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Abstract. The aim of the studies was to determine the effect of
fertilization with mineral fertilizers and the digestate from an
agricultural biogas plant on selected plant parameters. In 2016
a three-year two-factor field experiment was established, where
the first factor was the fertilization variant and the second factor
was the plant species (triticale, maize, sorghum). Fertilization was
carried out on two dates: pre-sowing and top-dressing. The first
variant consisted of nitrogen fertilization, exclusively mineral; in
the second variant, plants were fertilized before sowing with di-
gestate, and then top-dressed with mineral fertilizer; while in the
third variant, in both terms, plants were fertilized with digestate.
The quality of biomass was examined in terms of its chemical
composition and as a raw material for biogas production. Regard-
less of the applied variant of fertilization, the plants tested were
equally well supplied with nitrogen. Fertilization with digestate
increased the C:N ratio in the biomass of sorghum (which de-
viated from the optimal value for effective anaerobic fermenta-
tion process), lowered the crude fibre content in the biomass of
triticale, but also increased the content of cellulose in triticale.
Fertilization with digestate makes it possible to give up mineral
nitrogen fertilization, without negative influence on the quality
and chemical composition (including crude fibre and lignin frac-
tions) of triticale and maize used as biogas substrates.

Keywords: biogas, mineral fertilization, digestate, triticale,
maize, sorghum.

INTRODUCTION

In an era of global warming, caused among other things
by environmental pollution, alternative energy sources
based on locally available raw materials are being devel-
oped to fit into a closed loop economy. Biogas production
through anaerobic digestion is a good example of such
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a model. Plant substrates for biogas plants should be easy
to grow, energy efficient, and at the same time, resistant
to adverse climatic conditions associated with climate
change. Also important is the yield of such crops and their
high quality, which can be achieved through optimized
fertilization, minimizing the risks associated with environ-
mental pollution. Doyeni et al. (2021) reported that prop-
erly applied digestate had minimal influence with no nega-
tive effects on soil chemical properties after three years
of application. Koszel et al. (2020) reported that digestate
determines the fat and protein content in winter rape and
affects the content of macronutrients and saturated fatty ac-
ids, monounsaturated fatty acids and polyunsaturated fatty
acids. Moreover, it has been proven that application of N
mineral fertilization may decrease energy-use efficiency of
biogas production, due to the high energy input for pro-
duction of N fertilizer (Oleszek, Matyka, 2020). Koszel et
al. (2017) and Alburquerque et al. (2012) confirmed the
validity of using the digestate as a substitute for mineral
fertilization in winter wheat and winter oilseed rape cul-
tivation. The study of Oleszek and Matyka (2018) proved
that increasing the dose of mineral nitrogen fertilizer had
an effect on biogas production, methane yield and on the
specific rate of their production. In addition, the reduction
of acid detergent lignin (ADL) content in the biomass of
the studied plants, contributed to an increase in the digest-
ibility of this biomass and shortening its fermentation time.
In the literature, it is found that the lignin content of a given
biomass is a factor that strongly inhibits the methane fer-
mentation process. The digestate has not yet been studied
for such properties.

High yields in biogas production are demonstrated by
plant substrates such as forage, which are quickly and ef-
ficiently decomposed (Prochnow et al., 2009). The choice
of substrates for biogas production is affected by the local
availability of biomass, its chemical composition, energy
value, ease of fermentation, as well as the possibility of
using the digestate (Vasiljevi¢, Karagi¢, 2014; Podkowka,
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Podkéwka, 2010). An important factor in the choice of
substrate for a biogas plant is the cost of obtaining it, in-
cluding transport. It is therefore important to have one’s
own substrate, such as dedicated crops for example: maize,
triticale, and sorghum. Triticale has lower soil requirements
than spring wheat and spring barley, and varieties are char-
acterized by greater drought tolerance (Mazurek, 1994).
An increase in the area of maize cultivation has been re-
corded for more than 20 years, which is mainly dictated by
improved climatic conditions (Ksiezak, Zarychta, 2015).
As plants of the genus sorghum occur in the zone of warm
and hot climates, they manage water more efficiently than
maize. Due to their well-developed root system, they tol-
erate drought better than other crops (Holubowicz-Kliza,
2007).

The aim of this study was to investigate the effect of
mineral fertilization and fertilization with the use of diges-
tate from an agricultural biogas plant on the quality and
chemical composition of maize, triticale and sorghum bio-
mass as potential substrates for biogas production.

MATERIAL AND METHODS

The field experiment was three years long (2016-2018)
and was located at the Agricultural Experimental Station
in Osiny, Lublin Province (N:51°27°58, E:22°52°6”). The
experiment was established on lessive soil, made of light
loamy sand, good rye complex 5, class IV b. The area of
a single experimental plot was 225 m?. The first factor of
the experiment were the crop species: maize (Zea mays
L.) variety Respect, sorghum (Sorghum vulgare L.), Su-
crosorgo 506 and spring triticale (7riticale) Dublet C1 in
the first year of research, although winter triticale (7riti-
cale) Maestozo in the remaining years. The experiment
was conducted in a three-field crop rotation, with fields of
all plants replicated four times. Varieties dedicated to agri-
cultural biogas plants were selected for the study. The sec-
ond factor of the experiment was the nitrogen fertilization
variant. Three variants of fertilization included mineral
and organic (digestate from biogas plant) fertilizers. Each
scheme included two dates, pre-sowing and top dressing.
Nitrogen fertilization was in the following schemes: N1
only mineral, N2 before sowing digestate and later min-
eral, N3 only digestate.

The digestate was obtained from an agricultural bi-
ogas plant and its dose was determined annually on the
basis of its chemical composition, assuming a rate for
triticale of 120 kg N ha’!, while for maize and sorghum of
160 kg N ha'! each. Triticale biomass was harvested at the
milk-wax stage, maize at grain maturity from late-wax to
full-wax, while sorghum after the occurrence of the first
frost. In fresh plant material, the content of crude ash
(weight method), organic carbon (elementary analyses in
2016 and high temperature combustion with TC detec-
tion in 2017 and 2018), total nitrogen, phosphorus (CFA

with spectrophotometric detection), potassium, magne-
sium (FAES method) and calcium (FAES in 2016 and
2018, FAAS method in 2017) was determined annually. In
a few cases the selected methods have been changed due
to changes in the availability of the selected methods in the
laboratory. The content of organic compounds (total pro-
tein, crude fat, crude fibre) and crude fibre fractions (NDF,
ADF, hemicellulose, lignin) as well as ash were also tested
according to weight methods (with one exception of to-
tal protein in 2016 — CFA method). The average value and
standard deviation were determined for each of the tested
variables. The Shapiro-Wilk test was used to assess normal
distribution. The verification of the hypothesis assuming
uniformity of variance was performed using Brown and
Forsythe’s test. To compare the magnitude of differences
between the tested variants and species, analysis of vari-
ance (ANOVA) testing was performed. Tukey’s post-hoc
HSD test was used to determine the significance of dif-
ferences between all the tested samples. All the statistical
analyses were performed at the significance level p<0.05 in
Statistica 7 (StatSoft, Tuls, OK, USA).

RESULTS AND DISCUSSION

High content of: protein, fat, as well as starch and
sugar, contribute to more efficient biomethane production
(Oleszek, Matyka, 2018). The content of crude ash varied
between the studied species (from 3.0 to 5.8% DM). There
were no significant differences between the fertilization
variants for any of the plant species tested. Sorghum con-
tained significantly more ash than maize and triticale, re-
gardless of the applied fertilization variant. The ash content
in the biomass of the tested plants was lower than in stud-
ies by other authors (Amon, Zollitsch, 2007; Koztowski et
al., 2007; Heiermann et al., 2009; Kacprzak et al., 2010;
Ksiezak et al., 2012; Kacprzak et al., 2012b; Podkowka,
Podkéwka, 2014; Kraszkiewicz et al., 2017). The high ash
content in biomass hinders the energy conversion in tech-
nological processes (Cherney, 2006).

Among the plants studied, maize had significantly the
highest organic carbon content (47.4+1.7% DM). Signifi-
cant differences in organic carbon content were observed
due to the application of different variants of fertilization,
however, for each species of the studied plants, the effect
was different. The lowest content of organic carbon for
triticale (46.9+£1.8% DM) and maize (47.2+1.8% DM) was
recorded in the N3 variant, while for sorghum was signifi-
cantly more of organic carbon in plants grown in N3 vari-
ant, then in N1 (46.8+0.9% DM) (Table 1).

The average organic carbon content in the biomass of
triticale grown for biogas production in Spain was 44.9%
DM, which was lower than that in present study (47.0%
DM) (Sanz et al., 2011). In contrast, higher organic car-
bon content in triticale biomass (49.1% DM) was shown
by Oleszek and Matyka (2017). In maize biomass, lower
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Table 1. Crude ash, organic carbon (C), total nitrogen, total protein content in dry matter and C:N ratio in the studied plant species,
depending on the fertilization variant.

Fertilization variant

Specification NI N2 N3 Average
Crude ash [% DM]
Triticale 3.6£0.3aA 3.6£0.3aA 3.6£0.4 a A 3.6£0.3 A
Maize 3.0£0.5aA 34+05aA 32+04aA 3.2+0.5A
Sorghum 6.2+0.8 a B 5.5+0.8 a B 5.840.9a B 5.840.9 B
Average 4.2+15a 4.2+12a 4.2+13a
Organic carbon [% DM]
Triticale 47.1+x1.6 aA 472+ 1.7aAB 46.9+1.8b A 47.0£1.6 A
Maize 47.3+1.8ab A 475+1.8aA 472+1.8bB 47.4+1.7B
Sorghum 46.8+0.9 a B 47.0+1.1abB 473+1.3bB 47.0+1.0 A
Average 47.1€14 a 47.2+14 a 47.1£1.6 a
Total nitrogen [% DM]
Triticale 14£03aA 14£02aA 1.3£0.2aA 1.4£0.2 A
Maize 1.2+0.1aA 1.3+0.1 aAB 1.2+0.1aA 1.2+0.1 B
Sorghum 1.2+03aA 1.2+03aB 1.1+0.3aB 1.240.3 B
Average 1.3+0.3 a 1.3+0.2 a 1.2+0.2 a
Total protein [% DM]
Triticale 8.5+2.2aA 9.2+t1.2aA 8.1xl.1aA 8.6£1.6 A
Maize 74+0.6 aA 8.0+0.8 aAB 7.6£0.9 a AB 7.7£0.8 B
Sorghum 81+19aA 7.3+2.0aB 6.9+1.8aB 7.4+1.7B
Average 8.0+1.7a 82+1.3a 7.5+1.4 a
C:N
Triticale 36.8t11.3aA 329+4.5aA 36.7£5.0 a A 355+74 A
Maize 39.1434aA 36.5£3.0a AB 39.2+4.0aA 38.3+3.5 AB
Sorghum 37.8£82aA 41.0+£9.3ab B 46.0+10.5b B 41.5£9.0 B
Average 37.9+79 a 36.8+6.1 a 40.6+7.8 a

Results expressed as mean + standard deviation. Averages denoted by the same capital letter in columns and small letter in rows are not significantly

different by Tukey’s test for p < 0.05.

Nitrogen fertilization: N-1 only mineral in two dates, N-2 before sowing digestate and later mineral, N-3 digestate in two dates.

organic carbon content (47.4% DM) was found than in
the studies of other authors (49.9-50.1% DM) (Amon,
Zollitsch, 2007; Oleszek, Matyka, 2017). In the work
of Kacprzak et al. (2012a) the organic carbon content
of maize and sorghum silages was 45.2 and 46.1% DM,
respectively, and these values were lower than those ob-
tained in present study. In the study of Oleszek and Matyka
(2017), sorghum biomass contained more organic carbon
(49.5% DM) than in our study (47.0% DM). The differ-
ent results were influenced both by the varietal differences
of the plants selected for the study and by the location of
the experiments on different continents of our globe, which
was also related to the meteorological conditions and the
different type of substrate in which the studied plants grew.
Irrespective of the fertilization variant, the biomass of triti-
cale contained the most nitrogen and total protein. How-
ever, no effect of fertilization with digestate was observed
on the content of total nitrogen (values from 1.1+£0.3 to
1.4+0.3 % DM) and total protein (values from 6.9+1.8 to
9.2+1.2 % DM) in all tested plants (Table 1).

In the study of Sanz et al. (2011), the average content
of total nitrogen in triticale biomass was 0.8% DM, which
was lower than in present study (1.4%), while Oleszek and
Matyka (2017) obtained a similar content (1.5%) of total
nitrogen. Kacprzak et al. (2012a) and Oleszek and Matyka
(2017) reported nitrogen contents in maize silages of 1.3%
DM and in sorghum silages of 1.2% DM. These results
were similar to the values obtained in our study. According
to Koszel et al. (2017), fertilization with digestate, in rela-
tion to mineral fertilization, results in an increase in pro-
tein content in wheat grain. Also, the results of the above-
mentioned authors’ study on winter oilseed rape confirmed
the higher efficiency of the application of digestate as
fertilizer with respect to protein content. Similarly, in the
study of Koszel et al. (2018), where the digestate from the
biogas plant in Siedliszczki, near Piaski was used to fer-
tilize wheat, a higher protein content in wheat grain was
recorded, as well as increase in the content of selected ma-
cronutrients (nitrogen by 3.93%, phosphorus by 13.33%,
potassium by 9.26%, calcium by 15.38%, and magnesium
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by 9.52%) compared to fertilization with mineral fertilizers
only.

The content of total protein in triticale biomass obtained
from present study (Table 1) was similar (8.6% DM) to the
values of 8.6-9.5% DM obtained by other authors (Ozdu-
ven et al., 2010; Heiermann et al., 2009; Oleszek, Matyka,
2017; StrauB et al., 2019). The amount of total protein in
maize biomass from present study (7.7% DM) was within
the range of 6.8-8.0% DM, which was obtained in other
studies (Amon, Zollitsch, 2007; Ksig¢zak et al., 2012; Pod-
kéwka, Podkowka, 2014; Oleszek, Matyka, 2017; Straul3
et al., 2019). The amount of total protein in maize obtained
from our research was lower compared to the values in the
National Feed Database (average 11.4% DM); (Sliwinski
et al., 2010). The total protein content of sorghum biomass
(7.4% DM) was higher than that obtained by Ksi¢zak et al.
(2012); (7.1% DM), but lower than that found by Sliwinski
etal. (2010) (7.7%) and Oleszek and Matyka (2017) (7.9%
DM). The content of total protein in the biomass of sor-
ghum grown in Germany was 8.5% DM, which was higher
than in present study (Strauf3 et al., 2019).

The studied species, regardless of the fertilization vari-
ant, differed significantly in the ratio of carbon to nitrogen
(C:N). It reached the lowest value in triticale (35.5+7.4),
and the highest in sorghum (41.5+9.0); (Table 1). No ef-
fect of fertilization variant was found on C:N ratio in
triticale and maize plants. In the case of sorghum, a sig-
nificantly higher C:N ratio was recorded in the N3 vari-

ant (46.0£10.5), compared to the N1 variant (37.8£8.2). It
was influenced by harvest date, the later the date the higher
the C:N ratio (Zwart, Langeveld, 2010). Heiermann et al.
(2009) obtained a lower C:N value in triticale (30:1) than
that obtained in present study (35:1). The average C:N ra-
tio in maize biomass obtained in present experiment (38:1)
was similar to the 40:1 value obtained by Amon and Zol-
litsch (2007). The C:N in the substrate, affects the growth
of microorganisms, which translates into the rate of the
fermentation process. The optimal C:N ratio should be
10-30:1 (Burton, Turner, 2003; Igoni et al., 2008; Leda-
kowicz et al., 2010; Podkowka, Podkéwka, 2010; Weiland,
2010; Deublei, Steinhauser, 2011). However, in practice,
the range of variation in this parameter can oscillate be-
tween 20 and 70:1 (Burton, Turner, 2003). A too low C:N
ratio leads to an increase in ammonia concentration, which
slows down the methanogenesis process and can inhibit
biogas production (Weiland, 2010; Igoni et al., 2008; Pod-
kéwka, Podkowka, 2010). Conversely, a high C:N ratio
carries the risk of reducing the availability of nitrogen nec-
essary for bacterial growth, which may also result in a less
efficient fermentation process (Weiland, 2010; Igoni et al.,
2008). With a higher C:N ratio, the loss of ammonia (an in-
hibitor of methanogenesis) slows down, because the avail-
able nitrogen can be incorporated into the mass of bacte-
ria carrying out the fermentation process (Burton, Turner,
2003). In present study, the C:N value varied between 32.9
and 46.0:1, a ratio slightly higher than the optimum, which

Table 2. Content of macroelements in biomass (dry matter) of the studied plant species, depending on the fertilization variant.

Fertilization variant

Specification NI ) N3 Average

Phosphorus [% DM]
Triticale 0.23+0.03 a A 0.24+0.01 a A 0.24+0.02 a A 0.23+0.02 A
Maize 0.22+0.03 a A 0.22+0.02 a A 0.22+0.03 a A 0.22+0.03 A
Sorghum ~0.24+0.04 2 A ~0.23£0.04 a A ~ 0.2140.05a A 0.23£0.04 A
Average 0.23+0.03 a 0.23+0.03 a 0.23+0.04 a

Potassium [% DM]
Triticale 1.11£0.11 a A 0.95+0.42 a A 1.04+0.15a A 1.03+£0.26 A
Maize 0.90+0.19 a A 0.89+0.11a A 0.87+0.09 a A 0.89+0.13 A
Sorghum 1.95+0.53aB ~1.39£0.27a B _1.85:0.46a A 1.84+0.45 B
Average 1.32+0.37 a 1.19+40.52 a 1.25+0.51 a

Magnesium [% DM]
Triticale 0.11£0.01 a A 0.10+0.02 a A 0.10+0.01 a A 0.10+0.01 A
Maize 0.16+0.04 a A 0.16+0.04 a B 0.14+0.03 a A 0.15+0.04 B
Sorghum ~0.33£0.10a B ~0.24+0.12aC ~ 0.28+0.05a A 0.30+0.07 C
Average 0.19+0.11 a 0.19+0.09 a 0.17+0.09 a

Calcium [% DM]

Triticale 0.15+0.02 a A 0.15+0.04 a A 0.13+0.01 a A 0.14+0.02 A
Maize 0.20+0.04 a A 0.21+0.06 a B 0.19+0.03 a B 0.20+0.04 B
Sorghum ~ 0.41+0.06a B ~ 0.2540.10b C ~ 0.34+0.03b C 0.36+0.05 C
Average 0.25+0.12 a 0.23+0.09 a 0.22+0.09 a

Explanations as in Table 1
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may suggest nitrogen deficiency in the methane fermenta-
tion process. The increase of C:N ratio beyond the optimal
values due to the application of digestate fertilization in
the case of sorghum is a disadvantageous effect from the
biogas production point of view. Nonetheless, in practice,
plant substrates are very often combined with N-rich co-
substrates, thus, C/N is then at the optimal value.

The analyses showed no significant differences in phos-
phorus content between the plant species studied. There
was no significant differences of fertilization with diges-
tate on phosphorus content (from 0.21+0.05 to 0.24+0.04%
DM) in the biomass of the plants studied (Table 2).

The content of phosphorus in maize biomass was
0.22% DM within the range of that obtained by Ksigzak et
al. (2012) and Schattauer and Weiland (2005), where it was
0.15 and 0.24% DM respectively. Also, the average potas-
sium content in maize biomass (0.89% DM) (Table 2) was
lower than obtained by these authors (1.12—1.15% DM).

Potassium content varied among the species studied.
Sorghum biomass contained significantly more potassium
compared to triticale and maize. The content of potas-
sium (from 0.87+0.09 to 1.95+0.53% DM) was not sig-
nificantly different among the fertilization variants. The
least magnesium was found in the biomass of triticale
(0.10+0.01% DM), significantly more in the biomass of
maize (0.15+0.04% DM), and the most in the biomass of
sorghum (0.30+0.07% DM). No effect of fertilization with
digestate was observed on magnesium content in the bio-
mass of the plants studied.

The magnesium content in maize (Table 2) was at
a similar level as in the studies of other authors (0.12—
0.17% DM) (Ksiezak et al., 2012; Schattauer, Weiland,
2005). In sorghum the magnesium content was slightly
higher (0.23-0.26) than reported by Ksi¢zak et al. (2012).

On the other hand, a higher calcium content was found
in present study (0.20% DM) than in the studies of Schat-
tauer and Weiland (2005) (0.18% DM) and at the same
time this value was lower than that obtained by Ksi¢zak et
al. (2012) (0.24% DM).2

Sorghum biomass contained more phosphorus (0.23%
DM), potassium (1.84% DM) and magnesium (0.30%
DM) with respect to the results obtained by Ksiezak et
al. (2012), respectively (0.18; 1.62 and 0.26% DM). On
the other hand, the calcium content was at a similar level
(0.36% DM).

The lowest calcium content, on average for all ferti-
lization variants, was found in the biomass of triticale
(0.14+0.02% DM), significantly more in the biomass of
maize (0.20+0.04% DM), and the highest in the biomass
of sorghum (0.36+0.05% DM). In the biomass of sorghum,
significantly more calcium was contained in plants ferti-
lized only with mineral nitrogen (0.41+0.06% DM), than
in the case of variants N2 and N3, where fertilization was
performed with digestate (0.25+0.10 and 0.34+0.03% DM,
respectively) (Table 2).

The highest content of crude fat was found in maize
biomass (3.2+0.4% DM). There was no effect of fertiliza-
tion variants on the content of crude fat in the studied plant
species (Table 3).

The average crude fat content in triticale biomass
obtained in present study (2.2% DM) was similar to the
ones obtained by Heiermann et al. (2009) and Oleszek and
Matyka (2017), where it was 1.4% DM and 2.2% DM, re-
spectively. A higher crude fat content was also recorded
in maize biomass (3.2% DM) than the values presented
by other authors (2.0-3.1% DM) (Podkéwka, Podkow-
ka, 2010; Amon, Zollitsch, 2007; Herrmann et al., 2012;
Ksiezak et al., 2012; Oleszek, Matyka, 2017). The crude
fat content of maize biomass obtained from our research
was lower than that presented in the National Feed Data-
base (Sliwinski et al. 2010), where it averaged 4.4% DM.
The crude fat content in sorghum biomass was the same
(2.0% DM) as in National Feed Database (Sliwinski et al.
2010). In works: Ksigzak et al. (2012) and Oleszek and
Matyka (2017), the crude fat content in sorghum biomass
was 2.7% DM and 3.8% DM, respectively, and these val-
ues were higher than those obtained in present study.

Comparing the species, a significantly higher crude
fibre content was found in the biomass of sorghum
(31.0£3.0% DM) compared to triticale (20.7+2.0% DM)
and maize (19.4£2.5% DM) (Table 3).

Statistically significant differences between fertiliza-
tion variants were found only in the case of triticale. Triti-
cale fertilized only with mineral nitrogen (N1) contained
the biggest amount of crude fibre (22.6+£1.9% DM), while
the one fertilized only with digestate (N3) contained the
smallest amount (19.2+0.9% DM). Crude fibre is more dif-
ficult to decompose in anaerobic digestion than other com-
ponents determining the composition of a given kind of
biomass.

Plant fibre forms cell walls and its components are cel-
lulose, hemicellulose and lignin. The other components
are: undecomposed protein, pectins, water, and ash (FOSS,
2018; Zadernowski, Pitat, 2016). Triticale biomass ob-
tained in present study contained on average 20.7% DM
of crude fibre, which is 2.6% more than that obtained by
Heiermann et al. (2009). The average crude fibre content of
maize biomass from our study (19.4% DM) was within the
range of 18.4 to 19.6% DM derived from studies by other
authors (Ksiezak et al., 2012; Podkéwka, Podkéwka, 2014,
2016; Sliwinski et al., 2010). In contrast, maize biomass
in the study of Amon and Zollitsch (2007) contained more
crude fibre (25.5% DM) than the value obtained in pre-
sent study. The crude fibre content of the sorghum biomass
from our study (31.0% DM) was consistent with the values
in the National Feed Database (Sliwiniski et al., 2010), and
similar to the value of 31.6% DM that was obtained by
Podkéwka and Podkéwka (2016). More crude fibre (34.8%
DM) was contained in sorghum biomass in the study by
Ksigzak et al. (2012).
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Table 3. Biomass composition of the studied plant species, depending on the variant of fertilization.
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Fertilization variant

Specification N1 N2 N3 Average
Crude fat [% DM]
Triticale 2.3+0.6aA 2.2+0.6a A 22+04aA 22405 A
Maize 3.1#0.5aB 33+0.5aB 33+03aB 3.2+04 B
Sorghum 2.0+0.4a A 2.0+0.6 a A 21404 a A 2.0£0.4 A
Average 2.5¢0.7 a 2.4+0.8 a 2.5+0.7 a
Crude fibre [% DM]
Triticale 22.6£1.9aA 20.2+¢1.2bA 192409 c A 20.74£2.0 A
Maize 182433 aA 21.4+1.2aA 18.6+0.7a A 19.4£2.5A
Sorghum 29.7+2.6 a B 31.0+5.8aB 31.842.5aB 31.0+£3.0 B
Average 23.5455a 242454 a 23.2+6.4 a
Neutral-detergent fibre [% DM]
Triticale 46.0+1.6 a A 47.1+2.8a A 45.4+2.7a A 46.2+3.6 A
Maize 44.0+5.7a A 473+44aA 46.0+4.7 a A 45.5+49 A
Sorghum 66.4+7.1aB 66.8+7.8a B 67.1+6.2a B 66.8£5.9 B
Average 52.1411.6 a 53.7£10.3 a 52.5+11.8 a
Acid-detergent fibre [% DM]
Triticale 25.143.0a A 25.6x1.5aA 26.0+2.8 a A 25.6£2.4 A
Maize 25.6+43aA 27.0+4.6 a A 25.542.6aA 26.0+3.8 A
Sorghum 442+3.8aB 45.1£10.2aB 44.6+3.8a B 44.6£3.6 B
Average 31.749.8 a 32.5¢9.7 a 32.0£9.6 a
Cellulose [% DM]
Triticale 21.9+24aA 21.5+1.1 abA 22.0£2.5b A 21.4+£2.0A
Maize 21.6£3.6a A 23.0+4.2aA 21.6£2.4a A 22.1+34 A
Sorghum 36.3+3.6aB 36.9+84aB 37.0£3.2aB 36.8£3.2 B
Average 26.3+79a 27.1+£7.7 a 26.9+7.8 a
Acid-detergent lignin [% DM]
Triticale 4.1+0.6 a A 4.140.6 a A 41403 a A 4.1+£0.5 A
Maize 4.0£1.3aA 4.0£09aA 4.0+0.8aA 4.0£0.9 A
Sorghum 8.0£1.2aB 8.1+2.0a B 7.5¢1.1aB 7.9+1.1 B
Average 54422 a 54+2.1a 52419 a
Hemicellulose [% DM]
Triticale 20.8+3.0 aAB 21.5#3.5aA 19.443.7aA 20.6£3.3 A
Maize 18.4+£2.1a A 20.4+2.8 a A 19.5¢3.6 a A 19.442.8 A
Sorghum 22.143.6 a B 21.743.0a A 22.5+2.8aB 22.1£2.8 B
Average 20.4+3.2 a 212428 a 20.5£3.5a

Explanations as in Table 1

The significantly highest content of neutral-deter-
gent fibre (NDF) fraction was characterized by sorghum
(66.8+5.9% DM), while no statistically significant differ-
ences were found between maize (45.5+4.9% DM) and
triticale (46.2+£3.6% DM) (Table 3).

The applied variants of fertilization did not differentiate
the content of NDF. Analogous relations were found for the
content of acid-detergent fibre (ADF), hemicellulose and
acid-detergent lignin (ADL). The content of these com-
ponents depends on the developmental stage of the plant,
and more specifically on the grain filling stage. The later
the plants are harvested, the higher ADF and NDF con-
tent they have (Bocchi et al., 1996). The amount of fibre

and its fractions in the studied material is closely related
to the plant species and the vegetation stage in which they
were harvested, but also to the dose of nitrogen fertilization
(Oleszek, Matyka, 2017). ADF and NDF content is an indi-
cator of the digestibility of a given biomass (FOSS, 2018).
NDF content in triticale biomass obtained from our experi-
ment (46.2% DM) was lower than that obtained in the study
of Ozduven et al. (2010) (60.8% DM). The NDF content
of maize biomass obtained from present experiment was
similar (45.5% DM) to the values obtained by other au-
thors (45.5-56.2% DM), sorghum biomass from present
study contained 66.8% DM NDF, which was similar like to
other studies, where the proportion was 53.2-66.8% DM
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(Koztowski et al., 2007, Sliwinski et al., 2010; Heiermann
et al., 2009). The ADF fraction consists of cellulose as-
sociated with lignins (Truba, 2015). Higher ADF content
results in lower fibre digestibility (Jankowska, 2014; KWS
Poland; Kotlarz et al., 2010). According to Koztowski et
al., (2007) and Grygierzec (2012), the amount of fibre frac-
tion in forage is closely related to harvest date, plant devel-
opment stage, morphological structure and habitat condi-
tions. The ADF content, in triticale biomass obtained from
present experiment, was lower (25.6% DM) (Table 3),
than the average value for triticale in the studies of Heier-
mann et al. (2009) (31.7% DM) and Ozduven et al. (2010)
(37.9% DM).

The ADF content of maize biomass from our study
(26.0% DM) was similar to available literature data (25.6
and 26.2% DM) (Podkowka, Podkéwka, 2010; Sliwinski
et al., 2010). However, sorghum biomass from present
experiment contained (44.6% DM) more ADF than in the
studies of other authors (31.9-38.0% DM) (Herrmann et
al., 2012; Koztowski et al., 2007).

Lignocellulosic matter consists mainly of cellulose,
hemicellulose, and lignin. Irrespective of the fertilization
variant, the biomass of sorghum contained the highest
amount of cellulose (36.8+3.2% DM). Statistically signifi-
cant differences in cellulose content depending on the ferti-
lization variant, were found only in the biomass of triticale.
Triticale fertilized with mineral nitrogen only (variant N1
21.9+2.4% DM) contained less cellulose than the plants
fertilized solely with digestate (variant N3 22.0+£2.5) and
the latter were also the highest in cellulose among all vari-
ants (Table 3).

Cellulose, which is the main component of plant bio-
mass, can account for 30-60% of the dry weight of the
feedstock (Bernat et al., 2014). Due to its structure, water-
insoluble cellulose has high extensibility and resistance
to enzymatic degradation (Oliveira Buanafina, Cogrove,
2014). The cellulose content of the plant is influenced by
genetic conditions, nitrogen fertilization, technological
aspects of harvesting of the raw material, among others
(Rosso et al., 2013; Oleszek, Matyka, 2017). The content
of cellulose in triticale biomass obtained from present
study was lower (21.4% DM) than in the study of Oleszek
and Matyka (2017) (31.2% DM). The average cellulose
content of maize biomass from our research was 22.1%
DM and was within the range of values obtained by other
authors (from 20.0 to 27.7% DM) (Amon, Zollitsch, 2007;
Kozlowski et al., 2007; Kacprzak et al., 2010; Kacprzak et
al., 2012b; Podkéwka, Podkowka, 2014; Oleszek, Matyka,
2017; StrauB} et al., 2019). The cellulose content of the
sorghum biomass obtained from present study was higher
(36.8% DM) than in the studies of other authors, where it
ranged from 17.8 to 30.9% DM (Koztowski et al., 2007;
Kacprzak et al., 2012b; Oleszek, Matyka, 2017; Straul3 et
al., 2019).

Hemicellulose has a backup function and is an impor-
tant component of plant cell walls (Zadernowski, Pilat,
2016). Triticale biomass from present study contained less
hemicellulose (20.6% DM) (Table 3) compared to the re-
sults obtained by Oleszek and Matyka (2017) and Strauf3 et
al. (2019) (25.3 and 22.7% DM, respectively).

Hemicellulose in maize biomass from present ex-
periment was less than obtained by other authors (20.0—
35.0% DM) (Amon, Zollitsch, 2007; Kacprzak et al.,
2010; Ksigzak et al., 2012; Podkowka, Podkowka, 2014;
Oleszek, Matyka, 2017; Strauf3 et al,. 2019). Also, sorghum
biomass obtained from our experiment contained less cel-
lulose (22.1% DM) than in studies by other authors (25.5—
26.6% DM) (Kozlowski et al., 2007; Kacprzak et al.,
2012b; StrauB et al., 2019). Larger values of hemicellulose,
reported in the works of other authors, compared to the
results of our study, may be due to the different morpho-
logical structure and habitat conditions under which the
compared plants grew (Koztowski et al., 2007; Grygier-
zec, 2012). Lignin is a hydrophobic polymer found main-
ly in the xylem of most terrestrial plants. It is the second
largest biopolymer on earth and accounts for almost 30%
of organic carbon in plant biomass (Oliveira Buanafina,
Cogrove, 2014). The content of the ADL (acid-detergent
lignin) fibre fraction is an indication of how far plant
woodiness has progressed (Kotlarz et al., 2010). The aver-
age ADL content of maize biomass (4.0% DM) from the
experiment (Table 3) was consistent with values obtained
by other authors, which ranged from 3.3-6.0% DM (Amon
et al., 2007; Ksiezak et al., 2012; Kacprzak et al., 2012a;
Oleszek, Matyka, 2017; StrauB3 et al., 2019).

Lignin content in the substrate does not promote
its faster chemical and biological degradation (Bernat,
Wojnowska-Baryta, 2014). ADL content determines the
dynamics of biomass degradation (Shah et al., 2015). An
increase in the proportion of lignocellulosic biomass in the
digester mixture results in a longer first phase of biogas
production and total biomass decomposition time (Ber-
nat, Wojnowska-Baryta, 2014; Oleszek, Matyka, 2018). In
a study by StrauB3 et al. (2019), the average ADL content in
triticale was higher (4.8% DM) than the value obtained in
present study (4.1% DM). Also, triticale biomass studied
by Oleszek and Matyka (2017) contained more ADL (7.5%
DM). In sorghum biomass, the average ADL content (7.9%
DM) was higher than the values obtained by Koztowski et
al. (2007), Oleszek and Matyka (2017) and Strauf} et al.
(2019) (2.8-5.9% DM) and at the same time much lower
than the 27.9% DM obtained by Kacprzak et al. (2012b).
Significantly lower crude ash, crude fibre, NDF, ADL and
cellulose contents in triticale biomass, compared to sor-
ghum biomass, had a statistically significant effect on high-
er methane production efficiency from triticale than from
sorghum. As the lignin content of the biogas plant feed-
stock increases, a decrease in methane yield is observed
(Amon et al., 2007).
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CONCLUSIONS

1. In the case of sorghum biomass, fertilization with
digestate resulted in lower calcium content and higher C:N
compared to mineral fertilizer.

2. As aresult of fertilization only with digestate (N3)
significantly lowered crude fibre content in triticale bio-
mass was observed, which is an advantageous change from
the biogas production point of view.

3. Organic carbon content in the biomass of triticale
and maize was significantly lower in N3 variant than in
others variants, while in the case of sorghum an opposite
relation was observed.

4. Fertilization with digestate makes it possible to re-
place mineral nitrogen fertilization without a negative ef-
fect on the quality and chemical composition of biomass of
selected biogas varieties of triticale and maize.
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