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Abstract

Lignocellulosic biomass is an exciting renewable resource for producing sustainable biofu-
els, thanks to its abundance and low environmental impact. However, its intricate structure
makes it tough for enzymes to break it down effectively. Only efficient pretreatment
methods can solve these problems. Among these, mechanical pretreatment methods are
particularly good for industry because they are easy to use, do not require chemicals, and
make it easier to achieve biomass. This systematic review adhered to the PRISMA protocols
and used text analysis with VOSviewer to examine 33 academic articles published between
2005 and 2025. It highlighted two main types of mechanical pretreatment: size reduction
(which includes grinding, crushing, and shredding) and densification (like pelletizing
and briquetting). The results show that mechanical pretreatment can significantly boost
biofuel yields by increasing surface area, lowering crystallinity, and allowing better enzyme
penetration. Energy consumption remains a major hurdle for the overall sustainability
of biomass conversion processes. This research provides a comprehensive review of cur-
rent mechanical techniques, detailing their operational settings and performance metrics
while also offering suggestions for optimizing biomass conversion processes. By promot-
ing the use of mechanical pretreatment in biofuel production systems, the findings align
with the principles of a circular economy and contribute to the development of greener
energy sources.

Keywords: lignocellulosic biomass; mechanical pretreatment; energy potential; biofuel

1. Introduction

Lignocellulosic biomass is a renewable raw material consisting mainly of polysaccha-
rides (cellulose and hemicellulose) and an aromatic polymer (lignin) [1]. This biomass
includes agricultural residues (such as straw and corn stover), forest residues (branches,
bark, and sawdust), dedicated energy crops (such as miscanthus), and waste from the
wood industry. It represents a promising resource due to its abundance, sustainability,
and potential for conversion into advanced biofuels. The reuse of lignocellulosic biomass,
and in general of all agricultural and forestry waste, is one of the objectives of the main
international and European policies such as Agenda 2030 (SDG 12) and the European

Energies 2025, 18, 3294

https://doi.org/10.3390/en18133294


https://doi.org/10.3390/en18133294
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0003-9890-6272
https://orcid.org/0000-0002-4067-3248
https://orcid.org/0000-0002-0783-9883
https://orcid.org/0000-0003-2689-1801
https://orcid.org/0000-0002-5330-6076
https://orcid.org/0000-0002-9375-7795
https://orcid.org/0009-0004-7311-2246
https://orcid.org/0000-0002-7473-7297
https://doi.org/10.3390/en18133294
https://www.mdpi.com/article/10.3390/en18133294?type=check_update&version=1

Energies 2025, 18, 3294

2 of 20

Green Deal to combat climate change and to encourage sustainable production in a circular
economy perspective [2].

According to recent statistics, globally the annual production of lignocellulosic biomass
is about 181.5 billion tons, of which only 8.2 billion tons of lignocellulosic biomass is used
in different application areas [3,4]. However, its complex structure, characterized by high
cellulose crystallinity and the presence of lignin, hampers the efficiency of biochemical
conversion, and it is therefore necessary to apply appropriate pretreatment to improve its
accessibility to enzymes and microorganisms used in transformation processes. Pretreat-
ment thus emerges as an essential prerequisite for improving the digestibility of cellulose
by removing hemicelluloses and/or lignin or reorganizing them in the cell wall, thereby
increasing the accessibility of cellulose “Huang” [5]. In some cases, legislation itself requires
the mandatory pretreatment of the good mass in order to improve the quality of the new
product and its efficiency in new uses.

The different types of pretreatments are distinguished by the processing techniques
adopted to improve the structure of the biomass, favoring its degradability and optimizing
the efficiency of subsequent conversion steps. In addition to delignification, defragmenta-
tion and partial biomass depolymerization are two additional useful steps in the overall
pretreatment process [6].

Traditional pretreatments include physical, chemical, and biological methods [7].
However, combinations of these approaches can further optimize the yield of biomass
conversion, with physical-chemical methods being among the most promising [8].

Physical pretreatments, in addition to the mechanical ones that we will explore below,
include techniques that can modify fundamental biomass properties, such as porosity and
particle moisture, often employed to improve the yield of enzymatic hydrolysis [9] and to
optimize subsequent steps of conversion [10]. These include ultrasonic treatment, which
uses high-energy ultrasonic vibrations to alter the crystal structure of the lignocellulose,
facilitating its breakdown [11]; extrusion, a mechanical process that subjects the biomass
to high temperatures and pressures, improving its degradability [12,13]; and microwave
exposure, which uses radiation to break down the lignocellulosic structure and release
intracellular cellulose [14].

Chemical pretreatments employ organic or inorganic compounds to degrade the
biomass structure by interacting with the intra- and interpolymer bonds of the primary or-
ganic components [15]. The effectiveness of these treatments depends on the characteristics
of the reagents used and the severity of pretreatment [16]. For example, acid pretreat-
ment effectively degrades hemicellulose and cellulose [17], while alkaline and oxidative
pretreatment increase the surface area of the biomass, improving its biodegradability [18].

While physical pretreatments aim to reduce biomass size through mechanical means,
chemical pretreatments use distinct chemicals and solvents to minimize lignin content
through reactions [19]. In biological treatment, neither external energy input nor additional
chemical supplementation is required; these, in fact, deal with microorganisms producing
enzymes to degrade the lignocellulosic structure, significantly changing the chemical and
physical structure of the biomass [20]. It is clear, therefore, that the correct pre-treatment of
biomass, in addition to being necessary in some specific cases, guarantees a better quality
of the product and a greater reuse in different economic and productive contexts [21].

This review aims to systematically analyze the main mechanical pretreatments ap-
plied to lignocellulosic biomass, examining their mechanisms, effects on biomass structure,
and their role in improving conversion to biofuels. In fact, mechanical pretreatments are
essential to modify the biomass from a physical point of view, making it more suitable for
subsequent processing, transport, and storage and because these represent a significant
part of the energy costs of the biomass-biofuel supply chain: analyzing them helps to
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understand the trade-off between energy spent on pretreatment and energy produced [22].
This article offers a structured, data-driven overview of global research on the mechan-
ical pretreatment of lignocellulosic biomass for biofuel production, providing valuable
insight into the field’s evolution, key contributors, and thematic trends. Through bibliomet-
ric analysis, it consolidates fragmented knowledge across disciplines such as bioenergy,
agricultural engineering, and materials science, fostering interdisciplinary dialogue. By
highlighting underrepresented regions and research gaps, it encourages more inclusive
and context-sensitive approaches—particularly in countries rich in biomass but lacking
access to adapted technologies. The focus on mechanical pretreatment aligns with global
efforts to enhance the economic viability of second-generation biofuels. Overall, the study
supports strategic decision-making in research funding, technology development, and sus-
tainability policy while also serving as a foundation for future meta-analyses and long-term
assessments of how research aligns with climate and bioeconomy goals.

Mechanical Pretreatment

In general, mechanical pretreatment is considered more appropriate for industrial
applications than alternative methods (e.g., thermal, chemical, and biological) [23]. The me-
chanical method is the simplest and most direct pretreatment method, which can increase
the specific surface area of the raw material, destroy the crystallization zone, and reduce
the crystallinity of cellulose [24]. These physicochemical modifications are crucial: the
reduction in crystallinity makes cellulose more accessible to enzymes, while the increased
specific surface area provides more reaction sites. Furthermore, the disruption of the com-
plex lignocellulosic structure facilitates the release of sugars, improving the efficiency of
enzymatic hydrolysis and, consequently, the production of biogas or bioethanol. In addi-
tion, the absence of chemicals in mechanical pretreatment makes it ecologically beneficial,
avoiding the formation of toxic byproducts. On the other hand, this process requires high
energy consumption [25], which can significantly affect the overall operating costs [19].
According to Ortega et al. [26], the cost of the pretreatment stage is responsible for about
one-third of the total cost of biofuel production. In addition, cellulose in lignocellulosic
biomass is easily recrystallized, and lignin/hemicellulose cannot be degraded after physical
milling, which remains an obstacle for enzymatic hydrolysis [27] with a direct impact on the
efficiency of energy conversion processes. These pretreatments can be classified according
to the crushing mechanism used and the particle size obtained, which in turn influences the
efficiency of subsequent treatments. We can distinguish two main subgroups of mechanical
pretreatments: the first is concerned with reducing biomass size, while the second focuses
on increasing surface density (Figure 1).

In the first subgroup, grinding is the most common technique [28], but there are
several mechanical methods that lead to variable size reduction of biomass with different
effects on its structure. These methods include cutting, fragmenting biomass using sharp
tools, and generating particles of variable size. The length of the particles depends on
the characteristics of the material and the configuration of the blades. Similarly, shearing
employs a lateral shearing force between two moving flat surfaces, generating particles
with more irregular shapes. The difference between these two methods lies at the point of
fiber breakage: in cutting, fracture occurs more uniformly along the fiber, while in shearing,
breakage occurs along lines of structural weakness, producing fewer regular particles. Both
methods require the use of specific tools, such as brush and crimper for cutting [29] and
rotary shears, knife mills, and vane testers for shearing [30]. Crushing, on the other hand,
is distinguished by its use of compression between solid surfaces, reducing the size of the
biomass into smaller, irregular particles, with a significant impact on the bulk density and
fibrous structure of the material. Unlike shearing methods, which separate fibers, crushing
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crushes and reduces them, improving density and increasing responsiveness to subsequent
treatments. The tools used here are mainly biomass crushers [31]. Crushing pretreatments
combined with techniques such as alkali-mechanical treatment has been shown to improve
carbon yield (CH) and reduce costs [32].
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Figure 1. Mechanical pretreatment flowchart.

Other methods such as tearing and breaking separate the biomass into smaller parti-
cles, increasing the specific surface area available for chemical reactions, thus improving
efficiency in energy conversion processes [33]. These processes are carried out by tools such
as ball mill, roll mill, and screw extruder [28].
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Milling is the most effective method for size reduction of biomass, producing particles
smaller than 1 mm and significantly increasing the reactivity of the material [34]. During
this process, the material undergoes intense mechanical stress, which changes the physic-
ochemical characteristics of the biomass, further improving its reactivity for subsequent
steps. The particles obtained by grinding (0.2-2 mm) are smaller than those produced by
milling (10-30 mm), with a significant increase in surface area for chemical reactions. Tools
used for these processes include disk mills, wet disk mills, hammer mills, tumbler ball
mills, planetary ball mills, vibrational ball mills, roller mills, rod mills, and jet mills [34,35].

The second subgroup of pretreatments includes mechanical pretreatments which are
not limited to reducing the size of the biomass but aim to increase its density. Indeed,
densification or compaction leads to a significant increase in the bulk density of biomass,
which can increase from about 40-200 kg/m? to values between 600 and 800 kg/m? [36].
This increase in density not only facilitates transport and storage, reducing costs, but also
helps to improve energy efficiency in subsequent conversion processes [37]. Biomass densi-
fication consists of three basic steps: particle reorganization, plastic and elastic deformation
of the particles, and mechanical interlocking [38]. Each step contributes to giving the
densified biomass the desired characteristics in terms of strength, stability, and ability
to be used in energy conversion processes. In addition, densification improves several
biomass properties, including density, hardness, water and impact resistance, durability,
and calorific value [39].

There are several methods of densification, but the most widely used are pressure
agglomeration, which involves mechanical compression of the biomass [40], and drum
agglomeration, in which binding agents are used to facilitate the joining of the particles [41].
Among the main pressure agglomeration methods, pelletization and briquetting are the
most common techniques to prepare biomass for thermochemical conversion processes [19],
generally using pellet mills and briquette presses. These methods make the biomass more
compact and uniform, improving the efficiency of energy conversion. However, the quality
of the densified material and its calorific value depend on several factors including particle
size, moisture content, and chemical composition of the biomass [42].

There are different strategies to reduce the energy costs of the pretreatment of lig-
nocellulosic biomass, which represents a good part of the total energy costs. First of all,
cutting-edge machinery with low energy consumption or powered by renewable energy
sources could be used. From this perspective, making the company self-sufficient from an
energy point of view with systems aimed at self-consumption, which guarantees energy
independence from third-party sources, could be a valid solution to reduce the costs of
pretreatments. It would be interesting and useful to create a “closed”-type energy system
where the energy produced by the biomass is partially used for mechanical pretreatments.
Furthermore, but no less important, is the use of digitalized control systems in the pretreat-
ment phases, which are capable of optimizing the use of the energy resource, both from
the perspective of agriculture 4.0 and in contributing to reducing such expenses. It is clear,
however, that the energy costs, even if reduced thanks to the techniques mentioned here,
will always have to be supported by a company interested in the mechanical pretreatments
of biomass.

From the perspective of physical and energy properties, pelleting produces biomass
with a density of up to 700 kg/m? and an energy density of 9.8-14.0 GJ /m? [43]. Briquettes,
though like pellets in shape, have a larger size (about 32 mm in diameter and 25 mm in
thickness) and a lower density of about 350 kg/m3, with an energy density of 6.4 GJ /m? [43].
A significant advantage of pellets over briquettes lies in their ability to combine, in large-
scale operations, simplified bulk handling with high production density. This results in
a densified product that offers both good energy yield and improved logistics in terms
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of transportation and storage [44]. In addition, the pellets have a consistent and uniform
quality, making them particularly suitable for large-scale industrial applications.

The densification or compaction of ground agricultural biomass into pellets is an
essential process for biofuel production [36].

2. Materials and Methods

To truly understand the current state of research, we undertook a comprehensive
review of mechanical pretreatments for lignocellulosic biomass aimed at biofuel production.
This area has recently received considerable attention, driven by the growing need for
environmentally friendly energy alternatives and the promise of plant biomass as a reusable
resource. When we started our search for keywords with phrases like (biomass OR biofuel
OR mechanical pre-treatment), we were flooded with a vast number of articles. This flow
of text accentuates the variety of the topic and underlines the need for a structured method
to screen information. We chose a text mining strategy to make the literature easier to
manage. Using VOSviewer (http:/ /www.vosviewer.com), a robust tool for bibliometric
analysis, we sought to improve our understanding of the main research domains in the
literature concerning lignocellulosic biomass and its mechanical pretreatment techniques.
Using VOSviewer, we were able to see how different words and ideas are connected, which
helped us pinpoint what is popular at this time and what needs more study. Considering

‘all keywords’ as a unit of analysis and using ‘totalization” as a counting method, we created

an initial list of the most frequently cited terms in the literature (cf. Figure 2).
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Figure 2. VOSviewer image presenting a bibliometric network visualization focused on the research
field of lignocellulosic biomass and its mechanical pretreatment techniques. The nodes (circles) repre-
sent keywords used in the literature. The size of each node indicates the frequency of that keyword’s
appearance: larger nodes correspond to more commonly used terms. The colors distinguish clusters
of keywords that tend to co-occur, revealing thematic groupings.
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After pinpointing the relevant keywords with VOSviewer, we broke our methodology
down into two key parts that are closely linked: a systematic literature search strategy and
a detailed literature review. This two-pronged approach not only strengthened our findings
but also enabled a deeper and more comprehensive exploration of the research question we
are tackling. The first part of our methodology focused on the systematic literature search
strategy. We gathered scientific articles from trusted databases like Scopus and Web of
Science, which helps ensure that our sources are both credible and high quality. Our search
utilized a thorough mix of terms, specifically: (“lignocellulosic biomass” OR “biomass”)
AND (“pretreatment” OR “pre-treatment”) AND (“biofuel” OR “bioethanol” OR “biogas”)
AND (“mechanical pretreatment” OR “size reduction” OR “milling” OR “grinding” OR
“crushing” OR “pressing” OR “shredding” OR “chipping” OR “densification”). This
careful method aimed to find original research articles published between 2005 and 2025,
focusing on the fields of “title”, “keywords”, and “abstract.” To make sure the literature
was relevant and accessible, we primarily conducted our search in English and favored
open-access publications, which help spread knowledge more widely. In our pursuit of
high-quality information, we decided to exclude non-original works like book chapters,
conference proceedings, theses, and encyclopedias, concentrating only on peer-reviewed
journal articles that directly contribute to the field. The second part involved a thorough
analysis of the literature, following the PRISMA statement (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) as detailed by Tricco et al. [45].

The PRISMA framework includes a detailed flow-chart that graphically represents the
systematic process of screening, selecting, and including articles in the review, providing
transparency and replicability in our methodology (Figure 1).

The screening process of the articles was conducted in three distinct phases: (a) title
screening, (b) abstract assessment, and (c) eligibility determination following a full-text
evaluation. Throughout this rigorous process, we meticulously recorded the number of
records considered at each stage, ensuring that our review is grounded in a robust and
comprehensive dataset.

3. Results

In order to find pertinent research publications on the subject of mechanical pretreat-
ments of lignocellulosic biomass for the production of biofuel, a thorough and organized
literature search was carried out utilizing two of the most well-known scientific databases,
Scopus and Web of Science (WoS). To capture both historical and current developments in
the subject, the search was conducted between 2005 and 2025.

3.1. Initial Search Results and Data Collection

Boolean operators and targeted keywords were used in the search strategy to optimize
the retrieval of pertinent papers. Consequently, a total of 170 publications were found by
the first search, including 39 articles from Web of Science and 131 articles from Scopus
(Figure 3).
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Figure 3. PRISMA flowchart: identification of studies and selection of articles included in the review.

3.2. Duplicate Removal and Preliminary Screening

Once the articles were collected, an essential duplicate removal step was performed to

eliminate overlapping records retrieved from both databases. This process identified 38

duplicate entries, which were subsequently removed, leaving 132 unique articles. The next

step involved a preliminary screening of titles and abstracts to determine the suitability of

each study for inclusion in the review. The primary criteria for exclusion were as follows:

e  Studies that focused on non-mechanical pretreatment methods, such as chemical,

enzymatic, or thermochemical approaches (such as Song et al. [20]).
e  Research unrelated to biofuel production, such as those exploring lignocellulosic

biomass for applications in materials science, pharmaceuticals, or composite produc-
tion (such as Patel et al. [46]).
e  Papers discussing the characterization of biomass derived from algae and aquatic
plants (such as Hiitter et al. [47]).
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3.3. Refinement of the Dataset and Final Selection

Ninety-two publications were eliminated after this thorough screening process be-
cause they did not fit the study’s specified target. The methodology, experimental design,
and results of the remaining 40 papers were examined in further detail during a secondary
examination. At this stage, 7 additional articles were excluded because they lacked ex-
perimental validation, had insufficient data on mechanical pretreatment techniques, or
provided only theoretical models without practical implementation.

After this multi-stage selection process, a final set of 33 articles was chosen for an
in-depth review and analysis. These selected studies represent the most relevant and
high-quality research on mechanical pretreatment techniques, their efficiency, energy con-
sumption, and impact on lignocellulosic biomass conversion into biofuels.

3.4. Manual Screening and Validation

Every screening stage was carried out manually by reviewing each article’s title, ab-
stract, and, if required, complete text in order to guarantee the precision and dependability
of the selection process. Figure 2, which depicts the screening and filtering procedure
used to reduce the literature to the most pertinent and significant research, provides a
visual representation of the whole selection approach, including exclusion criteria and the
incremental dataset refinement.

3.5. Analysis of Results

The line chart (Figure 4) illustrates the number of publications per year from 2014 to
2024, showing significant fluctuations in research output. Notably, there are no recorded
publications between 2005 and 2013, or in 2025. The mechanical pretreatment of lignocel-
lulosic biomass as a distinct and focused research topic likely gained momentum only in
the last decade. Before 2013, related studies may have existed but were not categorized
under the exact same keywords or were focused more broadly on biofuels or chemical
pretreatments. Additionally, around 2010-2013, many countries (especially the U.S. and
EU members) scaled up investments in second-generation biofuels in response to climate
policies. This period marks a shift toward lignocellulosic biomass and cost-efficient pre-
treatment methods, prompting a spike in publications.

6

Publications by year

2014 2016 2018 2020 2022 2024
Year

Figure 4. Number of publications per year from 2014 to 2024.
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The data start in 2014 with one publication, followed by a brief decline in 2016. From
2017 onward, the research output increases, reaching a peak of six publications. This
surge may indicate a particularly productive period, possibly due to increased funding,
collaboration, or new research initiatives. However, after 2019, the number of publications
begins to decline, dropping to just one in 2021—the lowest after 2016. This sharp drop
could be due to external factors such as changes in academic priorities, shifts in funding, or
global events disrupting research activities.

In 2022, there is a noticeable rebound, as the number of publications increases to
five once more. Even with this comeback, the trend loses steam in 2023 and 2024 as
publishing numbers start to decline. Furthermore, the lack of publications between 2005
and 2013 implies that either no research was conducted during that time or no published
work was produced as a result of it. Likewise, the dearth of publications in 2025 might
suggest that either no fresh data have been gathered or that ongoing research has not yet
produced published results. All things considered, the graph shows a dynamic trend in
research production, with both high and low productivity periods impacted by a number
of variables, including financing cycles, institutional agendas, and external circumstances
that have an impact on academic activity.

Finally, we studied the total number of articles published per country and the subjects
of interest of the reviews analysed. The results show that most publications come from
authors affiliated with institutions in the U.S, (24.24%), followed by Spain (12.12%), South
Korea (9.09%), and Denmark and Thailand (6%) (Figure 5). The strong research output
from the United States in the field of mechanical pretreatment of lignocellulosic biomass for
biofuel production can be attributed to several strategic factors. First, the U.S. has vast agri-
cultural and forestry resources, generating large volumes of lignocellulosic residues such as
corn stover, wheat straw, and wood chips, which are ideal feedstocks for second-generation
biofuels. Second, national energy policies and programs—such as the U.S. Department of
Energy’s Bioenergy Technologies Office (BETO)—have long promoted biofuels to reduce
dependence on fossil fuels, enhance energy security, and lower greenhouse gas emissions.

P S

Figure 5. Number of publications per country.
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The following bar chart presents the distribution of articles according to the number
of citations they have garnered (see Figure 6). On the x-axis, we see various citation ranges,
while the y-axis indicates the number of articles within each range.

14
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m0-10
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m11-20
8 m21-30
6 m31-40

m41-50
4

m51-100
2 l l |
0 = -

0-10 11-20 21-30 31-40 41-50 51-100 > 100
Citations

Articles

Figure 6. Number of citations.

According to the figure, the most common group of articles comprises 0 to 10 citations,
with roughly 13 articles falling into this category. The second most prevalent range, with
around 7 articles, consists of those having 11 to 20 citations. As the number of citations
increases, there is a distinct drop in the number of articles within each following category.
The fewest articles are found in the 21-30 and 3140 citation ranges, indicating that only a
small percentage of publications are cited in these regions. On the other hand, the number
of articles in the 41-50 and 51-100 categories has somewhat increased, suggesting that
some works do achieve a reasonable level of recognition. Finally, although they are very
uncommon, articles with more than 100 citations are included in the dataset. This finding
implies that while a small number of publications achieve significant citation counts, they
only make up a small percentage of all the articles that were analyzed.

The distribution of publication types is depicted in the chart, which makes a clear
distinction between review papers and articles. The data indicate that articles make up a
significant 87.9% of all publications, highlighting a clear preference for sharing original
research findings rather than review papers (see Figure 7). Generally speaking, articles
are primary research contributions that include fieldwork, experimental studies, and data-
driven analyses. The overwhelming number of papers in this dataset indicates that creating
new information, carrying out creative experiments, and presenting unique discoveries
are the main goals of research. On the other hand, 12.1% of all the publications are
review papers. Reviews are essential for examining trends, identifying research gaps, and
synthesizing current knowledge, even though they are less frequent. Their existence draws
attention to a significant attempt to compile and assess the state of the field. Overall, the
distribution shows that fresh empirical discoveries account for most of the research output,
with a lesser but still important percentage going toward analyzing and contextualizing
the body of the previous literature.
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Figure 7. Publication types.

4. Discussion
4.1. Size Reduction

Milling after a fermentation phase significantly enhances the breakdown of weakened
and partially digested plant cell walls, thereby exposing more cellulose fibers to microbial
action. A variety of research efforts have focused on strategies aimed at reducing biomass
recalcitrance and improving anaerobic digestion, particularly through mechanical treat-
ments like milling. For example, Ortega et al. [26] reported that mechanical maceration
increased biogas yields. In particular, the most advantageous phase for milling is after the
initial acid fermentation phase (anaerobic) or at the end of alcoholic fermentation. In fact,
in this period the microorganisms partially degrade the most accessible components of the
biomass, such as simple sugars and starch. This process (a) amplifies the porosity of the cell
wall, (b) reduces the cohesion between cellulose, hemicellulose, and lignin, and (c) breaks
the secondary structural bonds (e.g., hydrogen bonds and ester bridges). In short, milling
after fermentation is effective because it exploits the biological softening of the biomass
to optimize the subsequent mechanical treatment, reducing energy costs and increasing
the availability of useful substrates for energy production. However, the effectiveness of
different milling technologies and configurations varies, impacting factors such as particle
size reduction, surface area enhancement, porosity, and, ultimately, methane yield.

In another study by Lindner et al. [48], mechanical disruption of anaerobic digestates
for varying durations using a ball mill resulted in reduced particle size and increased
methane yield and biogas production rate. The authors specifically examined senescent
switchgrass, milling it for periods of 0.5, 2.5, and 10 min, followed by 18 days of batch fer-
mentation, with unmilled material serving as a control. Findings revealed a 5-13% increase
in sugar solubilization relative to the control, with longer milling times correlating with
greater solubilization. The methane concentration in the biogas produced ranged from 44%
to 55.5%, with carbon dioxide making up the remainder. Notably, total biogas production
was significantly higher for samples that underwent at least 2 min of milling (x = 0.1).
However, laboratory measurements of energy consumption suggested diminishing returns
in methane production as milling durations increased [49].

In another relevant study, researchers evaluated the impact of particle size on biomass
processing using knife milling to generate particles measuring 4 mm, 2 mm, and 1 mm,
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followed by ultrasonic pelleting. The biomass was pretreated with dilute acid prior to
enzymatic hydrolysis. The results indicated that a particle size of 2 mm was optimal, achiev-
ing a balance between energy efficiency in size reduction and pelleting while maximizing
sugar yield from both big bluestem and wheat straw biomass [39]. Nevertheless, most
studies analyzing particle size do not provide detailed characterizations of the resulting
granulometry or fail to correlate these with enzymatic accessibility in a mechanistic way.
This gap limits the predictive capacity of the observed trends.

The effects of pretreatment temperature and duration, along with disk milling, were
also assessed on glucose and xylose yields during hydrolysis. When residence times ex-
ceeded 5 min at 200 °C, all hemicellulose was successfully solubilized. The most significant
glucose concentration (5.4%) was reached at 200 °C for 10 min with disk milling, while
the highest xylose concentration (2.15%) occurred at 200 °C for 5 min. The impact of
disk milling was particularly pronounced at lower pretreatment temperatures and dura-
tions [50].

Additionally, Gu et al. (2019) [51] examined three mechanical pulverizers—a con-
tinuous ball mill (CBM), air classifier mill (ACM), and high-speed mill (HSM)—for the
continuous pretreatment of corn stover. Although the average particle sizes of the pulver-
ized biomass were similar, glucose yields varied considerably: 29% for the CBM, 49% for
the ACM, and 44% for the HSM. Such variation suggests that performance is not merely a
function of final particle size, but also of particle morphology, energy dispersion during
milling, and, perhaps, mechanical stresses induced in the biomass structure. However,
these aspects are rarely quantified or reported, leaving a gray area in understanding what
precisely drives the improved yields.

Finally, Ref. [52] explored four mechanical pretreatment methods for wheat straw:
roll milling, extrusion, pelletization, and hammer milling. Their findings showed that roll
milling yielded the highest biochemical methane potential (287 NmL CH, gVS~!), marking
a 21% increase over untreated wheat straw. Extrusion, on the other hand, delivered the
highest methane production rate (52 NmL CHy gVS~! day~!), alongside low floating
capacity and high bulk density.

When it comes to pelletization and briquetting, the latter method offers numerous
benefits. It not only eliminates milling costs but also reduces dust and emissions of fine
particles, thereby alleviating safety and environmental concerns. Additionally, briquetting
opens up new applications, such as sustained combustion for barbecue grilling.

Most research typically centers on biomass pellets or briquettes made from pre-ground
materials—like in the study by [53,54] which noted successful briquetting of almond shells
without any prior grinding.

In a study focused on walnut shells, briquettes were produced using a hydraulic piston
press under varying conditions to optimize quality without pre-grinding. The quality of
these briquettes was evaluated based on their density and durability. Remarkably, the best
outcomes were observed at a compaction pressure of 66 MPa, yielding densities around
1040 kg/m? and durability ratings exceeding 94% at 140 °C. The most significant improve-
ment in durability was noted when comparing briquettes produced at room temperature
to those made at 80 °C. Moreover, incorporating small amounts of walnuts—which are
a common byproduct of the shelling process—further enhanced durability. Interestingly,
while some moisture is essential, briquettes produced from biomass containing only 1%
moisture still demonstrated superior durability. Despite these encouraging results, very
few studies explore the trade-offs between skipping grinding and downstream efficiency
in combustion or gasification. In contexts where high uniformity is required, omitting
preliminary size reduction might not be viable.
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Finally, Ref. [55] explored a physical pretreatment of sago solid waste through grinding
to enhance the surface area of crystalline particles. In their process, 125 g of sago waste was
mixed with 250 mL of a solution, blended at moderate speed, and allowed to sit at room

temperature for 48 h. Some results have been summarized in the table below (Table 1).

Table 1. Key parameters and performance indicators of biomass size reduction methods.
Treatment Biomass Feedstock Machines/System Particle Size After Key Effect Reference
Treatment
" o " . 73.5% < 100 um; mean Enzymatic conversion 79.8%;
Attrition milling Corn stover Attrition mill 61.3 + 3.3 um low phenolics production [56]
Reduced significantly Increased glucose yield to
Corn stover Ball mill, air classifier (not specified); Not 66.96%; Increased biogas
Ball milling Switch / mill, high-speed mill; specified; Reduced; production by 5-13%; Glucose [39,49,51]
witchgrass ball milling Similar for all, mean D yield: ACM 49%, HSM 44%,
not specified CBM 29%
i Highest glucose (5.4%) and
Disk milling Energy cane bagasse Disk mill Not sp ecﬂf:(:li,igost 2mm xylose (2.15%) with disk milling [48]
& & after LHW at 200 °C
Biogas yield increased by 20.2%
Cocoa pod husk; Pine . compared t(f) untreated,'d
needles, bark 2.5 mm; Reduced (not nicreases surtace area an
Grinding g ! Grinder o reduces crystallinity, aiding [57,58]
branches; Sugar beet quantified); <10 mm ) X ! .
ulp microbial digestion; Methane
P yield: 115-164 NmL/g
(needles), lower for bark/litter
Hammer mill. roll 0.25-1 mm analyzed; not ~ Roll milling increased methane
Hammer milling Wheat straw . i always specified for each potential by 21%; extrusion [52]
mill, extrusion R .
method increased production rate
. . s Larger screen size reduced
e Knife . Big bluestem Knife milling (1,2, 4, 1-8 mm energy use; higher sugar yield [20]
milling/Cutting 8 mm) .
with 2 mm
Corncob, Cotton . s 0.5-65 mm; highest yield l\:Iethane yield increased by
. . Centrifugal milling, " 26%; Fermentable sugars yield
Other/Combined stalks, Various K e at 0.5 mm; Not specified; . [59-61]
mechanical milling . 0.488 g/g biomass; Methane
grasses Not detailed S iqs o
yield increased by up to 22%
. . Methane yield increased by
Shearing Meadow grass Shearing/Brush + steel Reduced (not quantified) 20-27% depending on [29]
(Brush/Roller) roller - ;
treatment intensity
Down to <0.2 mm in Glucose up to 7 g/L; ethanol
Szego milling Barley straw Szego Mill™ nitrogen-assisted 3.4-6.7 g/L; +6-11% [62]

wet milling

methane rate

4.2. Densification

Biomass densification emerges as a key solution to optimize the management, trans-
portation, and energy efficiency of agricultural residues for renewable energy produc-
tion [63]. The densification process, which includes the compaction of ground agricultural
biomass into pellets, plays a crucial role in the production of biofuels [36]. Numerous stud-
ies highlight how pelletization and briquetting, supported by size reduction of biomass,
improve its physical and chemical properties, optimizing processing into biofuels. For
example, Font et al. [53] explored the briquetting of walnut shells, resulting in briquettes
with high density and durability, ideal for pyrolysis and combustion, without requiring
preliminary grinding. Size reduction is crucial in these processes, as it promotes greater uni-
formity in the material, improving the compactness and strength of the final biofuel. Zhang
et al. [64] studied the effect of briquetting on wheat straw using a briquetting press and hy-
dration analysis, showing that pre-grinding and densification increased the hydration rate
and density of the product, improving the quality of the biofuel. San Miguel et al. [65] also
treated prickly pear cactus with a temperature-controlled dryer and pelletizing machine,
achieving an improvement in cladode energy density. However, the study lacks comparison
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with conventional feedstocks or alternative pretreatment strategies, making it difficult to
assess the true benefit of such densification under standard operational constraints. In
parallel, de Oliveira and Silva et al. [66] analyzed the pelletization of coffee husks with a
pretreatment reactor and a dryer, finding an increase in calorific content and pellet density.
Nahar and Pryor [67] studied the effect of low severity ammonia treatment on the prepara-
tion of corn straw for pelletization, showing that such treatment improves the quality of the
pellets produced and their energy capacity. In addition, Wolfrum et al. [68] examined the
effect of densification on the yield of structural sugars obtained from various lignocellulosic
feedstocks, demonstrating that the pelletization process does not compromise the efficiency
of enzymatic hydrolysis and, in some cases, improves it by promoting greater availability
of glucose and xylose in biochemical conversion processes. Some authors [69-71] evaluated
the energy potential of residual agroforestry biomasses, including vine and kiwi prunings,
demonstrating that, when densified, these biomasses reach calorific powers between 17
and 20 MJ/kg (on a dry basis), with micro-cogeneration tests showing an overall efficiency
close to 97%, a net electrical yield of 9%, and a thermal yield of 88%. While these figures
are encouraging, they stem from micro-cogeneration tests under controlled conditions.
Real-world systems often show lower efficiency due to losses in handling, start-up phases,
and suboptimal feedstock consistency. Moreover, none of the studies reviewed include a
full life cycle or exergy analysis, which would be useful to confirm the actual sustainability
of these results.

These results, grouped in Table 2, confirm the crucial role of densification in improving
the energy valorization of biomass within the circular economy. In summary, densification
not only optimizes biomass logistics, but also contributes significantly to the efficiency of
energy conversion processes, improving the economic and environmental sustainability of
bioenergy. The selection of appropriate tools and careful management of size reduction
are essential for obtaining high-quality biofuels and efficiently integrating biomass into
sustainable energy systems.

Table 2. Key parameters and performance indicators of biomass densification methods.

Treatment Biomass Feedstock Machine/System Advantages Disadvantages Reference
Reduction of operating costs;
Hvdraulic piston press Low ash content (about Sensitivity to moisture;
Briquetting Walnut shell y P P 1.1-1.2%) and high calorific Variability in raw [54]
(Mega KcK-50) . . . .
value; Good density and material quality
durability; Clean combustion
Increase in methane yield Higher energy
(i) Shredder machine (66.74%, ii higher than i); consumption: the
Briquetting 9RS-600 against (ii) Better digestive performance electrical input is 247.2% [70]
Ring die briquette (CH4 and VFA); Reduction of ~ higher than in (i), due to
machine (9SYH-1200) logistics costs; Improving the energy required for
energy sustainability the briquetting process
Reduction of pre-treatment
severity (90% glucose yields
can be obtained by
SAA—Soaking i pelletizing); Decreased HE:} e gyv CAOZS S.f 1
Pelleting —oakmg In enzyme load (it is possible to petietizing; thona [67]

Aqueous Ammonia

reduce the use of enzymes up
to 80% while maintaining

high sugar yields); Reduction
of hydrolysis times (58%)

costs for ammonia
management
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Table 2. Cont.
Treatment Biomass Feedstock Machine/System Advantages Disadvantages Reference
Better absorption of water
ue to the reduced size of the
(d he reduced size of th
fibers and the reduced Yield in fermentable
. . . . presence of intracellular air); sugars unchanged;
Briquetting Wheat Straw Briquetting press BP 6510 Improved ease of biomass Possible increase in [64]
transport and storage; recalcitrance
Preservation of cell
morphology
Variability between
biomass (the hybrid
Mixed biomass (corn . . . poplar required higher
Pelleting stover, miscanthus, Bliss Pioneer B35A-75; Slight 1ncrea§e11n total sugar pretreatment [68]
switchgrass, poplar) yield temperatures and
’ showed lower yields
compared to herbaceous
biomass)
Mixed blqmags (Vitis Cyhnd.ncal pelletizer Reduction of transport costs; . .
Pelletin spp., Actinidia spp., producing pellets of 6 Exploitation of residual High moisture content; [69]
8 Erica spp., Cytisus mm diameter and 18 mm P biomass Costs of collection
spp., Pinus spp.) length

5. Conclusions

An important step in maximizing biofuel production is the mechanical pretreatment
of lignocellulosic biomass. This paper highlights how methods of size reduction and
densification significantly enhance the accessibility of cellulose and improve the efficiency
of biochemical conversion processes. Densification techniques, such as pelletizing and
briquetting, not only boost energy density but also enhance transportability and storage
stability. On the other hand, grinding, crushing, and shredding increase the surface area and
porosity of the biomass. However, a notable drawback of these mechanical methods is their
high energy consumption, which must be balanced against the economic and environmental
advantages they offer. An important step to maximize biofuel production is the mechanical
pretreatment of lignocellulosic biomass. This paper highlights how size reduction and
densification methods significantly improve cellulose accessibility and the efficiency of
biochemical conversion processes. Densification techniques, such as pelletization and
briquetting, not only increase energy density but also improve transportability and storage
stability. On the other hand, grinding, crushing, and shredding increase the surface area
and porosity of the biomass. However, a significant disadvantage of these mechanical
methods is the high energy consumption, which must be balanced with the economic and
environmental benefits they offer.

In choosing the most appropriate pretreatment techniques, it is essential to consider the
type of biomass to be treated, since not all raw materials are the same and require different
treatments to avoid problems and poor yield of the new product. It is also necessary to
consider the desired final product and the related processing costs: in fact, if biomass
recovery requires a high economic expenditure and the final product does not have an
adequate economic yield, adequate economic sustainability would be lacking, making
the biomass valorization chain useless. It is also true, however, that not all pretreatment
techniques used so far are energy and environmentally efficient: to this end, future research
and the application of some technologies available on the market, as highlighted above,
should aim at improving energy efficiency and exploring the integration of mechanical
techniques with other pretreatment technologies.

In conclusion, mechanical preprocessing plays a fundamental role in the progress of
bioenergy systems, promoting waste-to-energy conversion initiatives and resource recovery
and facilitating the transition to a circular and low-carbon bioeconomy, but further efforts
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are needed by the research sector to ensure greater and better environmental and energy
sustainability of these processes.
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