandates, and assistance programs are crucial
elements to support and enhance the thriving development of the 2G ethanol industry.

5.2. Life Cyle Assessemnt

In 2010, the global liquid biofuel sector’s environmental footprint was 0.29 billion
global hectares (gha). By 2050, this is projected to increase to approximately 2.57 billion gha.
The largest portion of this footprint in 2050 is expected to come from land use, contributing
48%, followed by the carbon footprint at 23%, embodied energy at 16%, and the water
footprint at 9% [158]. This growth is a matter of concern, reflecting the expanding influence
and potential environmental consequences of the liquid biofuel sector.

5.2.1. Water Footprint

By 2050, the global water usage for biomass production in biofuel manufacturing
is anticipated to increase significantly. The conversion of land, especially the transition
from native agricultural lands or grasslands to perennial crops will substantially affect
regional water cycles. These changes will have profound impacts on several key hydro-
logical processes, such as evapotranspiration, surface runoff, water yield, and soil water
storage, thereby altering the regional water balance [159]. However, perennial grasses
like switchgrass and Miscanthus, when compared to traditional bioenergy crops such as
corn, exhibit a reduced impact on hydrology and soil health. Corn has a high fertilizer
requirement, which results in nitrate pollution in the soil and ends up in waterways [159].
Additionally, corn demonstrates lower water use efficiency for biomass production com-
pared to switchgrass and Miscanthus, as detailed by [160]. In a modeling of the effects of
land use change from cotton to perennial grasses on watershed hydrology and water quality
under changing climate by [161], median irrigation water use for cotton was projected to
decrease by 41–61%, while switchgrass showed an even greater reduction of 62–89%. In
terms of environmental impact, perennial grasses demonstrated a decrease of 30–40% more
in median total nitrogen load compared to future cotton land use [161]. This indicates that
perennial grasses might be a more sustainable option for bioenergy cultivation in terms of
soil and water conservation.

Simulations have shown that cultivating bioenergy crops on marginal land not only
decreases streamflow but also mitigates nutrient losses [162]. The minimal pesticide
requirement of growing perennial grasses also contributes to improvements in water quality.
Addressing water-related issues is feasible through careful selection of crop species and
effective management practices. This includes optimizing harvest rates, implementation of
suitable irrigation techniques, and employing appropriate fertilization methods [162,163].
With proper management, a balance can be achieved between bioenergy production and
the protection of water resources.

5.2.2. Carbon Footprint

LCA investigations have demonstrated that the production of 1G ethanol results in a
reduction of GHG emissions ranging from 39% to 52% when compared to gasoline, while
the production of 2G ethanol can achieve a more substantial reduction of 90–103% [164–167].
The GHG reductions in 2G ethanol production are attributed to the predominant utilization
of 2G biomass, primarily derived from residues of agricultural crops or energy crops such
as perennial grasses cultivated on marginal land [151]. The U.S. renewable fuel standard
requires that 2G biofuel must achieve a 60% reduction in greenhouse gas (GHG) emissions
compared with the conventional gasoline (93.3 g CO2 eq./MJgasoline). Therefore, bioethanol
derived from 2G biomass should have a GHG emission of less than 37g CO2 eq./MJethanol
for it to be environmentally sustainable [152].

An environmental assessment of the bioethanol production process from switchgrass
in a facility in Uruguay was conducted using two models. The first model, the “ethanol and
electricity” process, involved ethanol production and electricity generation from burning
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lignin, biogas, and sludge. The second, the “biorefinery” model, produced ethanol, furfural,
acetic acid, and formic acid, alongside surplus electricity. GHG emissions were significantly
lower in both models compared to fossil fuels. The biorefinery model exhibited superior
environmental performance, and the produced biofuel met the GHG reduction require-
ments. The GHG emissions for the modeled cases were as follows: switchgrass to ethanol
and electricity (67 g CO2 eq./MJethanol), switchgrass biorefinery (21 g CO2 eq./MJethanol),
switchgrass biorefinery with low enzyme dosage (−19 g CO2 eq./MJethanol), switchgrass
biorefinery with high xylan content (9 g CO2 eq./MJethanol), switchgrass biorefinery, optimal
condition for cellulose enzymatic hydrolysis (2 g CO2 eq./MJethanol) [152]. The environmen-
tal performance of cultivating Miscanthus, switchgrass, and reed canary grass on abandoned
cropland in Europe was also assessed, considering rainfed and irrigation conditions. Under
rainfed conditions, the climate change impacts were determined as follows: Miscanthus
(10 Mt. CO2 eq./yr), switchgrass (31 Mt. CO2 eq./yr), and reed canaray grass (34 Mt. CO2
eq./yr). Irrigation conditions achieved the most carbon-intensive impacts, switchgrass
(84 Mt. CO2 eq/yr), reed canary grass (66 Mt. CO2 eq./yr), and Miscanthus (51 Mt. CO2
eq./yr). The increase in climate change impact from rainfed to irrigation conditions was
due to the energy requirement for irrigation [168].

Impact categories such as acidification, eutrophication, photochemical oxidation de-
mand, and marine and human ecotoxicity for the production of ethanol from switchgrass
using four chemical pretreatment processes, (NH3, NaOH, CH3OH, and H2SO4) with
1 mol/L concentrations were evaluated [165]. H2SO4 and NaOH pretreatments had the
highest quantity of emissions on all environmental indicators, and in general, NH3 and
CH3OH pretreatments showed the lowest environmental impacts to soil, water, and air.
Pretreatment employing NaOH exhibited the highest yield of GHG emissions measuring
14.71 kg CO2 eq./100 kg ethanol. NH3 pretreatment produced the second highest quantity
of GHG emissions of 12.03 kg CO2 eq./100 kg ethanol and pretreatment using H2SO4,
7.77 kg CO2 eq./100 kg−1 ethanol [165].

The production and use of cellulosic enzymes in the saccharification process for 2G
ethanol vary in their CO2 emissions, impacting the overall global warming potential (GWP).
Ref. [169] found a contribution of 1 kg CO2 eq./L of ethanol from switchgrass, accounting
for 27% of 2G ethanol’s GWP. Slightly lower emissions of 0.08 kg CO2 eq./L of ethanol
were reported by [170]. However, it is believed that CO2 emissions from enzymes are
significantly higher than those reported, ranking as the second highest GWP contributor
after pretreatment in 2G ethanol production [171].

The environmental sustainability of a biorefinery utilizing perennial grasses was eval-
uated with focus on reducing material consumption and waste by employing emergy
analysis. The emergy analysis considers both economic and environmental factors by
examining all the inputs, encompassing both natural inputs (such as solar, wind, rain,
geothermal, etc.) and economic inputs (materials, labor, etc.) utilized in product develop-
ment. It quantifies these inputs in units of solar equivalent joules (sej). A system’s emergy
input is determined by multiplying raw data inputs with the energy conversion factor, unit
emergy value (UEV). The UEV represents the emergy needed to produce a unit of products
in sej/J, sej/kg, or sej/L [172]. Table 8 summarizes the emergy analysis and the global
renewable fraction (Rglobal) of some perennial grasses with and without labor. Rglobal is the
indicator used to identify the fraction of global renewable resources used in the process.
The UEV of Napier grass, excluding labor, is the most economical among the three grasses,
indicating that fewer resources are utilized to generate one joule of Napier grass biomass.
However, the global renewable fraction of Napier grass is comparatively lower, which is
considered less desirable [172].
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Table 8. Emergy and global renewable fraction of perennial grasses.

Feedstock UEV [sej/J] Rglobal [%] Reference

Napier grass (with L) 1.35 × 104 39
[172]

Napier grass (w/o L) 9.35 × 103 51

Miscanthus (with L) 1.42 × 104 96
[173]

Miscanthus (w/o L) 1.42 × 104 96

Switchgrass (with L) 2.12 × 104 37
[174]

Switchgrass (w/o L) 1.72 × 104 40

6. Artificial Intelligence Application in Bioethanol Production from LCB

Despite its significance, current bioenergy technologies face inefficiencies leading to
economic drawbacks. To overcome these challenges and propel bioenergy advancements,
comprehensive research employing smart approaches is imperative utilizing big data
analytics and artificial intelligence (AI). These smart approaches harness vast datasets
of parameters collected from various resources aimed to design, optimize, and scale up
conversion systems to improve bioenergy generation efficiency [175–177].

Previous research has focused on characterizing biomass for energy applications, re-
sulting in substantial data generation. However, much of these data remain untapped, and
the field relies heavily on traditional trial-and-error methods. AI could revolutionize this
by enabling more efficient biomass screening and improving processes like pretreatment,
enzymatic hydrolysis, and fermentation, leading to better sugar yield predictions. This
optimizes resource use and promotes sustainable biomass conversion [178].

Artificial neural networks (ANNs), serving as mathematical or computational mod-
els, excel in identifying and controlling complex, non-linear systems. Widely applied in
bioethanol production prediction, ANNs have effectively forecasted ethanol concentrations
from molasses, utilizing variables like sugar concentration and live/dead yeast cell counts.
For example, one dataset with a specific sugar concentration and yeast cell count showed
a slight variance between actual and predicted ethanol concentrations, illustrating the
model’s high predictive accuracy, evidenced by a correlation coefficient (R2) of 0.928 [179].
Such effectiveness extends to predicting yields from sugar beet processing intermediates
and byproducts, with ANNs achieving an R2 value of 0.999 for ethanol content, showcasing
minimal prediction errors, less than 5% for thin juice substrates and under 10% for others,
thereby affirming the reliability of ANNs across various substrates and operational condi-
tions [180]. Further research, including ANNs and random forests (RF), into bioethanol
yields from diverse biomasses like buckwheat straw, using ionic liquids in pretreatment,
has validated a hybrid model’s accuracy (R2 of 0.961) [181].

The logistic and modified Gompertz models accurately predicted biomass and bioethanol
production dynamics from yeast fermentation of raw sugar beet juice, validated by an R2

value of 0.997. Key findings include a bioethanol yield of 0.48 g/g and a sugar conversion rate
of 92.8%, with peak fermentation efficiency observed at 10 h. Pilot scale validation showed an
ethanol concentration of 67.02 g/L, demonstrating applicability of the models in an industrial
setting [182].

The dynamic hybrid modeling study for fuel ethanol production, integrating a biomass
concentration prediction model based on extreme gradient boosting and ANN with a
traditional mechanism model, showcased significant advancement in predicting the fer-
mentation process using S. cerevisiae. The model remarkably predicted biomass, ethanol,
and glucose concentrations with root mean square errors (RMSEs) of 0.3323, 1.9295, and
3.0540, respectively, outperforming traditional unstructured kinetic models [183]. The
varied RMSEs indicate the differing levels of challenge in accurately predicting each pa-
rameter, with glucose concentration being the most difficult due to its dynamic nature
and multiple influencing factors. This study not only exemplifies the potential of hybrid
modeling techniques in bioprocessing applications but also exemplifies the importance of
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integrating data-driven models to enhance prediction accuracy and optimize fuel ethanol
production, despite the challenges in uniformly predicting all fermentation process aspects.

Collectively, these studies demonstrate machine learning, especially ANN’s significant
potential in improving bioethanol production’s predictability and efficiency across various
substrates and conditions. The high R2 values and low errors suggest that the models can
be trusted for accurate predictions, which can save both time and resources in the biofuel
production industry.

Geographical Information Systems (GIS) play a key role in handling intricate databases
and offering real-time monitoring capabilities. They assist in identifying the best locations
for biomass availability, collection, and transportation infrastructure. Additionally, GIS aids
in optimizing raw material use, estimating bioenergy potential, and performing cost-benefit
analyses [123,184,185]. Ref. [184] highlight GIS’s capability in overcoming traditional LCA
limitations in data collection, variations in biomass management, and the complexities in
accurately modeling environmental impacts by integrating spatial LCA, which accounts
for the spatial distribution of biomass and its environmental impacts, thereby enhancing
sustainability assessments. This integration not only refines traditional LCA by enabling
more precise environmental impact assessments on a spatial scale but also significantly
enhances the assessment’s scope. Through the incorporation of geographical data and
site-specific conditions, spatial LCA offers a more detailed and reliable framework for
assessing the sustainability of bioenergy systems. Ref. [185] further illustrate GIS’s pivotal
role in bioethanol potential estimation from agricultural residues, utilizing satellite data
for precise resource mapping. Both studies advocate for GIS integration into agricultural
practices, marking a significant shift towards smarter farming and improved renewable
energy production efficiency.

Various machine learning (ML) tools, including deep learning (DL), extreme learn-
ing machines (ELM), cuckoo search algorithms, and RF, have been reported to enhance
bioenergy production. These tools optimize photobioreactor operations, predict biodiesel
yield, and improve lignocellulosic biomass processing, demonstrating significant advance-
ments in prediction accuracy and the optimization of bioenergy production processes [186].
ML and mathematical models such as negative emission technology cooperation model
(NETCOM) have been employed to analyze data for supply chain optimization and techno-
economic assessments of bioenergy production [187,188]. Prediction and optimization
assessment (POA) significantly aids sustainable bioenergy production by enabling decision
makers to evaluate and balance economic and environmental tradeoffs, identify regions
requiring sustainability enhancements, and navigate uncertainties in bioenergy processes.
This approach supports the formulation of optimal policy options, focusing on key variables
like water, land, and energy and guides efforts towards improving agricultural system’s
sustainability. By offering alternative decisions amidst uncertainties, POA plays a crucial
role in scaling bioenergy production efficiently and sustainably [176].

Despite the existing use of AI models in optimizing biofuel production, their applica-
tion in the pretreatment stage of LCB, especially with perennial grasses, remains limited. As
pretreatment is determined to be one of the most expensive stages in 2G ethanol production,
applying AI in this phase could significantly advance 2G bioethanol production.

7. Challenges and Prospects

The production of 2G bioethanol from perennial grasses poses both challenges and
opportunities in terms of chemical pretreatment methods and economic viability. Both
acidic and alkaline pretreatments have been applied to perennial grasses, yielding success-
ful results in terms of reducing sugar and ethanol production. The alkaline method has
shown superiority over the acidic method. However, achieving consistent yields across
various grass species and feedstock types remains a significant hurdle, necessitating the
optimization of pretreatment to balance lignin removal and cellulose accessibility effectively.
This optimization includes developing strategies to decrease enzyme binding and improve
enzymatic hydrolysis, especially for managing residual lignin.
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The economic viability of perennial grasses as 2G crops is a concern due to their higher
costs compared to 1G crops, largely attributed to the high production and pretreatment
costs. While they offer a lower carbon footprint, the potential for a higher water footprint
presents additional environmental challenges. The role of artificial intelligence (AI) and big
data in bioethanol production has primarily focused on analyzing input variables, such
as sugar concentration, to predict bioethanol yield. With the growing interest in perennial
grasses as energy crops for 2G bioethanol, research focused on improving pretreatment
methods of 2G LCB through AI is limited.

There is an urgent need for further research to develop techniques that not only
optimize the pretreatment process of 2G crops, but also make it economically viable. Such
advancements could lead to more efficient biofuel production, effectively addressing both
environmental and economic challenges associated with 2G ethanol production.

8. Conclusions

Perennial grasses are gaining popularity as second-generation (2G) bioethanol energy
crops due to their minimal fertilizer needs and ability to grow on marginal lands. In the
chemical pretreatment of lignocellulosic biomass (LCB), acidic and alkaline reagents play
a crucial role. Among various chemicals, sulfuric acid (H2SO4) and sodium hydroxide
(NaOH) are the widely applied reagents in acidic and alkaline pretreatments, respectively.
NaOH has been reported to outperform H2SO4, particularly in achieving higher sugar
yields, better performance at lower temperatures, preserving carbohydrates, and more
effective lignin removal. From an economic and environmental perspective, the pretreat-
ment of LCB presents a dilemma. While it incurs higher costs than first-generation (1G)
crops, primarily due to the high cost of pretreatment, it offers the benefit of a lower carbon
footprint. However, there are concerns over a potentially higher water footprint. The inte-
gration of AI, through ANNs and spatial LCA with GIS amongst others, offers considerable
potential for advancing bioethanol production from various sources. These technologies
could optimize processes, by predicting accurate yields and precise environmental impacts.
However, their application to perennial grasses remains underexplored, specifically in
the pretreatment stage. Future research must focus on AI-driven models tailored to these
grasses, facilitating sustainable and economically viable bioethanol production.
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Production from Sugar Beet Raw Juice. Appl. Energy 2012, 99, 192–197. [CrossRef]

183. Li, X.; Dong, Y.; Chang, L.; Chen, L.; Wang, G.; Zhuang, Y.; Yan, X. Dynamic Hybrid Modeling of Fuel Ethanol Fermentation
Process by Integrating Biomass Concentration XGBoost Model and Kinetic Parameter Artificial Neural Network Model into
Mechanism Model. Renew. Energy 2023, 205, 574–582. [CrossRef]

184. Hiloidhari, M.; Baruah, D.C.; Singh, A.; Kataki, S.; Medhi, K.; Kumari, S.; Ramachandra, T.V.; Jenkins, B.M.; Thakur, I.S. Emerging
Role of Geographical Information System (GIS), Life Cycle Assessment (LCA) and Spatial LCA (GIS-LCA) in Sustainable
Bioenergy Planning. Bioresour. Technol. 2017, 242, 218–226. [CrossRef]

185. Bharti, A.; Paritosh, K.; Mandla, V.R.; Chawade, A.; Vivekanand, V. GIS Application for the Estimation of Bioenergy Potential
from Agriculture Residues: An Overview. Energies 2021, 14, 898. [CrossRef]

186. Wang, Z.; Peng, X.; Xia, A.; Shah, A.A.; Huang, Y.; Zhu, X.; Zhu, X.; Liao, Q. The Role of Machine Learning to Boost the Bioenergy
and Biofuels Conversion. Bioresour. Technol. 2022, 343, 126099. [CrossRef] [PubMed]

187. Negri, V.; Galán-Martín, Á.; Pozo, C.; Fajardy, M.; Reiner, D.M.; Mac Dowell, N.; Guillén-Gosálbez, G. Life Cycle Optimization of
BECCS Supply Chains in the European Union. Appl. Energy 2021, 298, 117252. [CrossRef]

188. Riahi, Y.; Saikouk, T.; Gunasekaran, A.; Badraoui, I. Artificial Intelligence Applications in Supply Chain: A Descriptive Bibliometric
Analysis and Future Research Directions. Expert Syst. Appl. 2021, 173, 114702. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11367-010-0177-2
https://doi.org/10.1016/j.eiar.2022.106942
https://doi.org/10.1007/s10529-012-1057-6
https://doi.org/10.1088/1748-9326/4/1/014001
https://doi.org/10.1088/1757-899X/368/1/012004
https://doi.org/10.1016/j.jclepro.2017.07.126
https://doi.org/10.1016/j.jclepro.2016.07.042
https://doi.org/10.1016/j.energy.2008.10.013
https://doi.org/10.1016/j.biortech.2021.126215
https://www.ncbi.nlm.nih.gov/pubmed/34728355
https://doi.org/10.1016/j.biortech.2021.125642
https://doi.org/10.3390/su12020492
https://doi.org/10.1111/gcbb.12816
https://doi.org/10.12691/ajmo-1-3-2
https://doi.org/10.1016/j.renene.2015.07.054
https://doi.org/10.3390/en14010243
https://doi.org/10.1016/j.apenergy.2012.05.016
https://doi.org/10.1016/j.renene.2023.01.113
https://doi.org/10.1016/j.biortech.2017.03.079
https://doi.org/10.3390/en14040898
https://doi.org/10.1016/j.biortech.2021.126099
https://www.ncbi.nlm.nih.gov/pubmed/34626766
https://doi.org/10.1016/j.apenergy.2021.117252
https://doi.org/10.1016/j.eswa.2021.114702

	Introduction 
	Lignocellulosic Biomass 
	Perennial Grasses 
	Lignocellulosic Biomass Composition 
	Cellulose 
	Hemicellulose 
	Lignin 

	Pretreatment of Biomass 
	Acidic Pretreatment 
	Alkaline Pretreatment 


	Enzymatic Hydrolysis and Fermentation 
	Effect of Acidic and Alkaline Pretreatments of Perennial Grasses 
	Biomass Composition before and after Pretreatment 
	Morphology and Crystallinity before and after Acidic and Alkaline Pretreatment 
	Effect of Temperature, Residence Time, and Acid/Alkaline Concentration on the Pretreatment Yield 
	Acidic, Alkaline, and Two-Stage Acid–Alkaline/Alkaline–Acid Pretreatment of Perennial Grasses 
	Perennial Grasses Pretreatment Comparison with Other LCB 
	Inhibitory Compounds Production 
	Effect of Enzymatic Hydrolysis and Fermentation on Reducing Sugar Concentrations and Ethanol Yields 
	Water Consumption of the Pretreatment Process 

	Techno-Economic and Environmental Analysis of Bioethanol Production from Perennial Grasses 
	Production Costs 
	Production Cost of Perennial Grasses 
	Cost of Pretreatment 

	Life Cyle Assessemnt 
	Water Footprint 
	Carbon Footprint 


	Artificial Intelligence Application in Bioethanol Production from LCB 
	Challenges and Prospects 
	Conclusions 
	References

