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Abstract: Biogas production from lignocellulosic biomass, such as wheat and rapeseed
straw, is an essential strategy for sustainable energy generation. However, the efficiency of
anaerobic digestion depends on the physical characteristics of the substrate, particularly
the particle size, which influences microbial accessibility and biogas yield. This study aims
to optimize straw particle size for enhanced methane production by evaluating different
fractionation levels. The straw was processed using a hammer mill and separated into
three size fractions (2.4 mm, 1 mm) alongside non-separated and finely ground (2 mm)
samples. The chemical composition was analyzed using X-ray fluorescence (XRF), and
key parameters such as pH, dry matter (DM), and organic dry matter (ODM) were as-
sessed. The results indicated that rapeseed straw had lower pH (6.05) and DM than wheat
straw (7.01). Biogas yield analysis demonstrated that methane production varied with par-
ticle size. For rapeseed straw, non-separated samples achieved the highest methane yield
(132.87 m® Mg 1), whereas for wheat straw, methane yield decreased with increased frag-
mentation, with the highest yield observed for non-separated material (206.65 m3 Mg~1).
The carbon-to-nitrogen (C/N) ratio was highest in rapeseed straw (153.82), potentially
limiting microbial activity, while finer fractions had more balanced ratios. These findings
highlight the importance of mechanical pretreatment in optimizing biogas production and
provide insights into improving the efficiency of straw-based anaerobic digestion systems.

Keywords: biogas efficiency; methane fermentation; raw materials; mechanical pretreatment;
particle size

1. Introduction

Considering the growing demand for sustainable energy sources, increasing attention
is being paid to biogas derived from lignocellulosic biomass, such as straw and agri-food
waste. This type of feedstock is characterized by its significant availability and minimal
impact on food markets, making it particularly attractive in the context of developing
a low-emission economy [1]. At the same time, the efficient utilization of such biomass
requires the continuous improvement of fermentation processes and the development of
new techniques to enhance its degradability. It has to be also underlined that lignocellulosic
materials (especially farmyard manure, of which Poland is the biggest producer in Europe
with over 106 million tonnes per year) left on fields can generate some uncontrolled gas
emissions during their decomposition [2,3].
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The literature highlights the importance of biological, chemical, or physical pretreat-
ments aimed at breaking down the structure of lignocellulosic fibers and increasing the
availability of the carbohydrate fraction for fermentative microorganisms [4]. For exam-
ple, milling, micronization, or thermal disintegration significantly improve biogas yield,
although they often involve an additional energy input. On the other hand, chemical
methods, such as acid or alkaline treatments, may lead to the formation of compounds
that inhibit further degradation, necessitating precise control of process parameters. Some
aggressive chemical compounds such as hydrogen peroxide can be also used to perform
unconventional oxidation of the substrates [5].

One of the key aspects of efficient methane fermentation of lignocellulosic biomass
is the selection of the optimal particle size of the substrate. Reducing particle size,
e.g., through mechanical grinding, increases the surface-to-volume ratio, facilitating en-
zyme and microbial access to cellulose-hemicellulose fractions. In practice, this leads to a
shorter hydrolysis phase and an increase in total methane production. However, there are
limitations—particles that are too fine may cause technological issues, such as sludge com-
paction in the fermenter or hindered circulation [6]. Studies have shown that the optimal
particle size may depend on the type of biomass—for wheat and rapeseed straw, selecting
an appropriate degree of fragmentation is crucial to increasing the contact surface while
avoiding rheological issues in the fermentation medium [7].

Many research centers are currently analyzing mechanical and thermal pretreatment
processes for biomass, such as high-temperature extrusion, which allows for fiber structure
breakdown with a relatively low energy input [8]. Such treatments significantly increase cel-
lulose bioavailability and shorten the time required to reach maximum biogas production.
However, the selection of pretreatment method, particle size reduction level, or processing
time and temperature requires a detailed analysis of substrate specificity, process condi-
tions, and economic costs. Studies on the use of energy crops, such as Silphium perfoliatum
L., suggest that extrusion processing may improve the energy balance of fermentation. The
results of Witaszek et al. [9] indicate that extruding this biomass at 175 °C yields up to
850.1 kWhe of electricity per ton of substrate, making it competitive with traditional fer-
mentation feedstocks. Recently, there has also been growing interest in waste biomass, such
as sorghum, which can be successfully cultivated in temperate climates, including regions
located above 50° N latitude. Research indicates that sorghum waste biomass exhibits high
biogas yield (437.76-494.67 m3-Mg~! of fresh matter) and favorable electricity generation
potential (1.00-1.12 MWh-Mg ! of total solids), making it an attractive alternative substrate
for biogas production [10].

All these efforts aim to enhance the potential of lignocellulosic biomass in methane
fermentation processes, which could yield significant economic and environmental benefits.
It should be emphasized that Poland is one of the EU countries with the greatest potential for
biogas production [11,12]. However, only a small amount of the lignocellulosic substrates
(including especially farmyard manure) is used for feeding biogas plants [13].

Given the crucial role of lignocellulosic biomass particle size in methane fermentation,
it is essential to determine the optimal degree of fragmentation that maximizes biogas
production while minimizing potential technological issues. The objective of this study is
to evaluate the impact of wheat and rapeseed straw particle size on biogas and methane
yield. The research considers various fraction separation levels and their influence on
fermentation parameters such as the C/N ratio, pH, dry matter content, and organic
matter concentration. The obtained results provide practical insights into optimizing the
mechanical processing of straw, which may contribute to improving biogas production
efficiency in anaerobic fermentation systems.
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2. Materials and Methods

Wheat and rapeseed straw were shredded using a hammer mill type H-111/3
(Jaworzno, Poland) with an 8 mm perforated screen. The processed material was then
separated using a grain cleaner (Petkus, K 294 A, Wutha-Farnroda, Germany) into three
fractions using sieves with mesh sizes of 2.4 mm and 1 mm (Figure 1). Additionally, for
further studies, both the unseparated material (MIX) and unseparated material were further
ground in a cutting mill SM200 (Retsch, Haan, Germany) using a 2 mm sieve insert. The
selected particle size ranges (<1 mm, 1-2.4 mm, and >2.4 mm) were based on the technical
capabilities of the laboratory equipment used, which closely resembled the performance of
industrial vibrating screens applied in biomass preprocessing. These fractions correspond
to the practical size thresholds typically encountered in agricultural biogas plants and
pilot-scale systems, where effective separation of fibrous material is necessary to ensure
optimal fermentation conditions. Although a completely untreated raw straw sample was
not included in the fermentation tests, the “MIX” samples—non-separated straw without
additional fine milling—were used as reference materials to evaluate the impact of particle
size fractionation. These samples reflect material that underwent minimal mechanical
processing, simulating a baseline condition for practical application. Both types of straw
underwent preliminary testing to determine the necessary parameters for estimating the
sample size subjected to methane fermentation (inoculum-to-substrate ratio). The pH of the
substrates was analyzed by weighing 20 g of the sample into an Erlenmeyer flask, adding
water to reach a total weight of 200 g, and allowing the mixture to rest for 15 min. After
this period, the pH value was measured using a CPC-411 pH meter. For this purpose, a
laboratory dryer TIN-TF200 (PHOENIX Instrument, Berlin, Germany) was used to dry the
straw at 105 °C for 24 h, and a muffle furnace L40/11 (Nabertherm, Bremen, Germany)
was used to combust the samples at 550 °C for 3 h. The samples were analyzed for biogas
yield according to standard methodologies (DIN 38414/S8 [14] and VDI 4630 [15]) [16,17].
The biogas yield study was conducted under standard methane fermentation conditions
using a set of three-tank biofermenters [18]. Fermentation reactors with a capacity of 2 dm?
were first filled with inoculum (a dose of microorganisms from an operating biogas plant)
and the shredded and separated straw samples [19]. The elemental analysis was conducted
using an X-ray spectrophotometer with an SDD detector, utilizing GOLDD XRF Niton XL5
technology from Thermo Scientific (Waltham, MA, USA). The XRF analyzer operates based
on measuring fluorescent (or secondary) X-ray radiation emitted by a sample excited by a
primary X-ray source. Each element present in the sample generates a set of characteristic
fluorescent X-ray emissions unique to that element. The emitted rays are captured by
the detector, processed by a processor, and the final result provides the qualitative and
quantitative composition of the sample. The carbon-to-nitrogen ratio was determined
using a Flash 2000 instrument (Thermo Scientific, Waltham, MA, USA). The graphical
abstract (Figure 2) presents the methodology of straw processing for biogas production,
including shredding, material separation, additional milling, preliminary testing, and
methane fermentation.

To assess the statistical significance of differences in methane and biogas yields
across different particle size fractions, one-way analysis of variance (ANOVA) was
performed using Statistica 13.3 software (StatSoft, Tulsa, OK, USA). The results
were considered statistically significant at p < 0.05. Where appropriate, Tukey’s post
hoc test was applied to determine which groups differed significantly from
each other.
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Figure 1. Grain cleaner (Petkus).
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Figure 2. Graphical abstract of the research methodology for straw processing in biogas production.

3. Results and Discussion

This section presents the relationships between the studied straws and their fractions.
The results are presented in the form of tables and graphs. The substrate parameters were
determined first. These parameters enabled the determination of the sample size necessary
for biogas yield measurements. Table 1 below presents the substrate parameters. For both
types of straw (rapeseed and wheat), the following parameters were analyzed: pH, dry
matter, and organic dry matter.



Energies 2025, 18, 1794 50f17
Table 1. Substrate parameters.
Substrate Parameters
Substrate pH DryoMass Organic ]03ry Matter
(%) (%)
Rapeseed straw 6.05 88.75 93.59
Wheat straw 7.01 90.10 96.18

Rapeseed straw exhibited a lower pH of 6.05, while wheat straw had a pH of 7.01.
Additionally, rapeseed straw had lower dry matter and organic dry matter content. For
rapeseed straw, these values were 88.75% dry matter and 93.59% organic dry matter,
respectively. In the case of wheat straw, the values were 90.10% dry matter and 96.18%
organic dry matter. The studied straws had slightly lower pH values compared with those
examined by Figueiredo et al. and Halvarsson et al. [20,21]. According to these authors,
the pH values were 6.8 for rapeseed straw and 7.5 for wheat straw. Similar organic dry
matter values are reported by other authors. For wheat straw, the value is 95.35%, while for
rapeseed straw, it is 92.15% [22,23].

Table 2 below presents the biogas yield results for the individual substrates. In the
case of rapeseed straw, it was observed that non-separated straw had the highest methane
content, while among the separated samples, the smallest particle size fraction exhibited
the lowest methane content. For separated wheat straw, a decrease in methane content was
observed with increasing substrate fragmentation, which was also noticeable in the non-
separated samples. For both separated rapeseed and wheat straw, an increase in separation
degree led to a significant rise in cumulative methane production and cumulative biogas
yield across the entire study. A similar trend was observed in the non-separated samples.
When converted to fresh matter, the highest values recorded for rapeseed straw were
132.87 m3 Mg’l of cumulative methane and 281.34 m3 Mg’1 of cumulative biogas,
whereas for wheat straw, the values reached 206.65 m3 Mg’1 of cumulative methane and
402.61 m®> Mg~! of cumulative biogas. For rapeseed straw, these values were lower
than those obtained in previous studies, where cumulative biogas production reached
349.98 m3 Mg’1 and cumulative methane 205.07 m? Mg’1 [24]. In contrast, for wheat
straw, the obtained values were higher than those reported by Kupryaniuk et al. [25], which
were 197.18 m® Mg ! of methane and 374.70 m® Mg~ of biogas. For non-separated samples,
both for rapeseed straw (167.82 m® Mg~! cumulative methane; 301.12 m3 Mg ! cumulative
biogas) and wheat straw (235.78 m® Mg~! cumulative methane; 441.88 m® Mg~! cumulative
biogas), higher values were observed in the more fragmented samples. When converted
to dry matter, for separated rapeseed straw, the highest values were 109.17 m® Mg~! cu-
mulative methane and 202.80 m® Mg~! cumulative biogas, whereas for wheat straw, the
maximum recorded values were 229.37 m3 Mg ™! cumulative methane and 446.36 m® Mg~!
cumulative biogas. For non-separated rapeseed straw, these values were 189.10 m3 Mg~!
cumulative methane and 339.30 m3 Mg~! cumulative biogas, which were lower than in
the previous study by the authors (226.13 m® Mg~! methane and 385.93 m3 Mg~! biogas).
A similar pattern was observed for organic dry matter. For separated rapeseed straw, the
highest biogas yield values were 159.98 m3 Mg~! cumulative methane and 338.75 m® Mg !
cumulative biogas, while for non-separated samples, the values were 202.06 m3 Mg !
cumulative methane and 362.56 m® Mg~! cumulative biogas. For separated wheat straw,
the values reached 238.47 m® Mg~! cumulative methane and 464.09 m3® Mg ! cumulative
biogas, whereas for non-separated samples, they were 272.08 m3 Mg ~! cumulative methane
and 509.91 m® Mg~! cumulative biogas.
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Table 2. Average biogas yield results.

Biogas Yield of the Substrate According to DIN 38414/S8

Fresh Mass Dry Mass Dry Organic Mass Degree of
Methane  Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Decomposition of
Sample Content Methane Biogas Methane Biogas Methane Biogas Organic Matter
(%) m*Mg1) (m*Mg1) m*Mg1 m*Mg1 m*Mg (miMg) (%)
Rapesf/ﬁismw 55.33 153.94 278.23 173.46 313.51 185.35 334.99 45.89
Standard deviation 0.54 1.49 1.84 1.89 2,01 2.18 2.08 2.15
Rapeseed straw 55.73 167.82 301.12 189.10 339.30 202.06 362.56 49.46
MIX milled
Standard deviation 0.46 1.79 1.18 1.56 1.28 1.35 1.29 2.49
Rapeseed straw 53.77 72.34 133.92 81.13 150.85 86.69 161.24 22.42
>2.4 mm
Standard deviation 0.34 1.59 1.48 1.29 1.35 1.49 135 1.28
Rapeseed straw 53.83 96.88 179.98 109.17 202.8 116.65 216.7 30.12
1-2.4 mm
Standard deviation 0.67 1.89 1.28 2.08 0.19 2.37 2.29 248
Rapeseed straw 47.23 132.87 281.34 149.72 317.02 159.98 338.75 50.08
<1 mm
Standard deviation 0.55 2.86 1.37 1.56 2.89 1.19 1.28 2.11
Wh‘ﬁlf(traw 54.25 234.25 431.83 259.99 479.29 270.32 498.32 68.98
Standard deviation 0.49 248 2.43 1.18 143 2.79 2.59 2.36
Wheat straw 53.36 235.78 441.88 261.69 490.44 272.08 509.91 71.19
MIX milled
Standard deviation 0.56 0.89 1.49 2.09 1.59 1.82 1.65 2.34
Wheat straw 547 174.01 318.13 193.13 353.09 200.8 367.11 50.6
>2.4 mm
Standard deviation 0.55 1.57 2.35 2.92 1.76 1.18 2.34 261
Wheat straw 53.02 188.59 355.69 209.32 394.78 217.63 410.46 57.49
1-2.4 mm
Standard deviation 0.59 1.54 1.44 1.65 1.29 2.39 2.84 1.59
Wheat straw 51.33 206.65 402.61 229.37 446.36 238.47 464.09 66.13
<1 mm
Standard deviation 0.68 228 1.61 1.28 234 2.81 2.48 1.19

Statistical analysis using one-way ANOVA revealed that the differences in cumulative
methane and biogas production between particle size fractions were statistically significant
(p < 0.05) for both wheat and rapeseed straw. The <1 mm fraction showed significantly
higher methane yields compared with the >2.4 mm fraction. These results confirm the
influence of particle size reduction on fermentation efficiency and support the observed
trends in biogas potential across different substrate treatments.

Mechanical processing of lignocellulosic substrates, such as milling and extrusion,
can significantly enhance methane fermentation efficiency by improving cellulose and
hemicellulose accessibility to microorganisms. As demonstrated by Witaszek et al. [26],
extrusion of maize silage at 175 °C resulted in a 12.4% increase in methane production,
while fine milling accelerated the hydrolysis phase. In this study, the impact of the particle
size of wheat and rapeseed straw on methane fermentation was evaluated using different
fragmentation levels. Specifically, the samples were divided into fractions of <1 mm,
1-2.4 mm, and >2.4 mm. The selection of these ranges was based on previous research on
the effect of fragmentation degree on fermentation efficiency. Additionally, mechanical
pretreatment techniques based on industrial extrusion methods and conventional milling
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were applied, allowing an analysis of potential process intensification effects. The study
revealed a similar trend, where smaller wheat straw fractions exhibited higher methane
production compared with larger particles. During methane fermentation, hydrogen
sulfide (H,S) can be produced, which negatively affects the quality of biogas. For example,
for the rapeseed straw (MIX), the value was 277 ppm, and for the wheat straw (MIX) it was
125 ppm. Elevated levels of hydrogen sulfide significantly reduce the quality of biogas,
increase corrosion risk in engines and pipelines, and may lead to additional maintenance
costs. According to Ryckebosch et al. (2011) [27], H,S concentrations above 100-200 ppm
require treatment before biogas can be used in combined heat and power (CHP) systems
or injected into the gas grid. Several methods are available to mitigate HyS emissions. In
situ techniques include the addition of iron salts (e.g., FeCl3), which react with H,S to form
insoluble iron sulfides, as well as limited air dosing to promote the biological oxidation of
H,S to elemental sulfur. Post-digestion methods involve adsorption on iron oxide pellets
or activated carbon, chemical absorption using alkaline solutions (e.g., NaOH or Fe(OH)3),
and biofiltration. For agricultural-scale biogas plants, dosing with iron compounds remains
a cost-effective and widely applied strategy. Although detailed desulfurization was beyond
the scope of this study, future research should consider H,S control techniques, particularly
in the context of high-sulfur substrates such as rapeseed straw [27].

A simultaneous analysis of organic matter degradation was conducted. As shown in
the table below, it was observed that the degree of organic matter decomposition increased
with higher separation levels. For rapeseed straw, this increase ranged from 22.42% to
50.08% for the highest separation level. For separated wheat straw, the lowest organic
matter degradation rate (50.60%) was higher than that of the highest separation level
for rapeseed straw. The highest degradation rate (66.13%) was observed in the highest
separation level of wheat straw. For wheat straw, the non-separated, finely ground samples
exhibited a significantly higher organic matter degradation rate (71.19%), whereas for
rapeseed straw, this value (49.46%) was lower than that observed in the highest separation
level samples.

Table 3 below presents the results of high-temperature combustion measurements.
This analysis allows for the determination of the percentage composition of carbon (C) and
nitrogen (N). In the fermentation process, maintaining the appropriate carbon-to-nitrogen
(C/N) ratio is crucial. If this ratio is too high (excess carbon and insufficient nitrogen),
complete carbon conversion may not occur, preventing the full methane potential from
being achieved. Conversely, an excess of nitrogen can lead to the formation of ammonia,
which—even in low concentrations—inhibits bacterial growth and negatively affects the
fermentation process.

The analysis of the composition of rapeseed and wheat straw, including the carbon-to-
nitrogen ratio (C/N), dry matter content, and nitrogen (N) and carbon (C) content, is of
significant importance in the context of biogas production. The C/N ratio is a key indicator
of the efficiency of the anaerobic fermentation process, with the optimal ratio for biogas
production typically ranging from 20:1 to 30:1.

For rapeseed straw, the highest C/N ratio of 153.82 in the mix indicates an exces-
sive amount of carbon relative to nitrogen, which may limit the activity of fermentative
microorganisms and reduce biogas production efficiency. Smaller fractions of rapeseed
straw (>2.4 mm and 1-2.4 mm) have lower C/N values of 85.26 and 67.55, respectively,
making them more suitable for fermentation. According to Luo et al. (2023) [28], the straw
they examined had C/N values in the range of 52-54. The lowest ratio in rapeseed straw
(<1 mm, 42.26) suggests that this fraction may better support the fermentation process.
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Table 3. Results of high-temperature combustion measurements.

Sample C/N Average Standard Deviation Average Dry Weight N (% d.m.) C (% d.m.)
Rapeseed straw MIX 153.82 1.15 95.43 0.31 48.00
Rapeseed straw 85.26 1.08 95.43 0.47 40.44
>2.4 mm
Rapeseed straw 6755 0.98 95.43 0.59 39.81
1-2.4 mm
Rapeseed straw 42.06 1.34 95.43 0.90 37.98
<l mm
Wheat straw MIX 69.38 0.86 96.11 0.66 45.63
Wheat straw 138.11 1.59 96.11 0.30 41.07
>2.4 mm
Wheat straw 12991 0.93 96.11 0.31 40.58
1-2.4 mm
Wheat straw 114.65 1.11 96.11 0.35 40.64
<1 mm

Wheat straw is characterized by more favorable C/N values. The mixed wheat straw
has a C/N ratio of 69.38, while finer fractions exhibit even lower ratios (ranging from 129.91
to 114.65), suggesting that they may be a better material for biogas production than some
fractions of rapeseed straw. According to Cai (2024) [29], the C/N ratio falls within these
values and is 97.56.

Nitrogen content is crucial for fermentation processes, as nitrogen supports the growth
of microorganisms. Rapeseed straw exhibits a relatively low nitrogen content (0.31% in
the mix and 0.47% in the >2.4 mm fraction), which may limit its efficiency as a substrate
in biogas plants. However, in finer fractions, the nitrogen content increases to 0.59% and
0.90%, making them more valuable for the biogas process. In contrast, wheat straw, with a
higher nitrogen content (up to 0.66% in the mix), may better support the development of
fermentative microorganisms, promoting higher biogas production.

The average dry matter content in straw (approximately 95-96%) is beneficial, as a
high dry matter content indicates lower water losses during fermentation, which enhances
process efficiency. Carbon, as the primary energy source for microorganisms, is present
in higher amounts in rapeseed straw (ranging from 37.98% to 48.00%), which can supply
energy; however, an excessively high C/N ratio may hinder biogas processes. Wheat straw,
with carbon levels ranging from 40.44% to 45.63%, can also serve as an efficient carbon
source, particularly in finer fractions.

In conclusion, wheat straw, especially in finer fractions, appears to be a better substrate
for biogas production compared with rapeseed straw due to its more favorable C/N ratio
and higher nitrogen content. Smaller fractions of rapeseed straw may also constitute a
valuable material, especially when combined with other nitrogen-rich substrates, which
allows for optimal fermentation conditions. The selection of the appropriate material for
biogas plants should consider these factors to maximize biogas production efficiency.

Alongside the fermentation process, elemental analyses of the straw were conducted.
Table 4 below presents the results of the elemental analysis of both types of straw, catego-
rized into individual fractions.
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Table 4. Results of the elemental analysis of rapeseed and wheat straw.
Rapeseed Rapeseed Rapeseed Rapeseed Wheat Wheat Wheat Wheat
Straw Straw Straw Straw Straw Straw Straw Straw
MIX >2.4 mm 1-2.4 mm <1 mm MIX >2.4 mm 1-2.4 mm <1 mm
Ag 4 5 4 4 4 4 4 5
Al <79 <95 <97 <126 <109 <84 <95 <111
As <1 <1 <1 <1 <1 <1 <1 <1
Au <2 <2 <2 <2 <2 <2 <2 <2
Ba <13 <14 <14 <16 <14 <11 <14 <14
Bi <1 <1 <1 <1 <1 <1 <1 <1
Ca 4917 9677 12,886 25,983 19,904 3377 4667 6523
Cd 11 12 11 11 11 12 11 12
Cl 3785 13,825 13,277 16,654 14,436 4480 4399 4476
Co <5 <4 <5 <8 <5 <5 <5 <8
Cr <4 <4 <4 <4 <4 <4 <4 <5
Cu 4 <2 <2 <3 <2 <2 <2 <2
Fe 190 21 92 778 76 125 135 858
Hg <1 <1 <1 <1 <1 <1 <1 <1
K 16,358 29,193 28,909 46,923 37,128 16,793 18,489 20,703
Mg <529 <671 <679 <882 <761 <574 <615 <638
Mn <11 <11 <12 <14 <12 <11 <11 <12
Mo 6 5 5 5 4 6 6 6
Nb 6 7 6 6 6 7 6 7
Ni <3 <3 <3 <3 <3 <3 <3 <3
P 637 421 839 905 672 835 813 988
Pb <1 <1 <1 <1 <1 <1 <1 <1
Pd 3 3 3 3 3 3 3 3
Rb 1 9 9 11 10 1 1 1
S 1052 9238 9383 16,733 15,175 1340 1186 1360
Sb 9 9 9 11 8 7 9 8
Si 22,197 84 107 505 137 9189 22,664 24,758
Sn <2 <2 <2 <2 <2 <2 <2 <2
Sr 12 16 21 38 27 9 10 13
Th 2 2 2 2 2 2 2 2
Ti 31 35 36 32 30 54 56 63
U 2 2 2 2 2 3 2 3
\Y <3 <3 <3 <3 <3 <3 <3 <3
Y 5 4 4 4 4 6 6 6
Zn 3 3 8 32 7 2 <2 15
Zr 6 5 5 4 4 6 6 6

The results of the analyses concerning the elemental composition of different types
of straw (rapeseed and wheat) in various particle size fractions provide valuable insights
into their biogas potential and their impact on the fermentation process. Rapeseed straw
in the MIX version exhibits relatively high concentrations of calcium (Ca: 4917 mg kg~ 1)
and potassium (K: 16,358 mg kg '), which promote microbial activity during fermentation.
Additionally, the presence of silicon (Si: 22,197 mg kg~!) and sulfur (S: 1052 mg kg~!) may
influence biochemical processes, and their presence in the substrate may affect biogas yield.

Rapeseed straw in the >2.4 mm fraction shows higher concentrations of chlorine
(Cl: 13,825 mg kg ') and sulfur (S: 9238 mg kg~ 1), as well as calcium (Ca: 9677 mg kg~ !)
and potassium (K: 29,193 mg kg~ !). The higher content of these elements may enhance the
efficiency of organic matter decomposition, although the elevated sulfur content may lead
to hydrogen sulfide production during fermentation.

Rapeseed straw in the 1-2.4 mm fraction also contains high concentrations of cal-
cium (Ca: 12,886 mg kg~ !) and potassium (K: 28,909 mg kg~!), which can support
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microbial activity during organic matter decomposition. Furthermore, the phosphorus
(P: 839 mg kg~!) and sulfur (S: 9383 mg kg~ !) content facilitates further breakdown and
biogas production.

For rapeseed straw <1 mm, the calcium (Ca: 25,983 mg kg~!) and potassium
(K: 46,923 mg kg_l) content is significantly higher, promoting more efficient fermenta-
tion and increased biogas production. The presence of sulfur (S: 16,733 mg kg~!) and
phosphorus (P: 905 mg kg~ !) further enhances the efficiency of organic matter decomposi-
tion, leading to improved biogas yield.

Wheat straw in the MIX version exhibits high calcium (Ca: 19,904 mg kg~!) and
potassium (K: 37,128 mg kg ~!) content, which support microbial activity involved in or-
ganic matter degradation. The presence of sulfur (S: 15,175 mg kg~!) and phosphorus
(P: 672 mg kg~ 1) also aid in decomposition and biogas production. Wheat straw in the
<2.4 mm fraction contains slightly lower amounts of calcium (Ca: 3377 mg kg~!) and
potassium (K: 16,793 mg kg~!), but the sulfur (S: 1340 mg kg~') and phosphorus
(P: 835 mg kg~ !) content remains at a level conducive to efficient decomposition.

Wheat straw in the 1-2.4 mm fraction exhibits higher concentrations of calcium
(Ca: 4667 mg kg~!) and potassium (K: 18,489 mg kg~'), which may positively affect
microbial activity during fermentation. The sulfur (S: 1186 mg kg~!) and phosphorus
(P: 813 mg kg ') content also enhances the efficiency of the decomposition process and
biogas production.

For wheat straw <1 mm, the calcium (Ca: 6523 mg kg~ !) and potassium
(K: 20,703 mg kg~!) content is the highest among the wheat straw samples, contribut-
ing to better biogas yield. The sulfur (S: 1360 mg kg~ !) and phosphorus (P: 988 mg kg 1)
content further support fermentation, enabling better processing of organic matter and
achieving higher biogas production.

The elemental composition analysis of the examined wheat and rapeseed straw frac-
tions indicates significant differences in the content of key elements that may influence the
efficiency of anaerobic fermentation. It was found that calcium (Ca) and potassium (K)
were present at the highest concentrations in the smallest fractions (<1 mm), which may
promote anaerobic microbial activity and enhance biogas production. Similar results were
obtained by Luo et al. [28], who indicated that high potassium concentrations improve
enzymatic activity in fermentation processes.

The presence of sulfur (S) and chlorine (Cl) in large amounts in rapeseed straw
(<1 mm) may contribute to increased hydrogen sulfide (H;S) production, posing a
challenge for biogas plants due to the need for gas purification before utilization.
Kupryaniuk et al. [24] demonstrated that high sulfur concentrations in rapeseed straw
could inhibit methanogenic microbial activity, resulting in reduced biogas yield.

Wheat straw was characterized by a higher phosphorus (P) content, which plays a
crucial role in the metabolism of microorganisms participating in fermentation. A high
concentration of this element may contribute to improved fermentation stability and
increased methane production. Studies by Cai et al. [29] suggest that enhanced phosphorus
availability in organic substrates improves the growth of cellulose- and hemicellulose-
hydrolyzing bacterial populations, thereby intensifying methane fermentation.

Additionally, the analysis revealed that the silicon (Si) content in wheat straw was
significantly higher compared with rapeseed straw. According to Figueiredo et al. [20],
silicon in lignocellulosic waste materials can hinder fermentation processes by limiting the
availability of cellulose to hydrolytic enzymes. This may partially explain the differences in
biogas production efficiency between wheat and rapeseed straw. The higher silica content in
wheat straw could inhibit microbial access to fermentable carbohydrates, while the elevated
sulfur and chlorine concentrations in rapeseed straw may contribute to the production of
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hydrogen sulfide, potentially inhibiting methanogenic activity [30]. Furthermore, variations
in the carbon-to-nitrogen (C/N) ratio between the two straw types may affect microbial
metabolism, with wheat straw exhibiting more balanced ratios conducive to fermentation.
Additionally, differences in fiber composition, particularly the lignin content, could impact
the biodegradability of each substrate, influencing overall methane yields [31]. These
factors suggest that both the chemical and structural properties of straw play a crucial role
in determining biogas production efficiency.

In summary, the elemental composition of the analyzed substrates indicates the neces-
sity of proper selection and possible pretreatment before their use in methane fermentation.
High potassium and calcium concentrations in finer straw fractions promote microbial
activity; however, the presence of sulfur and chlorine in larger amounts may limit fer-
mentation processes. These findings align with previous research on the influence of
lignocellulosic substrate chemical composition on biogas production efficiency [21,23].
Furthermore, both the type of straw and its degree of fragmentation play a crucial role in
biogas yield. Smaller particles (e.g., <1 mm) demonstrate higher efficiency in organic matter
degradation, promoting biogas production. The presence of elements such as calcium,
potassium, sulfur, and phosphorus is of significant importance for the fermentation process,
affecting microbial activity and the efficiency of methane and biogas production.

Future research should focus on optimizing the mechanical and chemical pretreatment
of straw to reduce the content of elements that negatively affect the fermentation process.
Additionally, the potential for the co-fermentation of rapeseed straw with other substrates
with a lower sulfur content should be explored to improve biogas yield. Finally, an analysis
of the fiber content in both types of straw was conducted, including both MIX samples and
individual fractions. The results of the fiber analysis are presented in Table 5.

The analysis of the results revealed that the properties of substrates, such as rapeseed
straw and wheat straw, vary depending on particle size and material type, which is crucial
for their application in biogas plants. In the case of rapeseed straw, the values of parameters
such as Acid Detergent Fiber (ADF), Neutral Detergent Fiber (NDF), and Crude Fiber
decrease with the reduction in particle size. For the fraction < 1 mm, ADF averages
49.22%, NDF 59.52%, and Crude Fiber 79.40%. For the fraction > 2.4 mm, these values are
significantly higher, reaching 61.52%, 80.99%, and 111.26%, respectively. This indicates that
smaller particles are more susceptible to degradation, making them more favorable for
fermentation processes.

A similar trend was observed for wheat straw. ADF and NDF values decrease from
52.84% and 82.47% for the >2.4 mm fraction to 45.95% and 77.07% for the <1 mm fraction.
Crude Fiber also decreases from 43.28% to 33.14%. Smaller wheat straw particles, similar to
rapeseed straw, exhibit a higher accessibility for microorganisms, increasing their efficiency
in biogas processes.

Comparing both types of straw, rapeseed straw exhibits higher ADF, NDF, and Crude
Fiber values across all analyzed fractions. The average ADF values for rapeseed straw
range from 49.22% to 61.52%, while for wheat straw, they vary from 45.95% to 52.84%.
Similarly, NDF in rapeseed straw ranges from 59.52% to 80.99%, whereas in wheat straw, it
ranges from 77.07% to 87.09%. Crude Fiber in rapeseed straw is also higher (47.61-111.26%)
compared with wheat straw (33.14-43.28%), suggesting that rapeseed straw, especially in
larger fractions, is more challenging to decompose than wheat straw.

Standard deviations indicate the stability and homogeneity of measurements, ensuring
the reliability of the results. An exception is Crude Fiber for rapeseed straw >2.4 mm, where
the deviation is 7.841, possibly indicating greater variability within this fraction.
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Table 5. Fiber analysis.

Sample ADF Average Standard NDF Average Standard Crude Fiber Average Standard
P (%) (%) Deviation (%) (%) Deviation (%) (%) Deviation
R d 58.09 76.03 47.6
apes;flxstraw 59.54 5873 0.741 75.68 7591 0.199 47.7 47.61 0.161
58.55 76.02 474
R et 60.85 81.29 108.8
ape;ze straw 6071 61.52 1.280 80.85  80.99 0.259 104.9 111.26 7.841
>2.4 mm 62.99 80.84 120.0
R d 58.85 76.40 116.4
aliezez straw 59 5¢ 58.85 0.681 76.28  76.16 0.318 103.1 109.83 6.649
—2.4 mm 60.22 75.80 110.0
R det 49.25 59.36 74.9
apeslee Straw 4898 4922 0.150 59.67  59.52 0.158 79.4 79.40 4.595
<1 mm 4922 59.54 84.0
Wh 50.43 86.36 40.8
e&t&traw 50.74  50.63 0.170 87.29  87.09 0.648 40.6 40.59 0.170
50.71 87.61 404
Wh 52.34 83.88 44.2
;Zt Straw 5375 57 84 0790 8319 8247 1.881 39.6 43.28 3.282
>2.4 mm 52.43 80.33 46.0
Wheat st 49.98 80.33 38.9
! 3345 AW 5002 49.98 0157 7743 7852 1.574 48.6 41.32 6.390
Wh 46.54 77.24 324
elat Straw 4795 4595 0653 7686 77.07 0.192 30.7 33.14 2.881
<1 mm 45.95 77.10 36.3

The fiber fraction analysis in wheat and rapeseed straw highlights significant differ-
ences in detergent fiber (ADF, NDF) and Crude Fiber content across different fractions.
Compared with wheat straw, rapeseed straw has a higher lignocellulosic fraction content,
which limits its biodegradability and makes its effective utilization in methane fermenta-
tion more difficult. As indicated by Karthikeyan et al. [32], the lignocellulosic structure of
biomass serves as a key barrier restricting the access of hydrolytic enzymes to cellulose and
hemicellulose, which, without proper pretreatment, can significantly reduce biogas yield.

The particle size analysis showed that finer fractions (<1 mm) had lower ADF and
NDF content, suggesting greater accessibility of cellulose and hemicellulose for anaerobic
microorganisms. Similar results were obtained by Klimiuk et al. [33], who demonstrated
that reducing the lignin content in lignocellulosic substrates leads to better cellulose and
hemicellulose utilization, thereby increasing fermentation efficiency.

Another factor influencing the degradation of rapeseed and wheat straw is lignin
content. Studies by Weiland et al. [34] have shown that during anaerobic fermentation,
lignin does not degrade to the same extent as cellulose and hemicellulose, which limits
substrate bioavailability and may reduce methane production. However, it is worth noting
that the lignin content in the smallest fractions was lower, suggesting that smaller particles
may be more susceptible to decomposition in the fermentation process.

One way to improve the efficiency of lignocellulosic biomass conversion into biogas
is through mechanical pretreatment, such as extrusion or milling into smaller fractions.
As noted by Karimipour-Fard et al. [8], the use of an industrial pretreatment process can
increase biogas production by up to 190% by improving the structural accessibility of the
substrate for microorganisms.
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A wide range of pretreatment techniques have been developed to enhance the
biodegradability of lignocellulosic biomass. These include chemical (alkaline, acid, oxida-
tive), thermal (steam explosion, hydrothermal), biological (fungal or microbial), and hybrid
approaches. Compared with these, mechanical pretreatment (e.g., milling, extrusion) is
simpler and more accessible for decentralized biogas plants but may not provide the same
degree of structural disruption.

Alkaline pretreatment using NaOH or ammonia is particularly effective in lignin
removal, which enhances enzymatic accessibility, but poses concerns related to chemical
residues and effluent treatment [35]. Thermal pretreatment, such as hydrothermal and
steam explosion, has been shown to significantly improve methane yields, as reported for
pigeon pea stalks and wheat straw [36], though at the expense of higher energy input and
process complexity. Biological pretreatment using fungi or rumen-derived microbes offers
an environmentally friendly alternative, capable of degrading lignin with minimal inhibitor
formation [37,38], yet typically requires longer residence times and strict process control.

Twin-screw extrusion, a scalable mechanical method, has demonstrated high po-
tential for improving biomethane yields with reduced energy input, especially under
high-solids conditions [8]. Nevertheless, as highlighted in a comprehensive review by
Chevalier et al. (2025), the energy efficiency and net biogas gain from extrusion vary widely,
emphasizing the need for further optimization [39].

The selection of pretreatment technology must therefore consider multiple factors,
including the biomass type, scale of operation, energy efficiency, environmental impact,
and cost-effectiveness. Mechanical pretreatments such as milling and extrusion remain
attractive for on-farm or semi-industrial applications due to their simplicity, continuity, and
potential for integration into existing feedstock preparation lines.

In the context of alternative biomass sources for methane fermentation, an interesting
solution could be the use of other cellulose- and hemicellulose-rich plants, such as industrial
hemp. Research by Michal et al. [40] has shown that hemp biomass can be an effective
substrate for biogas production, achieving yields of 309-316 L CH, kg ™! of dry organic
matter, making it competitive with traditional substrates such as wheat and rapeseed straw.

Rapeseed straw is characterized by a relatively high C/N ratio and significant lignin
content, which limits its biodegradability and reduces the efficiency of anaerobic digestion.
One promising strategy to overcome these limitations is co-digestion with nitrogen-rich
substrates, such as animal manure or food industry waste. Co-digestion has been shown
to improve nutrient balance, enhance microbial activity, and reduce the accumulation of
inhibitory compounds such as ammonia or hydrogen sulfide.

Gaballah et al. (2020) [41] demonstrated that the co-digestion of pretreated rape-
seed straw with cattle manure significantly enhanced methane yield, achieving up to
305.7 mL CHy g VS~!, which was 77.84% higher than untreated straw and up to 59% higher
than the mono-digestion of cattle manure alone. These results confirm the synergistic effect
of co-digestion in improving substrate accessibility and microbial activity.

Cai et al. (2024) [29] showed that combining wheat straw with chicken manure not only
adjusted the C/N ratio to an optimal level for composting, but also positively influenced
microbial community composition and reduced hydrogen sulfide emissions. Although this
study focused on composting, the principles regarding microbial stimulation and sulfur
transformation are equally applicable to anaerobic digestion.

Similar conclusions were drawn by Abbasi-Riyakhuni et al. (2025) [42], who proposed
a biorefinery approach for rapeseed straw, combining pretreatment and co-digestion path-
ways. Their findings indicated that the solid fraction of pretreated straw produced up
to 308 mL. CHy g VS~!, confirming that appropriate thermal processing combined with
co-fermentation is key to improving rapeseed straw valorization in biogas systems.
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Overall, these studies provide strong evidence that co-digestion is an effective strat-
egy for optimizing the anaerobic digestion of recalcitrant lignocellulosic substrates such
as rapeseed straw. Incorporating nitrogen-rich co-substrates facilitates nutrient balance,
improves biodegradability, and enhances methane yields.

In conclusion, fiber fraction analysis revealed that smaller biomass particles are more
susceptible to biodegradation, which may result in higher biogas production. The applica-
tion of mechanical pretreatment, as well as the optimization of fermentation methods, can
significantly enhance the efficiency of biogas production from rapeseed and wheat straw.
Further research is needed on various pretreatment methods and the use of alternative
biomass sources to improve the stability and efficiency of fermentation processes [36].
Additionally, smaller particles (<1 mm) of both straw types are more favorable for biogas
processes due to lower ADF, NDF, and Crude Fiber values, facilitating their biodegradation.
Compared with rapeseed straw, wheat straw shows greater susceptibility to decomposition,
making it a more efficient substrate. Larger fractions (>2.4 mm) require additional grinding
before application in biogas plants to improve their digestibility and enhance fermentation
efficiency. Selecting the appropriate mechanical treatment, such as milling, is crucial for
optimizing substrates in biogas processes.

4. Conclusions

The conducted research demonstrated the significant impact of wheat and rapeseed
straw particle size on the efficiency of methane fermentation. In particular, smaller particles
(<1 mm) exhibited higher biodegradability, which translated into greater biogas yield. In
contrast, larger particles (>2.4 mm) showed lower methane production due to the limited
availability of cellulose and hemicellulose for fermentative microorganisms.

The results indicate the following:

1.  Wheat straw exhibited a greater fermentation potential than rapeseed straw, particu-
larly in finer fractions. The higher cellulose content and more favorable C/N ratio in
wheat straw facilitated more efficient biogas production.

2. The highest methane and biogas yield was obtained from wheat straw samples with
the smallest particle size (<1 mm), confirming that mechanical pretreatment is crucial
for improving the structural accessibility of lignocellulosic biomass.

3. Although rapeseed straw had a lower methane yield, it can still serve as a valuable
substrate in biogas plants, especially when combined with other nitrogen-rich materials,
which could improve the nutrient balance and optimize the fermentation process.

4. Mechanical treatments such as milling and extrusion can significantly enhance
methane fermentation efficiency, aligning with previous studies on the use of grinding
techniques and biodegradation process intensification.

Future research should focus on optimizing mechanical pretreatment methods and
exploring the potential for co-fermentation of rapeseed straw with other substrates to
reduce the impact of a high C/N ratio and mitigate the formation of gases that inhibit the
fermentation process. The obtained results provide valuable insights for the biogas sector
and may contribute to increasing the efficiency of lignocellulosic biomass utilization in bio-
gas production, which is of significant importance from both economic and environmental
perspectives. Although finer particle sizes resulted in increased methane yield, the benefits
should be considered in the context of the energy consumption required for additional
mechanical processing. In practical applications, the improved biogas output must be
weighed against the energy and operational costs of fine milling. Future research should
include an energy balance and economic feasibility assessment to determine whether the
gains in methane production justify the additional input.
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