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Abstract: The presented study deals with the use of legumes intercropped with maize for the
production of biogas from silage. The main goal was to find out whether silages made from mixed
cultures can be used in biogas production and how the use of such silages affects qualitative and
quantitative parameters of the fermentation process compared with the pure maize silage. Variants
prepared were pure cultures of maize, bean, lupin, and white sweet clover. In addition, mixed
cultures were prepared of maize and individual legumes. Measured values showed that in terms of
dry matter (DM) yield, mixed culture silages are almost of the same or even better quality than silage
made from the maize monosubstrate. Compared with the maize monoculture silage, the presence of
white lupine, white sweet clover, and broad bean in silages statistically significantly increased the
content of DM, ash, and acid detergent fiber (by more than 5%). Bean and lupine in mixed silages
with maize significantly increased the content of lipids (on average by more than 1.2%). Legumes in
silages were significantly decreasing contents of neutral detergent fiber, crude protein, and starch.
Production of biogas from silages of maize monosubstrates and mixed substrates of maize with white
lupin, maize with white sweet clover, and maize with broad bean was directly proportional to the
content of CAR and starch in these substrates. A perspective variant was the mixed substrate of maize
and sweet clover from which biogas production was only 6% lower than that from conventional
maize silage. The highest yield was recorded in the maize monosubstrate (0.923 m3/kgVS). Variants
of mixed substrates had a yield ranging from 0.804 to 0.840 m3/kgVS.

Keywords: legumes; white sweet clover; faba bean; white lupine; mixed cropping; silage; methane;
biogas plant

1. Introduction

Silage made of maize (Zea mays L.) is currently considered to be the most effective
material to gain biogas (a mixture of CH4 and CO2) from plant biomass [1]. The fact was
also confirmed by Herrmann [2], but Czubaszek et al. [3] mentioned some reservations
concerning the negative impact of growing maize on the environment. According to
Solinas et al. [4], the production of biomass in order to strengthen energy security makes
use of a limited resource (soil), which can be alternatively used to produce food, and this
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is why using soil for this purpose can be risky for the security of food in the long term.
Stinner et al. [5] inform that exactly the production of biogas offers new opportunities
for using legumes and hence for their incorporation into the rotation of crops as quality
limitations for biogas production are not so high as in their other use. The need for
incorporating crops from the family of Fabaceae into crop rotations in order to improve
soil fertility and sustainability of agricultural systems is often neglected but the beneficial
influence of legumes in the rotation of crops is generally acknowledged [6–9].

One of the possibilities for effective utilization of legumes is their incorporation into
the system of a mixed culture. A mixed culture is understood as growing two different
crops on the same field, during the vegetation period. Legume and non-legume mixtures
are most often used and most often representatives of Fabaceae and Poaceae families. The
definition dwells on the system of growing a mixed culture referred to as “Three sisters”.
This system was a basic system of growing food crops used by the original inhabitants of
North America, e.g., by the Cherokee people [10]. Mixed culturing is an ancient practice
that has remained a dominant agricultural system in many parts of the world [6]. Ofori
and Stern [7] claim that a mixed culture of maize and legumes is one of the most frequent
and most effective combinations in the exploitation of natural resources. Compared to
systems without legumes, the system of a mixed culture with maize and legumes represents
an alternative suitable for saving nitrogen, achieving higher productivity per unit time
and area [11,12]. Mineral N-fertilizers are saved thanks to the ability of legumes to fix
atmospheric nitrogen (N2), which is generally considered a proof that a mixed culture with
legumes directly affects increased production of above-ground biomass as compared with
monocultures [13,14].

Mixed cultures are further tested in order to enhance sustainable production of biomass
on marginal soils in combination with S. hermaphrodita and legumes such as T. pratense and
T. repens [15]. Stoltz et al. [16] evaluated mixed cultures from the viewpoint of the source of
proteins in the feed, investigating the combination of maize (Zea mays L.) and broad bean
(Vicia faba L.). This combination was assessed also by Rezaei-Chianeh et al. [17]. The use
of bean and other legumes is also supported with the fact that current modern varieties
are highly resistant to diseases [18]. Wahid et al. [1] warn that a higher representation of
N-substances in the silage may inhibit the process of fermentation. On the other hand,
Hutňan et al. [19] claim that the AD process in the fermenter with only conventional
silage is unstable due to the low content of nitrogen, and recommend to add a substrate
with a higher N-content for its stabilization, in other words, legumes. These processes
are discussed by Mata-Alvarez et al. [20]—using AcoD (anaerobic co-digestion), which is
based on the co-fermentation of a mixture of two or more substrates with complementary
properties, allowing to increase the production of biogas and to stabilize the process of its
generation. Another limiting factor could be substances contained in the biomass of used
legumes, which might affect the process of methanogenesis, e.g., coumarin in Melilotus albus
MED [21,22]. However, Kintl et al. [23] inform that representation of sweet clover up to
20% in the maize silage increased the production of both biogas and methane in anaerobic
co-digestion (AcoD). Nevertheless, the choice of the mixture of substrates leading to a
stable AcoD process with a high production of biogas is not simple as it requires experience
and technical knowledge about the process.

As long as the system of a mixed culture leads to the more efficient exploitation of
natural resources, soil in particular, the global call for sustainable use of the soil in the 21st
century will be fulfilled [24]. The authors further claim that rational soil management has
to include a system of crop rotation based on legumes with the aim of restoring soil quality
and health, and with the emphasis on the sustainability of the agricultural system.

A novel contribution of this study as compared to other similar research works is the
verification of the applicability of less common alternative legume species in the mixed
cultures with maize grown for the production of biogas both in the area of sustainable
management of agricultural soils in order to minimize impacts of growing maize on the soil
quality and prevention of potential soil erosion, and in the research focusing on the effect
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of legumes in silage produced from the mixed culture on the qualitative and quantitative
parameters of biogas production.

Goals of the study were as follows: (a) How the quality of produced biogas will be
affected by silages made from the mixed culture? (b) What is the production of biogas
from silages of mixed cultures as compared with the pure maize silage? (c) Was the silage
composition affected by the biomass of legumes therein? The zero hypothesis H0 was as
follows: the biomass grown using the technology of a mixed culture (maize and legume)
can yield more biogas per unit area than the biomass of pure maize.

2. Materials and Methods
2.1. Information about the Location of the Field Experiment

Biogas was produced from plant biomass grown at the Experimental Station for
Fodder Crops in Vatín (precise location: 49◦28′42.2′′ N 15◦59′32.8′′ E) during the growing
season in 2018. The experimental plot was situated approximately 10 km from Žd’ár nad
Sázavou in the Czech Republic, in the mild warm region of Bohemian-Moravian Highland
(Českomoravská vysočina) (Figure 1). A detailed climatic characteristic is presented in the
climadiagram (Figure 2). Crops (sole crop or mixed culture) were grown on the same soil
type: cambisol sandy loam occurring on the deluvium of biotic orthogneiss. A description
of the basic parameters of arable soil from the experimental field is shown in Table 1, which
shows values of the contents of plant available nutrients in the topsoil layer (0–0.25 m) and
soil reaction. The average content of nutrients was found in K, Ca, and Mg. On the other
hand, in case of P available to plants, the measured values were slightly lower. The soil
reaction was mildly acidic. Soil parameters and their potential influence on the cultivation
of crops were evaluated according to Elbl et al. [25].

Prior to the sowing, a whole-area DASA fertilizer was applied (300 kg/ha) in all variants
and worked into the soil. The DASA fertilizer (AGRO CS Ltd., Říkov, Czech Republic) contains
26% N (1/3 nitrate form, 2/3 ammonium form) and 13% S (ammonium sulfate).

Figure 1. Experimental field location (marked with red hatching) within the Czech Republic.

Table 1. Basic agro-chemical parameters of topsoil from the experimental field (represented as mean
± SD; for n = 9)—average contents of plant available nutrients).

Sample Soil Reaction
(pH)

Plant Available Nutrient Content (mg/kg)
P K Ca Mg

Topsoil 5.9 95 ± 4.7 246 ± 39.4 1271 ± 64.7 135 ± 17.0
Plant available nutrients were extracted from the soil using Mehlich III extractant [26]. Contents of individual
nutrients were established as follows: (a) K, Ca, and Mg were established in Mehlich III solution using atomic
absorption spectrometry, (b) P was established colorimetrically.
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Figure 2. The course of selected meteorological parameter in the Vatín field experimental station
during the period (1981–2010) and in experimental year 2018. The values of average monthly
temperatures and precipitation amounts are presented.

2.2. Growing Plant Biomass for the Purpose of Silage Preparation—Selection of a Suitable Method

The stands of mixed cultures as well as the pure maize stands were established using
an “interplant system” precise sowing machine with the KINZE 3500 vacuum seeding
device (Figure 3, Kinze Manufacturing, Williamsburg, IA, USA). Two rows of seeding units
(15 pcs) allowed to keep the line spacing of 0.375 m (Figure 4). Seed hoppers of the seeding
unit were filled with seeds in such a way that the sowing of two lines of maize alternated
with the sowing of two lines of the chosen legume [23].

Figure 3. Establishment of the experimental stand.
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Figure 4. Arrangement of the stand of mixed cultures (modified according to Brtnický et al. [27]).
Red arrows represent the distance between individual plants. The value of this distance is shown in
the upper right corner of Figure 4.

Stand variants were divided into the following two groups:

(1) Sole Crop (SC)—Maize

The selected seeds were sown individually on the same date into rows of 0.375 m in
width using the Kinze 3500 “Interplant system” seeding machine. The seeding value was
75,000 seeds per ha.

(2) Mixed cropping (MC)—Legumes + Maize

The mixed culture of maize and legume plants was sown using the Kinze 3500 “Inter-
plant system” seeding machine. Seeding was carried out in one operation. Seed hoppers
(carts) were filled so that two rows of maize alternated with two rows of legume in the
mixed crop stand at the same spacing between the rows—0.375 m. The seed rate in the
mixed crop was 150 thousand seeds per ha: 75 thousand seeds of maize (Zea mays L.) and
75 thousand seeds of selected legumes.

The tested crops are listed in Table 2. These crops were grown to gain biomass for the
preparation of shreddings and model micro-silages tested in laboratory fermentors.

Table 2. Plants used for the mixed cropping system in 2018.

Tested Plants

White sweet clover Melilotus albus Med.
Broad bean Vicia faba L.
White lupine Lupinus albus L.
Maize Zea mays L.

2.3. Evaluation of the Yield from Individual Combinations of Mixed Cultures

The amount of produced biomass was determined according to methodology devel-
oped by Loučka et al. [28] when the plant biomass was directly collected for sampling
from each variant in the BBCH 77-83 maize growth stage (early milk ripeness to early wax
ripeness). The method was developed to determine yield in wide-row crops. The principle
of biomass sampling is shown in Figure A1.

2.4. Production of Mixed Culture Silage

The plant biomass in the BBCH 77-83 growth stage of maize was collected by hand
at a stubble height of 18 cm and chopped to a length of 15–20 mm using the Deutz-Fahr
MH 6505 (Deutz-Fahr, Lauingen, Germany) cutter. It is an attached single-row chopper
with the feeding and cutting mechanism ending with a sweeper. The cutting mechanism is
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equipped with 12 knives. The produced shreddings were used to prepare seven variants of
silage in three repetitions (Table 3). The method of micro-silage preparation was identical
for all three repetitions: 8 kg of shreddings was placed in a mini-silo (container: 150 mm
in diameter and 1000 mm in height), together with the inoculant for each silo (Silo Solve
EF, Chr. Hansen Holding Ltd., Starovice, Czech Republic), dosed at 5 g + 3.5 L of H2O/t.
The prepared plant material was compacted in the mini-silos with a pneumatic press
(6000 N/m2). Then, the mini-silos were hermetically sealed and stored in the dark at 28 ◦C
for 90 days to avoid exposure to light. This process for the production of micro-silage was
already used and thoroughly tested in the past [23,27,29]. The compaction of shreddings in
the mini-silos ranged from 112.2 to 164.7 kgTS/m3 (Table 3).

Table 3. Types of prepared silages.

Variant
Maize in Silage Legume Crop in

Silage
Average Density of

Silage in Dry Matter
% w/w % w/w kg/m3

Maize 100 0 120.27
Maize + White sweet clover 93 7 251.73
Maize + Faba bean 77 23 121.25
Maize + White lupine 95 5 119.15
White lupine 0 100 95.17
White sweet clover 0 100 98.12
Faba bean 0 100 120.06

2.5. Silage Characteristics

Silage characteristics were determined according to Huňady et al. [30], Kintl et al. [31],
and standards CSN EN 15934 [32], CSN EN 15935 [33], and ISO 13906 [34]. Frozen silage
samples were defrosted at 18 ◦C before the fermentation test. The overview of used methods
for the determination of the selected parameters is given in Table 4.

Table 4. Determination of silage quality parameters.

Parameter Method

DM and VS CSN EN 15934 [32]; CSN EN 15935 [33]

N-substances

Kjeldahl method (ISO 20483:2013) [35]; the content of protein was
measured with the KjeltecTM 2300 analyser (FOSS Analytical, Hillerød,

Denmark) by multiplying the content of nitrogen with 6.25. The
Priego-Capote et al. [36] method was used to determine the fat content
using the water-cooled extractor BEHR 6 (behr Labor-Technik GmbH,

Düsseldorf, Germany).
CF CSN EN ISO 6865 [37]

ADF CSN EN ISO 13906 [34]
ADL CSN EN ISO 13906 [34]
NDF CSN EN ISO 16472 [38]

DM—dry matter, vs.—volatile solids, CF—crude fiber, ADF—acid detergent fiber, ADL—acid detergent lignin,
NDF—neutral detergent fiber.

2.6. Biomethanation Batch Test

Biomethanation batch tests were performed according to Kintl et al. [39] and Kintl et al. [40].
The produced biogas was measured daily using the method of fluid extrusion with the
acidified saturated solution of NaCl being used as a barrier solution. This procedure is
in accordance with technical standard VDI 4630. The generated volume of biogas was
recalculated to standard temperature and pressure (273.15 K and 1 bar). A detailed charac-
teristic of the inoculum used in the laboratory test is presented in Table 4. Parameters of
the biomethane potential test are described in Tables 5 and 6. The complete test was charac-
terized in detail in Kintl et al. [39]. A scheme of the used apparatus and interconnection of
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instruments is presented in Figure 5. An analysis of biogas composition was performed
according to Kintl et al. [23,29].

Table 5. Characteristic of inoculum used for the laboratory biomethanion batch test.

Variant Value

Source of inoculum Biogas station: Čejč, Czech Republic; input raw material—maize
silage and slurry; mesophilic temperature conditions (38 ◦C)

Dry matter (%) 3.96 ± 0.09
Volatile solids (%) 67.85 ± 0.19

pH 7.3
FOS (mg/L) 751
TAC (mg/L) 2050

NH4+ (mg/L) 684

Table 6. Parameters of biomethanion batch (methane yield) test according to Kintl et al. [40].

Variant Value

Fermentor volume Total volume: 5 dm3; working volume: 3 dm3

Temperature (◦C); heating method 40 ◦C ± 0.2 ◦C; water bath
Mixing Manually; daily
Retention period (day) 21
Dose of silage (g) 50–53
Ratio inoculum vs. substrate (I/S) 4.5–4.9, based on vs. content
Methods of measuring biogas production Standard VDI 4630

Method of measuring biogas composition
Gas analyzer Dräger X-am 8000; infrared

sensors for CH4 and CO2, mixture of gases
(60% CH4/40% CO2) used as calibration gas

Number of repetitions Three for each silage sample

Figure 5. Scheme of micro-fermentors measuring biogas production and composition according to
Kintl et al. [39]. (A) water bath; (B) illustration of the connection of the fermenter to the gas tank, gas
analyzer and expansion tank; (C) equipment placed in the laboratory.

2.7. Statistical Analysis—Data Treatment

All parameters of the experiment were measured at least in three repetitions. The
experimental data were analyzed using the software Statistica version 12 CZ (Dell Software,
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Round Rock, TX, USA). Basic statistical parameters (minimum, maximum, median, etc.)
were determined using an exploratory data analysis (EDA). The results of the EDA analysis
did not reveal any anomalies that would prevent the statistical processing of the measured
data. Subsequently, one-way analysis of variance (ANOVA) was calculated. The ANOVA
was supplemented with the post hoc Tukey’s HSD test to determine significant differences
in the individual parameters among the variants. Above all, interactions between individual
parameters and factors affecting the values of these parameters were analyzed with a
Principal Component analysis (PCA) and factor analysis (FA). All analyses were calculated
at the level of significance p < 0.05.

3. Results and Discussion
3.1. Biomass Yield from the Mixed Culture

Yields (t/ha) were evaluated from four variants: MA-100, MA-95+LU-5, MA-93+WSC-
7, and MA-77+FB-23. Fresh matter (FM) and dry matter (DM) yields achieved are presented
in Tables 7 and 8. In the case of variants with mixed cultures (MA-95+LU-5, MA-93+WSC-7,
and MA-77+FB-23), both total yields and yields of individual crops are presented.

Table 7. Fresh matter—yield parameters of one variant of monoculture and three variants of mixed
cultures (maize, lupine, Faba bean, and white sweet clover).

Variant

Fresh Matter Yield

Maize Legume Maize + Legume Total

t/ha ± SD HSD t/ha ± SD HSD t/ha ± SD HSD %

MA-100 61.34 ± 3.71 A - - 61.34 ± 3.71 A 100
MA-95+LU-5 52.31 ± 10.6 A 5.81 ± 0.41 A 58.12 ± 10.81 A 95
MA-77+FB-23 55.88 ± 7.46 A 6.00 ± 0.68 A 61.88 ± 7.51 A 101
MA-93+WSC-7 56.15 ± 7.45 A 3.76 ± 1.12 A 59.91 ± 7.15 A 98

The average of measured values (n = 3) is shown ± standard deviation (SD). MA—Maize, LU—Lupine, WSC—
White Sweet Clover, FB—Faba Bean. Different letters indicate significant differences (p < 0.05) between individual
variants in the specific parameter.

Table 8. Dry matter—yield parameters of one variant of monoculture and three variants of mixed
cultures of maize, lupine, bean, and white sweet clover.

Variant

Dry Matter Content Dry Matter Yield

Maize Legume Maize Legume Maize + Legume Total

(%) (%) t/ha ± SD HSD t/ha ± SD HSD t/ha ± SD HSD %

MA-100 26.9 16.50 ± 1.00 A 16.50 ± 1.00 A 100
MA-95+LU-5 27.1 27.6 14.18 ± 2.87 A 1.60 ± 0.11 A 15.78 ± 2.93 A 96
MA-77+FB-23 27.5 21.8 15.37 ± 2.05 A 1.31 ± 0.15 B 16.68 ± 2.06 A 101
MA-93+WSC-7 28.0 29.1 15.72 ± 2.08 A 1.09 ± 0.33 B 16.82 ± 2.00 A 102

The average of measured values (n = 3) is shown ± standard deviation (SD). MA—Maize, LU—Lupine, WSC—
White Sweet Clover, FB—Faba Bean. Different letters indicate significant differences (p < 0.05) between individual
variants in the specific parameter.

The highest average yield of fresh matter was achieved with the mixed culture MA-
77+FB-23 (61.88 t/ha). The lowest average FM yield was achieved with MA-95+LU-5
(58.12 t/ha). However, there were no statistically significant differences between the
individual variants. As to the relative difference, variant MA-77+FB-23 achieved a yield
that was only 1% higher than that of control variant MA-100. The variant with the lowest
yield reached only 95% of average yield.
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Values of dry matter, DM (%), at harvest ranged from 26.9 (MA-100; control) to 28.0
(MA-93+WSC-7). The highest average yield of DM (t/ha) was reached with the mixed
culture MA-93+WSC-7 (16.82 t/ha), and the lowest average yield of DM was reached with
the mixed culture MA-95+LU-5 (15.78 t/ha). This was the only variant that exhibited a
yield lower than MA-100. There were, however, no statistically significant differences
between the individual variants.

Comparing the measured values of FM and DM yield (Tables 7 and 8) in terms of their
statistical significance, we arrive at an opinion that the mixed culture had no demonstrable
influence on the yield of biomass. Thus, the absence of significant differences between
the individual variants indicates that incorporation of legume into one cultivation system
with maize does not have to lead to a significantly reduced yield of biomass. A similar
experiment with the mixed culture of maize and legume was conducted by Htet et al. [41].
The authors tested a possibility of growing soy and maize but arrived at opposite results.
They inform the yield of DM in maize to be 14.5 t/ha, while various variants of mixed
cultures of maize with soy exhibited statistically significantly lower yields ranging from
12.1 to 13.2 t/ha. Thus, the cultivation of maize in the mixed culture was almost equally
advantageous or even more advantageous than the cultivation of maize in the monoculture.
Table 7 shows that results between the individual variants were non-significant. Growing of
more than one crop in a mixed culture may often bring higher yields (both environmental
and economic) than growing these crops as monocultures [42]. Essential benefits are,
among other things, increased soil erosion protection, biological fixation of nitrogen in
the soil, and support of microbial activity in the soil [22,24,30,43]. It should be mentioned,
however, that these potential benefits differ in the types of mixed cultures, and may be
accompanied with reduced biomass yield as compared with the pure culture of maize and
hence also silage for the biogas plant. The drop of yield ranges most frequently from 5 to
10% [29,44,45] and it is therefore necessary that the cultivation of a mixed culture is planned
differently than the growing of a maize monoculture so that a possible yield decrease does
not put the biogas plant operation into danger.

3.2. Qualitative Parameters of Silage

The following parameters were used to describe the quality of silage from individual
variants: content of dry matter (DM), ash, neutral detergent fiber (NDF), acido-detergent
fiber (ADF), crude fiber (CF), starch, sugars (CAR), proteins (CP), lignin, and lipids
(Tables 9 and 10). These parameters were determined at the end of the ensiling process, i.e.,
after the opening of silage containers, and their values were converted according to the
content of DM.

Table 9. DM, Ash, NDF, ADF, and CF contents in the individual silage types.

No. Variant
DM Ash NDF ADF CF

% ± SD HSD %DM ± SD HSD %DM ± SD HSD %DM ± SD HSD %DM ± SD HSD

1 MA-100 21.23 ± 0.06 E 4.90 ± 0.04 G 58.11 ± 0.17 B 27.68 ± 0.25 F 23.48 ± 0.58 C
2 MA-95+LU-5 25.96 ± 0.21 D 6.28 ± 0.01 D 54.66 ± 0.05 E 38.85 ± 0.11 C 25.24 ± 0.04 B
3 MA-93+WSC-7 29.43 ± 0.09 A 5.93 ± 0.11 E 55.54 ± 0.29 D 30.87 ± 0.15 E 24.47 ± 0.90 BC
4 MA-77+FB-23 28.85 ± 0.20 B 5.68 ± 0.01 F 50.07 ± 0.14 G 29.57 ± 0.62 E 24.14 ± 0.09 BC
5 LU-100 21.54 ± 0.15 E 9.83 ± 0.13 A 61.57 ± 0.17 A 47.97 ± 0.65 A 29.57 ± 0.64 A
6 WSC-100 28.44 ± 0.20 BC 6.82 ± 0.03 C 56.16 ± 0.07 C 41.43 ± 1.28 B 24.96 ± 0.05 BC
7 FB-100 27.95 ± 0.29 C 9.50 ± 0.06 B 53.93 ± 0.16 F 35.34 ± 0.68 D 23.91 ± 0.67 BC

The average of measured values (n = 3) is shown ± standard deviation (SD). MA—Maize, LU—Lupine, WSC—
White Sweet Clover, FB—Faba Bean. Different letters indicate significant differences (p < 0.05) between individual
variants in the specific parameter. DM—Dry matter, NDF—Neutral detergent fiber, ADF—Acido-detergent fiber,
CF—Crude fiber.
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Table 10. Contents of starch, CAR, CP, lignin, and lipids in the individual silage types.

No. Variant
Starch CAR CP Lignin Lipids

%DM ± SD HSD %DM ± SD %DM ± SD HSD %DM ± SD HSD %DM ± SD HSD

1 MA-100 19.83 ± 0.01 A 12.37 ± 2.77 A 15.6 ± 0.38 B 3.43 ± 0.03 D 2.24 ± 0.10 D
2 MA-95+LU-5 13.82 ± 0.02 C 6.88 ± 0.65 BC 10.71 ± 0.13 D 5.15 ± 0.08 C 2.44 ± 0.04 C
3 MA-93+WSC-7 4.39 ± 0.01 E 9.96 ± 0.13 AB 11.66 ± 0.79 D 3.58 ± 0.09 D 1.91 ± 0.02 E
4 MA-77+FB-23 17.66 ± 0.20 B 12.68 ± 0.25 A 11.31 ± 0.12 D 3.56 ± 0.11 D 3.56 ± 0.02 A
5 LU-100 3.11 ± 0.02 F 3.30 ± 0.69 D 13.74 ± 0.26 C 7.63 ± 0.13 A 1.13 ± 0.03 F
6 WSC-100 0.39 ± 0.01 G 6.51 ± 0.65 CD 15.42 ± 0.12 B 7.09 ± 0.03 B 2.78 ± 0.03 B
7 FB-100 10.92 ± 0.03 D 4.54 ± 0.78 CD 17.36 ± 0.25 A 7.22 ± 0.13 B 2.53 ± 0.01 C

The average of measured values (n = 3) is shown ± standard deviation (SD). MA—Maize, LU—Lupine, WSC—
White Sweet Clover, FB—Faba Bean. Different letters indicate significant differences (p < 0.05) between individual
variants in the specific parameter. CAR—Carbohydrates, CP—Crude Protein.

The content of dry matter (DM) was the highest in the silage from variant MA-
93+WSC-7 (29.43%) and the lowest in the silage from monocultures LU-100 (21.54%) and
MA-100 (21.23%). According to McDonald et al. [46], an optimum range for DM in maize
silage ranges from 28% to 32%. This range was achieved only in the silage variants
from mixed cultures MA-93+WSC-7 and MA-77+FB-23. The values indicate that the
content of DM was the highest in variants containing WSC and FB: MA-93+WSC-7, MA-
77+FB-23, WSC-100, and FB-100. The trend is also corroborated with the statistically
significant differences between these two groups of variants. The presence of legume in the
mixture with maize statistically significantly increased the content of DM. According to
Nabel et al. [15], the DM content in silage from maize biomass or other crops is affected
both by environmental factors of the site and by the characteristic of grown crops and
their varieties or hybrids. Maize has long been bred to produce biomass for silage used for
energy purposes, feeding, and biogas production. Legumes were primarily bred in the past
to produce food and feeds rich in proteins or fiber. Therefore, it is clear that before varieties
will be bred for use in biogas plants, the crops will mainly exhibit qualitative indicators that
will be worse than the specially bred maize varieties. An exception can be some legumes
that naturally exhibit, for example, a reduced content of fiber [5,15].

Htet et al. [41] arrived at similar conclusions in their experiments with the mixed
culture of maize and soy: variants of silages from mixed cultures always exhibited DM
contents higher than silage from a maize monoculture. According to Geren et al. [47], silage
from the mixed culture of maize with Vigna unguiculata L. Walp. and Phaseolus vulgaris L.
recorded a higher DM yield than maize alone and increased DM content as compared with
the maize monoculture.

The content of ash was high in monosubstrates LU-100, FB-100, and WSC-100. On
the contrary, the fourth monosubstrate MA-100 exhibited the lowest ash content (4.90%). In
mixed variants, the content of ash ranged from 5.68 to 6.28%. Differences in the content
of ash were statistically significant between all variants. Contrariwise, Htet et al. [41]
inform that the highest content of ash (7.7%) was recorded in the maize monosubstrate as
compared with the variants of the mixed culture or maize and soy (7.2–7.3).

The content of neutral detergent fiber (NDF) in % DM ranged on average from
61.57% (LU-100) to 50.07% (MA-77+FB-23). Statistically significant differences were found
among all seven variants. A lower NDF content was recorded in variants including FB.

The measured content of NDF in the variant MA-100 was 58.11%. According to other au-
thors, the content of NDF in the MA silage ranges from 38.6% [23] to 55.3% [48]. Htet et al. [41]
measured 40.1% in the maize monosubstrate. Kintl et al. [23] reported the value of 48.67% for
the content of NDF in the silage of white sweet clover while Titei [49] reported 58.1%.

The content of acid detergent fiber (ADF) ranged on average from 27.68% (MA-
100) to 47.97% (LU-100) and the content of crude fiber (CF) ranged on average from
23.48% (MA-100) to 29.57% (LU-100). The contents of ADF and CF represent an important
indicator of the degradability of biomass, which enters the process of fermentation [43]. In
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maize or legumes, of importance is the amount of ears or beans, which contain a lower
amount of lignin than the plant stalk [49–51]. In the case of maize, the measured ADF and
CF values correspond to generally known hybrids determined for use in the process of
fermentation [50,52]. In the case of legumes, the availability of comparable data is worse
as silages are not so often made from legumes. Kintl et al. [23] inform that white sweet
clover contained 31.62% ADF, while Titei [49] reports 40.7%. Tambara et al. [53] inform, for
example, that silage prepared only from white clover contained 20.34% of ADF and silage
made from red clover contained 25.81% of ADF. These values are 20% lower as compared
with the results of our experiment. The authors maintain that the main influence on the
content of ADF and other worse degradable substances was not only the crop species but
also the method of the production of shreddings.

The content of starch was the highest in MA-100 (19.83%) and the lowest in the
variant WSC-100 (0.39%). A higher content of starch in mixed culture variants was recorded
in MA-77+FB-23, and in silages from monocultures in MA-100 and FB-100. Statistically
significant differences were found between all seven variants (Table 9). Kintl et al. [23] state
a value for the maize silage to be 20.7%. Similar values were recorded in other experiments,
e.g., Jensen et al. [54] and Khan et al. [55]. The content of starch was demonstrably lower
in variants with added legumes or in pure legume silages. This situation has to do with
the character of legumes, which naturally contain the amount of protein-based substances
larger than starch or CAR [53,56]. Mustafa et al. [56] inform, for example, that an average
starch content in the silage made from legume (pea) was 12.9%, but the content of protein-
based substances (CP) was 30.1%. This is a good illustration of the specific properties of silage
made from legumes where the content of proteins surmounts the content of starch and CAR.

The content of CAR was 12.37% in MA-100 and ranged in mixed variants from 6.88%
(MA-95+LU-5) to 12.68% (MA-77+FB-23, the highest), while in monosubstrates FB-100 and
LU-100, it did not exceed 6.51%. The highest CAR content in MA-77+FB-23 can be explained
with the fact that the leguminous component FB has a lower content of NDF compared with
the MA-100 monosubstrate. The content of CAR in silage was in the negative correlation
with the content of NDF (Table 10). This is also why the lowest CAR content (Table 9)
was recorded in the variant LU-100 with the highest NDF content (Table 6). Pettersson
and Lindgren [57] claim that the CAR content in plants significantly affects a possibility
of successful ensiling and the subsequent silage usability in the process of fermentation.
Other authors [50–52] consider CAR and starch for essential substances determining not
only the amount of biogas but also its quality. This is why the values recorded in variants
MA-95+LU-5, MA-93+WSC-7, and MA-77+FB-23 can be considered as positive indicators
confirming a possibility of using silages made from these mixed cultures in the process of
fermentation in the biogas plant.

The content of crude protein (CP) in percentage of DM ranged on average from
10.71% (MA-95+LU-5) to 17.36% (FB-100). The significant highest content of CP was
determined in the variants of monosubstrates while the mixed variants exhibited the
significant lowest CP contents. A positive correlation (R = 0.50) was found between the
content of CP and the content of lignin, which was the lowest in the silages of mixed
substrates. Another positive correlation (R = 0.42) was that between the content of CP and
the content of ash, which was the highest in the monosubstrates of legumes, too. However,
even when it often seems there are correlations between the values obtained through the
various measurements of lignin and CP in feeds, the precise correlations are extremely
dependent on samples, and further research is needed to determine their character and
causes [58]. This may be the reason, Htet et al. [41] state in contrast, that a maize silage in the
mixture with common bean (Phaseolus vulgaris) exhibited higher yields of CP (2.2–2.6 t/ha)
than the maize monosubstrate, which led them to assume that legumes in the mixture
increased the content of CP. A similar conclusion was also presented by Tambara et al. [53],
who detected an average content of CP in silages made from sole clovers at 20% but when
the clovers were used in the mixture with other crops such as cereals, an increased content
of CP was observed. In white sweet clover, Titei [49] reports the content of CP in silage
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to be 12.7% while Kintl et al. [40] report 14.48%. Popp et al. [21] report the white sweet
clover silage to have the CP content of 8.6%, which is markedly lower than the CP content
recorded in white sweet clover in our experiment. Sowa-Borowiec et al. [59] reported that
the mean content of CP in the dry matter of fresh white sweet clover matter at the time of
full flowering was 17.87%

The content of lignin was the highest in the monosubstrates of legumes (7.09–7.63%),
while the lowest content of lignin was recorded in M-100 (3.43%). Surprisingly, the content
of lignin was decreasing with the increasing content of legumes in the mixed culture, with
the differences being statistically significant. Together with ADF and CF, lignin is one of the
important parameters of crops grown for silage as the substances are poorly degradable
and hence usable in fermentation processes [50,52,53]. In the case of the control variant
(Maize-100), the content of lignin corresponded to standard values for monocultural silages
made of this crop, similarly as in the case of legumes [50,53,56].

The content of lipids was statistically significantly the highest in MA-77+FB-23
(3.56%) and the lowest in LU-100 (1.13%). In general, the values were not so different
than in the other qualitative parameters. Sowa-Borowiec et al. [59] report 2.07% for the dry
matter of white sweet clover fresh matter.

Summarizing the results of the qualitative analyses of the maize monosubstrate and all
mixed variants of silages (Figure 6), it is possible to state that as compared with the maize
monosubstrate, the presence of legumes in silages with maize statistically significantly
(Tables 8 and 9) increased the contents of DM, ash, and ADF, and the FB and LU species were
also increasing the content of lipids. Legumes in the silage statistically non-significantly
increased the content of CF and lignin. On the other hand, they statistically significantly
decreased the content of NDF, CP, and starch, and the LU and WSC species were also
decreasing the content of CAR and lipids. The situation follows out from the properties of
the crops when maize has been long bred to contain as much CAR and starch and as little
lignin as possible [52,60].

Figure 6. Production of biogas (m3/kgVS) during the laboratory experiment (duration = 21 days,
average values for each day of measurement are shown, n = 3 for one measurement, ±SD). MA—
Maize, LU—Lupine, WSC—White Sweet Clover, FB—Faba Bean.
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3.3. Biogas Yield

Development of cumulative biogas production from seven silage variants during a
period of 21 days is shown in Figure 6. Although the behavior of the curve of cumulative
biogas production is similar in all tested mixed silage variants, values of achieved biogas
yield differ in individual days of measurement. The highest biogas production was found
in variant MA-100 within the individual days of measurement from the beginning of the
fermentation process, and was followed by variants of mixed silage MA-95+LU-5, MA-
77+FB-23, and MA-95+WSC-7. Compared with MA-100, this group of three mixed silages
exhibited a demonstrably lower biogas production from Day 12 of measurement. Mixed
silages LU-100 and FB-100 form another group that exhibited different dynamics of biogas
production from the beginning, which was lower in individual days as compared with
the tested variants MA-100, MA-95+LU-5, MA-77+FB-23, and MA-95+WSC-7. The variant
WSC-100 exhibited the demonstrably lowest amount of produced biogas from Day 8.

Looking at the total (cumulative) biogas production presented in Table 11, we can see
that the variants can be divided into three groups according to yield (m3/kgVS): (1) The
highest yield was recorded in the maize monosubstrate (0.923 m3/kgVS). (2) Variants of
mixed substrates with the yield ranging from 0.804 to 0.840 m3/kgVS. (3) The lowest average
biogas yield was recorded in the monosubstrates of legumes (from 0.497 to 0.593 m3/kgVS).
The differences between the biogas yield in these three groups were statistically significant.
Based on a similar experiment with the silage of white sweet clover, Kintl et al. [31] reported
a biogas yield of 0.47 m3/kgVS.

Table 11. Differences in biogas yield after 21 days of the laboratory experiment.

No. Variant
Biogas Yield

m3/kgVS HSD

1 MA-100 0.923 ± 0.027 A
2 MA-95+LU-5 0.815 ± 0.023 B
3 MA-93+WSC-7 0.840 ± 0.015 B
4 MA-77+FB-23 0.804 ± 0.017 B
5 LU-100 0.595 ± 0.008 C
6 WSC-100 0.497 ± 0.005 D
7 FB-100 0.593 ± 0.010 C

The average of measured values (n = 3) is shown ± standard deviation (SD). MA—Maize, LU—Lupine, WSC—
White Sweet Clover, FB—Faba Bean. Different letters indicate significant differences (p < 0.05) between individual
variants in biogas yield.

Similarly, as the properties of individual crops affect the composition of silage, the
quality of silage demonstrably affects the production of biogas [51]. The measured values
show that silage with an increased content of maize or only with the content of maize was
easier to use for the process of fermentation. As to silage composition, the contents of
carbohydrates and crude protein can be considered main positive factors in the process of
fermentation [60]. Conversely, the content of lignin represents one of the main negative
parameters, which have to be reduced in silage fed into the biogas plant as a source of
energy [50,52]. In the case of our experiment, variants exhibiting the highest cumulative
biogas production had at the same time the highest content of readily degrading carbo-
hydrates, and this was why they also exhibited the highest values of biogas yield. On
the other hand, variants with the increased lignin content (LU-100, WSC-100, and FB-100)
demonstrably showed the lowest biogas yield with the absolutely lowest yield being found
in WSC-100. It should be further mentioned that some legume species also contain some
other anti-nutritional substances such as coumarin, which is typically occurring in lupine,
white sweet clover as well as in other legumes [22] and inhibits the process of methano-
genesis [61]. This could be another of the reasons for these variants exhibiting the reduced
biogas yield. Kadaňková et al. [22] measured, for example, that a sole legume silage can
contain even more than 12 mg/kg of coumarin with the coumarin content in the pure maize
silage ranging below 0.5 mg/kg. According to Popp et al. [21,61], the content of coumarin
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in silages prepared from legumes is the main limiting factor for their use in a biogas plant
or as feed. Thus, there is a presumption that these anti-nutritional substances might affect
the yield and chemical composition of biogas.

Figure 7 presents the production of biogas established on the basis of DM yield per
unit area (see Table 9). Statistically significant differences in the production of biogas were
found among the variants MA-100 and MA-95+LU-5 and the monocultures of legumes,
and also between all variants with maize and legume monosubstrates. Compared with the
MA-100 monosubstrate, the production of mixed substrates and legumes was lower by 8%
(MA-93+WSC-7) up to 96% (WSC-100). This shows that the biogas production per unit area
was (with the exception of MA-95+LU-5) directly proportional to the percentage of maize in
the silage. Experimental stands of all variants were treated in the same way, which means
that the costs of sowing, fertilization, chemical protection, and harvest were economically
similar. The measured values indicated that growing only legumes to be used in the biogas
plant would make sense neither for economical nor for operational reasons. On the other
hand, it makes sense to grow maize in a mixed culture with legume whose share in the
silage should not exceed a certain volume depending on the species. Thus, profitable yield
will not decrease and quality of biogas production will not be compromised.

Figure 7. Biogas yield—calculation on the basis of the yield of dry biomass (average of measured
values, n = 3 ± SD). The statistical significant differences (p < 0.05) are illustrated with different
capital letters. MA—Maize, LU—Lupine, FB—Faba bean, WSC—White sweet clover.

As mentioned above, legume species differ in the composition of their biomass, which
affects the quality of silage produced. A common feature is the increased content of lignin.
Faba bean and lupine exhibit a typically increased content of proteins in the silage [59,62]
while white sweet clover has a typically increased content of coumarin [21,22,61]. Based on
the already published data [23,29,31], it is possible to state that the content of lupine in the
silage should not exceed 10wt%, but the content of Faba bean and white sweet clover can
range from 10 to 20wt% according to technological possibilities of agricultural enterprise.
If these conditions are complied with, the production of biogas would not decrease during
the fermentation process.
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3.4. Methane Content in Biogas

Figure 8 shows the process of methane concentration development in biogas during
21 days. The diagram shows that the most rapid increase in methane concentration occurred
in the first 4 days when the methane content in biogas reached values ranging from 53.0%vol
(LU-100) to 62.6%vol (FB-100). Another increase by, on average, 3–6%vol was recorded
on Day 8 of the fermentation process. From Day 8 of measurement, differences in the
chemical composition of biogas (i.e., content of CH4) between the individual variants were
very small and non-significant. The last change—a methane concentration increase by, on
average, 0.5–4.5%vol—was recorded on Day 19 of measurement when the variants LU-100
and MA-100 exhibited the demonstrably lowest values of methane in biogas.

Figure 8. Chemical composition of biogas—content of methane (%) during the laboratory experiment
(duration = 21 days, average values for each day of measurement, n = 3 for one measurement, ±SD).
MA—Maize, LU—Lupine, WSC—White Sweet Clover, FB—Faba Bean.

The highest final content of methane in biogas was recorded in the variant MA-
95+LU-5 (70.4%vol) and in the variants with FB (FB-100 and MA-77+FB-23). The lowest
final methane concentration was measured in the monosubstrate MA-100 (63.5%vol). It
follows from the results that the presence of legumes in silages was increasing the methane
concentration as compared with the maize monosubstrate. Differences between the variants
were statistically significant (Table 12).

The content of methane is affected by many factors of which the most significant ones
include the composition of silage entering the fermentor and conditions in the fermen-
tor [51]. In our experiment, conditions in all laboratory fermentors were identical; however,
the composition of entering substrates (silage) was variable (see Tables 8 and 9). In the case
of biogas plants, a lower content of less degradable substances (e.g., lignin) and a higher
content of starch are desirable [50,52]. According to Herrmann et al. [52], lignin represents
the most important biomass component determining specific yields of methane. The CH4
yield decreases with the increasing content of lignin and share of fiber. These conclusions
were, however, not fully reached in our research in which the highest content of lignin was
found in silages with the content of legume (Table 10). On the other hand, these variants
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(MA-93+WSC-7 and MA-77+FB-23) also exhibited a higher content of carbohydrates and
a higher or the same content of crude protein. Exactly the contents of carbohydrates and
crude protein in silage positively affect the quality of biogas, i.e., methane content [60].
This relation could thus explain the measured values (Figure 8 and Table 11).

Table 12. Differences in chemical composition of biogas after 21 days of the laboratory experiment.

No. Variant
Methane Content

% HSD

1 MA-100 63.5 ± 0.6 C
2 MA-95+LU-5 70.4 ± 1.1 A
3 MA-93+WSC-7 66.2 ± 0.2 B
4 MA-77+FB-23 69.7 ± 0.5 A
5 LU-100 64.0 ± 0.2 C
6 WSC-100 66.5 ± 0.2 B
7 FB-100 70.3 ± 0.9 A

Mean of measured values (n = 3) is shown ± standard deviation (SD). MA—Maize, LU—Lupine, WSC—White
Sweet Clover, FB—Faba Bean. Different letters indicate significant differences (p < 0.05) between individual
variants in methane content in biogas.

3.5. Description of Interaction between Qualitative Parameters of Silage and Production of Biogas

The PCA and factor analysis were performed in order to assess correlations between
variables and their influence on the production of biogas. Correlations between the studied
parameters are expressed in more detail using the correlation matrix (Table 13).

Table 13. Results of PCA—Correlation matrix: summary of correlations between the measured
variables.

Variables DM Ash NDF ADF CF Lignin CP Starch CAR Lipids Biogas
Yield

Methane
Content

DM 1.00 −0.14 −0.76 −0.25 −0.45 −0.11 −0.21 −0.23 0.12 0.59 −0.17 0.65
Ash −0.14 1.00 0.37 0.72 0.62 0.88 0.42 −0.49 −0.87 −0.47 −0.74 0.06
NDF −0.76 0.37 1.00 0.56 0.65 0.41 0.29 −0.43 −0.45 −0.89 −0.20 −0.79
ADF −0.25 0.72 0.56 1.00 0.83 0.86 0.08 −0.68 −0.84 −0.51 −0.74 −0.12
CF −0.45 0.62 0.65 0.83 1.00 0.56 −0.15 −0.52 −0.59 −0.68 −0.41 −0.34
Lignin −0.11 0.88 0.41 0.86 0.56 1.00 0.50 −0.63 −0.91 −0.34 −0.92 0.03
CP −0.21 0.42 0.29 0.08 −0.15 0.50 1.00 −0.11 −0.33 −0.10 −0.49 −0.23
Starch −0.23 −0.49 −0.43 −0.68 −0.52 −0.63 −0.11 1.00 0.61 0.45 0.72 0.24
CAR 0.12 −0.87 −0.45 −0.84 −0.59 −0.91 −0.33 0.61 1.00 0.51 0.76 −0.06
Lipids 0.59 −0.47 −0.89 −0.51 −0.68 −0.34 −0.10 0.45 0.51 1.00 0.10 0.62
Biogas yield −0.17 −0.74 −0.20 −0.74 −0.41 −0.92 −0.49 0.72 0.76 0.10 1.00 −0.08
Methane
content 0.65 0.06 −0.79 −0.12 −0.34 0.03 −0.23 0.24 −0.06 0.62 −0.08 1.00

Statistical significant correlation (p < 0.05) is illustrated with red color.

The correlation matrix indicated that there is a strong relationship among the in-
dividual parameters. A significant positive linear dependence was found between the
production of biogas and parameters starch (R = 0.72) and CAR (R = 0.76). A nega-
tive linear dependence was found between the production of biogas and parameters ash
(R = −0.74), ADF (R = −0.74), and lignin (R = −0.92). This indicates that the biogas yield
was increasing with the increasing content of starch and CAR and decreasing with the in-
creasing content of ash, ADF, lignin, and CP. The content of methane exhibited a significant
positive dependence only on DM (R = 0.65) and lipids (R = 0.62) and negative dependence
on NDF (R = −0.79).

The interaction between silage parameters, biogas production, and methane content
was also assessed using the factor analysis and PCA. A scree plot (Figure A2) indicated three
significant factors, which could be considered originators of the variability of measured
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values but only the first two of them were used for a further analysis as loads between the
third factor and the variables were very low with only one exception (CP).

These two main factors (Factor 1 and Factor 2) explained more than 76.3% of the
variability of measured values (Figure A3). Factor 1 could be identified as the main
factor because it explained more than 52.6% of the variability; on the other hand, Factor 2
explained less than 23.7%. Following the analysis, Figure A2, Figure 9, and correlation of
factors and variables (Table 14), it can be stated that Factor 1 represented biogas production
and related parameters. Factor 1 strongly positively correlated with the biogas yield as
well as with the content of CAR and starch, and strongly negatively correlated with the
contents of ash, NDF, ADF, CF, and lignin. Factor 2 represented methane content and
related parameters. Parameters strongly positively correlating with Factor 2 included
methane content and DM, and negatively correlating with Factor 2 were NDF, biogas yield,
and, more weakly, CF. Factor 3 strongly negatively correlated only with the content of CP
(R = −0.92).

Figure 9. PCA and factor analysis. Projection of cases (variants) into the factor plane (Factor 1/Factor
2); load factor, Factor 1/Factor 2. Extraction: Main components. MA—Maize, LU—Lupine, WSC—
White Sweet Clover, FB—Faba Bean.

Table 14. Results of factor analysis. Load Factor, Factor 1/Factor 2/Factor 3.

Variables Factor (1) Factor (2) Factor (3)

DM 0.36 0.79 0.22
Ash −0.84 0.30 −0.11
NDF −0.73 −0.66 −0.08
ADF −0.91 0.13 0.27
CF −0.82 −0.23 0.44

Lignin −0.89 0.39 −0.17
CP −0.37 0.09 −0.92

Starch 0.72 −0.22 −0.25
CAR 0.91 −0.31 −0.02

Lipids 0.70 0.58 −0.14
Biogas yield 0.76 −0.56 0.17

Methane content 0.32 0.82 0.16
Statistical significant correlation (p < 0.05) is illustrated with red color.
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Figure 9 presents merged projection of averages for individual variants from three
replications into the factor plane and factor loads of individual parameters, and represents a
comprehensive view of interactions among the monitored parameters and biogas yield and
methane content in the respective variants of silage. If the projections of individual variants
occur in the factor plane near some silage parameters, it indicates that the parameters
have in these variants an influence on biogas yield and methane content, which is directly
proportional to their distance where the projection of this influence can be a vector of the
effects of the given parameters on several silage variants at the same time, which should be
taken into account in the analysis.

The graphical illustration in Figure 9 shows that biogas yield was positively affected
by the amount of CAR and starch in the silage. At the same time, it can be seen that
the projections of variants MA-100 and MA-93+WSC-7 occurring similarly as the above-
mentioned parameters CAR and starch, in the positive zone of the X-axis (Factor 1),
exhibited the highest biogas yield. On the other hand, the projections of the variants
of legume monosubstrates except for LU-100 occur in Figure 9 in the negative zone of the
X-axis (Factor 1), which corresponds to the layout of parameters ash, ADF, and lignin—
these parameters had a negative influence on biogas yield, and this is why the variants of
legume monosubstrates exhibited the lowest biogas yield.

In the positive zone of the Y-axis Y (Factor 2) in Figure 9, there are parameters methane
content, DM, and lipids. In the same zone, there are projections of the silage variants of
mixed cultures MA-95+LU-5, MA-77+FB-23, and monosubstrate FB-100, which exhibited
the highest methane content and high DM values as well as variant MA-77+FB-23 and
content of lipids. High values of DM were also exhibited with WSC-containing substrates.
However, a decisive role was apparently played with the fact that variants MA-95+LU-5,
MA-77+FB-23, and FB-100 had the statistically significantly lowest content of NDF as
compared with the other experimental substrates including substrates with WSC. The zone
under the X-axis then contains the projection of variants with a higher content of NDF
and lower methane content (MA-100, WSC-100, LU-100) and lipids except for WSC-100.
A strong positive dependence existed between parameters methane content and lipids
(R = 0.65), while a strong negative dependence existed between parameters methane content
together with lipids and parameter NDF (R = −0.79; R = −0.89).

The above analysis can be summarized as follows: nearly none or just a very low
negative dependence existed between the value of biogas yield on the one hand and the
methane content on the other hand (Figure 9, Tables 12 and 13). Biogas yield was positively
determined with the higher content of CAR and starch in silage and negatively with the
high content of ash, ADF, and lignin. These substances had only a minimum or no influence
on the methane content, the values of which were positively determined with the higher
DM value and with the higher content of lipids as well as with the significantly negatively
high content of NDF. Similar conclusions, i.e., the negative action of increased contents of
ADF, ash, and lignin on the production of biogas, were also published by Amon et al. [60],
Zsubori et al. [50], and Herrmann et al. [52].

4. Conclusions

Our study dealing with possibilities for biogas production from mixed silages of
maize and legumes showed mixed effects. Compared with other similar works, a novel
contribution of this study was the testing of less common alternative legume species in
mixed cultures with maize, grown for the production of biogas in terms of their usability in
environment-friendly management of agricultural soils in order to prevent soil erosion and
impairment of soil quality as well as in terms of research on the effect of legumes in silage
made from the mixed culture on the quality and amount of biogas production.
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There were three basic goals: (a) How the quality of biogas produced will be affected
by silages made from the mixed culture? (b) What is the production of biogas from silages
of mixed cultures as compared with the pure maize silage? (c) Was the quality of silage
affected by the biomass of legumes in the silage? Next, the zero hypothesis was tested from
a statistical point of view. The three basic goals can be answered as follows:

(A) The representation of legumes had a demonstrable influence on biogas quality only in
the case of lupine.

(B) There were differences found in the production of biogas. Silages made of a mixed
culture exhibited biogas production lower by, on average, 6%.

(C) Alternative silages that include legumes in addition to the dominant Zea mays exhibit
other qualitative indicators, especially in the contents of starch, CAR, and lipids with a
positive influence on biogas production, and ash, ADF, NDF, and lignin, which inhibit
the process of methanogenesis and hence biogas production. Legumes in silages had
a positive influence on the increased content of N-substances (for example, lipids)
while their presence reflected negatively in the increased contents of ash and NDF as
compared with the pure maize silage, i.e., worse degradable substances unsuitable
for biogas production. The measured data show, however, that the biogas production
decreased only by 6% and the increased presence of ash and NDF was probably partly
compensated with the increased content of lipids.

The H0 hypothesis was not confirmed. Comparing the production of biogas related to
unit area, no statistically significant higher biogas production from the mixed substrates of
maize silage with legumes was recorded as compared with the biogas production from the
monosubstrate of maize silage (MA-100). Compared with the maize silage monosubstrate
(MA-100), the production of biogas from the mixed substrates was 12% lower in MA-
95+LU-5, 9% lower in MA-93+WSC-7, and 13% lower in MA-77+FB-23.

The effect on biogas quality in terms of increased methane concentration in biogas
was confirmed for the mixed samples of silage with admixed legumes. In the samples MA-
95+LU-5, MA-93+WSC-7, and MA-77+FB-23, the methane concentration increase ranged
from 2.6%vol to 6.9%vol.
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Appendix A. Design of the Field Experiment

Figure A1. Scheme of sampling at harvest. The maize and legume crops were harvested at all times
only in the middle part (a) of the respective repetition of each variant. The part is highlighted with red
hatching in the scheme. First, the selected plot of maize (a) was harvested using the cutter Deutz-Fahr
MH 650 s (b). The prepared maize shreddings were mixed (c). The homogenized matter was sampled
(d) for laboratory analyses (modified according to Kintl et al. 2023 [39]—article moldy silages).

Appendix B. PCA and Factor Analysis

Figure A2. Graph of eigenvalues.
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Figure A3. PCA. Projection of variables on the factor plane (1 × 2).
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control greenhouse gas production during digestate storage. Waste Manag. 2023, 156, 75–83. [CrossRef] [PubMed]
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