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Abstract

In current times, we heavily rely on the use of fossil fuels, which bring negative impacts on climate change; therefore, it is
essential to place more focus on all renewable alternatives, especially bioenergy crops. This study is focused on the quantification
and evaluation of biogas production from either corn or sweet sorghum, as well as their combination. The field data were obtained
from 2013 to 2016 in central Ukraine. The Buswell equation was used for the calculation of the theoretical biogas and methane
potential. The results show that corn and sweet sorghum were intercropping and had higher on 8.5-37.8% of green mass, and
9.5-28.7% estimated yield of biogas compared to the single use of these crops. Due to the higher dry matter content, the specific
yield of biogas per unit of applied corn silage was higher by 33.7-50.6% compared to sweet sorghum. However, biogas yield was
increased by 9.2—13.0% when using a mixture of corn silage and sweet sorghum compared to sweet sorghum alone. Results of
biogas and methane yield per unit area show that the highest rates, 10.2 and 5.9 thousand m>/ha, were obtained in the combined
growing of hybrids of sweet sorghum Dovista and corn Monica 350. Even though theoretical calculations have some limitations,
the gathered results provide essential information on the potential of the examined green mass for biogas potential in Ukraine.
Such information are crucial to be known for economic and energy reasons.
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1 Introduction cover the growing needs of modern civilization, but even 6—

10% of their satisfaction through the proper utilization of or-

The formation of the European countries’ biofuel market
shows that the most important among renewable energy re-
sources is biomass: carbon containing (vegetable biomass,
waste of processing industry) and sugar containing (sugar
beet, cane, sweet sorghum). Evidently, biomass alone cannot
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ganic matter is noteworthy for including generating electricity,
heating homes, fuelling vehicles, and providing process heat
for industrial facilities [1, 2].

The equations of Buswell and Mueller [3], as well as Boyle
[4], assume a complete conversion of biomass. This results in an
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overestimation of gas yields, and these models assume that sub-
strates are individually fermented and are not part of complex
feedstock mixtures as it is usually the case these days. The the-
oretical gas yields based on the Boyle model can provide useful
information and allows the comparison of the potential of differ-
ent materials based on their composition. This study provides a
simple model, which does not require a large number of inputs
and can be applied to a large number of feedstock as long as the
user has data from the ultimate analyses for the elements of
carbon, hydrogen, oxygen, nitrogen, and sulfur [5].

Many substrates of plant origin can be used effectively for
biogas production (corn, sugar beet, sweet sorghum, cereals,
and legumes). These energy crops have a higher methane
output than animal excrement; however, they also have longer
hydraulic retention time [6, 7]. The most important parameter
in the selection of plant species for biogas production is the
amount of energy produced per hectare, which is determined
mainly by biomass output and methane productivity [8].

The most useful type of plants for biogas production are
those that have a high content of fast-fermenting carbohy-
drates and a low content of lignin and structural carbohydrates
(cellulose and hemicellulose) [9]. In addition, they are easy to
store and accessible throughout the year. The technology of
growing these crops should be simple; they must be tolerant to
weeds, pests, diseases, and droughts and have good winter
resistance as well as low nutritional requirements [10]. Not
only the genetic characteristics of plants but also the technol-
ogy of their cultivation has a significant impact on the biomass
yield and biogas output potential. Harvesting time and the
ripeness phase of crops play an important role in the formation
of silage quality and maximum methane output [11].

In comparison to other energy crops, corn for silage has
more advantages due to lower costs of cultivation and storage;
its methane content is about 52—58% [12—14]. One ton of corn
silage can produce 200-400 m® of gas [12]. The composition
of organic matter and its biodegradability are key determi-
nants of the methane output potential of corn silage [15]. In
turn, the composition of corn organic matter depends on sev-
eral factors: the location of cultivation, climatic conditions,
corn hybrid, the duration of the growing season, the technol-
ogy of cultivation, and the method of corn silage [16].

The widespread use of corn as a monoculture for biogas pro-
duction has a negative impact on the environment in terms of
biodiversity loss, a reduction in food and feed production, in-
creased pest development, and nutrient use [17]. Other crops
for biogas production such as sunflower, Miscanthus, millet,
hemp, sorghum, and Sudan grass have been proposed as an
alternative to corn [18]. However, finding alternative crops to
corn or combining corn with other crops should stay among
aims, especially for regions were corn is not so traditionally
grown crop.

In the arid conditions of southern Ukraine, sweet sorghum
is a promising crop for biogas production. Also sweet
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sorghum is better adapted to the semiarid marginal lands than
corn due to its superior drought tolerance and low input re-
quirement. An area of 500 thousand ha of sorghum can yield
up to 10.0 t/ha of which it is possible to obtain about 4.4
billion m® of methane [19].

In Ukraine, when growing corn for silage in area of 1
million ha, a yield of up to 30 t/ha green mass can be obtained
of which it is possible to produce 3.3 billion m* of methane per
year. With an increase in the yield of green mass to 50 t/ha, the
methane yields will amount to 5.6 billion m® per year [20].
The share of corn silage mixed with other co-substrates in
biogas plants can be 2-99% [21], which is based on improv-
ing the yield appropriately. Biogas plants are the most wide-
spread (25%), where the share of corn silage in the mixture is
40-60%. In most cases, corn silage is used with 1-5 sub-
strates. The use of manure as a monosubstrate for biogas pro-
duction is, in most cases, economically feasible and requires
the addition of other substrates [22].

The results obtained by Slovak University of Agriculture in
Nitra have confirmed the suitability of combining either sor-
ghum silage or potatoes with corn silage as a co-substrate in
biogas devices. The values and specifics of the biogas produc-
tion were significantly higher in both observed substrate mix-
tures than in digesting of only liquid manure and slurry [23].

The potential of methane output from corn silage is influ-
enced by several factors, the main ones being the duration of
the growing season of hybrids. With the increase of vegetation
duration from 97 to 131 days, the specific output of methane
per unit mass of dry organic matter of corn silage falls notice-
ably. At the same time, the output of methane from 1 ton of
silage increases by 1.9-2.5 times. The highest output of meth-
ane can be obtained by the fermentation of the whole corn
plant in biogas plants. Fermentation of the corn grain mixture
with cobs, only grains, or only stems without grain and cobs
results in a 43—70% decrease in methane output compared to
the whole plant. The maximum yield of methane (CH,) from
late-maturing corn hybrids is 7.1-9.0 thousand m*/ha, for ear-
ly and medium-early corn—35.3-8.5 thousand m*/ha [24].

Sweet sorghum has biomass composition similar to corn
biomass, but it also has a higher level of productivity [25]. The
yield of green mass of sweet sorghum averages 60—80 t/ha and
can reach up to 100 t/ha with a content of about 22% of dry
matter. Approximately 1000 m® of biogas with 54% methane
content can be obtained from 1 ton of sorghum silage [26].
The study on corn and sweet sorghum for biogas production
has been carried out for a long time in different countries.
Nevertheless, there is insufficient information on the feasibil-
ity of their joint cultivation as bioenergy crops. Therefore,
there is a need for research of biogas and methane output in
a single and intercropping way to grow corn and sweet sor-
ghum. Some studies on the selection of plant species for bio-
gas production have been conducted in Europe, but there is no
data available to assess the potential of biogas production
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from different plant species in Ukraine and further East
European regions. The lack of available information was also
recently confirmed by Mazur et al. [27].

Therefore, this research aims to determine the output
of biogas and the productivity of sweet sorghum and
corn depending on the varietal composition and sowing
method.

2 Materials and methods
2.1 Site description

The field data were obtained in 2013-2016 at the re-
search field of Bila Tserkva National Agrarian
University, located 80 km from Kyiv (49° 46’ 14.8”
N, 30° 04’ 22.0" E). The soil of the experimental plot
was typically leached black soil. Agrochemical charac-
teristics of the soil are as follows: the content of humus
is 2.7-3.2%, nitrogen 90—120 mg/kg, mobile phosphorus
130-160 mg/kg, and exchangeable potassium 120—
130 mg/kg. The climate of the area is moderately con-
tinental with an average rainfall of 538 mm, a mean
annual temperature of 8 °C, while the average annual
relative humidity is about 77%.

Meteorological conditions in the years of research are al-
most typical for all meteorological indicators for this region.
Deviations of air temperature and precipitation from average
long-term values did not approach critical, except for 2012
and 2015, when there were periods that negatively affected
the growth and development of plants and the productivity of
corn and sweet sorghum.

2.2 Experimental design and field layout

The research was carried out according to the following
scheme: sweet sorghum and corn varieties and hybrids (factor
A), (1) Silosne 42, (2) Dovista, (3) Monica 350, and (4)
Bistritsa 400; and method of sowing (factor B), (1) one-
species and (2) intercropping. The sowing area was 56.0 m?,
the accounting area was 33.6 mz, and the experiment was
carried out in three repetitions. The replicating variants were
randomized.

In autumn, plowing was carried out to a depth of 23-25 cm,
and in spring there are two cultivations, the first to a depth of
10—12 cm and the second before sowing to a depth of 7-8 cm.
The sowing of corn and sweet sorghum was carried out in the
first part of May with a row distance for both crops of 70 cm
by seeder Klen-2.8. Row ratio in combined crops of corn and
sweet sorghum is 2:2. Intercropping sowing was performed by
the selection of disks in the seeder.

2.3 Yield parameters

The dry matter content was determined by sampling plants
weighing up to 1 kg, which were then thoroughly crushed.
Two pieces of 10 g each were taken from the crushed samples.
The pieces were there after dried to a dry weight in a drying
cabinet at a temperature of + 105 °C until constant weight
reached. Before harvesting, samples were taken to determine
the structure of the crop (the ratio of leaves, stems, panicles,
and kernels).

2.4 Harvesting

Determination of the yield of green mass of corn and sweet
sorghum was performed in the waxy ripeness phase of grain.
The calculation of the yield of green mass was determined by
weighing the plants from the accounting area. The yield per
hectare (kg) was extrapolated from the net plot.

2.5 Chemical quality of biomass

The determination of the chemical quality indices of corn
green mass and sweet sorghum was carried out in the labora-
tory of analytical researches, Institute of bioenergy crops and
sugar beets. The chemical analysis was performed according
to the following standards: sampling methods — State standard
of Ukraine ISO 6497:2005, determination of total nitrogen
was performed using the Kjeldahl method - State standard of
Ukraine ISO 5983-2003, phosphorus according to State stan-
dard of Ukraine ISO 6491:2004, potassium according to State
standard of Ukraine ISO 7485:2003, carbon according to State
standard of Ukraine B.2.1-16:2009.

2.6 Data analysis

All data were analyzed with the SAS software (Version 7.2)
after first undergoing an ANOVA to determine statistical sig-
nificance for the treatment effects (P =0.05 or less).
Significant differences between individual means were deter-
mined using the least significant difference test (LSD).

3 Results

The analysis of the structural elements of corn and sweet sor-
ghum shows that the intercropping cultivation of these crops
reduces the proportion of panicles, kernels, and leaves, and the
proportion of stems increases, compared to single cropping
system. Thus, in single cropping system, sowing of corn hy-
brid Monica 350 and Bistritsa 400, the proportion of kernels is
42.1 and 41.4% and for intercropping cultivation with sweet
sorghum is 40.4-40.5% and 40.6-40.7% (Table 1).
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Table 1 Content of leaves, stems,

kernels, and panicles in the green Variety, hybrid Content*
mass of corn and sweet sorghum
(waxy ripeness phase of grain) Leaves Stems Kermels Panicles
(average 2013-2016)
g % g % g % g %
Silosne 42 (sweet sorghum) 68.7 11.2 428.6 70.1 - - 114.5 18.7
Dovista (sweet sorghum) 86.7 11.8 5143 70.1 - - 132.2 18.0
Monica 350 (corn) 153.2 14.4 462.5 43.5 447.8 42.1 - -
Bistritsa 400 (corn) 165.0 14.8 489.1 43.8 462.3 414 - -
Silosne 42 + Monica 350 59.8 11.2 451.7 73.3 - - 104.4 17.0
147.3 14.0 478.1 455 425.0 40.5 - -
Silosne 42+ Bistritsa 400 63.4 10.2 452.6 73.2 - - 102.7 16.6
157.0 14.1 502.5 453 450.1 40.6 - -
Dovista + Monica 350 824 114 5203 71.7 - - 122.5 16.9
150.2 14.2 480.7 454 427.6 40.4 - -
Dovista + Bistritsa 400 83.5 114 525.1 72.0 - - 120.8 16.6
156.1 14.0 506.0 45.4 453.5 40.7 - -
LSD (P <0.05) 6.9 9.5 8.7 2.1

“In intercropping crops, the first line is for sweet sorghum, the second is for com

In single-sowing crops of sweet sorghum Silosne 42, the
share of the panicles was 18.7%, of the Dovista hybrid 18.0%,
and intercropping with corn 16.6-17.0% and 16.6-16.9%.
The content of corn and sweet sorghum leaves is also higher
in single crops, 11.2-11.8% and 14.4-14.8%; because of oth-
er components, it is reduced in intercropping crops on 0.8—
0.9% in sweet sorghum and on 0.2-0.8% in corn.

The dry matter content varied depending on the crop and
sowing method presented in Table 2.

The highest values of this index were in plants of
corn hybrids, 30.7 and 32.2%, which is higher than in
sweet sorghum on 7.4-9.9%. With the intercropping

sowing of these crops, the dry matter content of the
whole plant remained practically the same compared to
the one-species crops.

The highest dry matter was in corn kernels, 62.5-63.0%,
and sweet sorghum panicles, 60.3—61.1%. In the corn stems,
the dry matter content was in the range of 26.0-27.1%, and in
the sweet sorghum 20.1-21.4%.

The yield of the green mass of sweet sorghum exceeds
corn. Thus, on average during the years of research, sweet
sorghum in a single crop provides a yield of green mass
67.8-76.1 t/ha, which is 11.6-24.0 t/ha higher than that of

corn (Table 3).

Table 2 The content of dry
matter in leaves, stems, kernels,
and panicles of corn and sweet

Variety, hybrid

Content of dry matter, %

sorghum (waxy ripeness phase of Leaves Stems Kernels Panicles The whole plant
grain) (average 2013-2016)
Silosne 42 (sweet sorghum) 28.2 20.4 - 60.3 223
Dovista (sweet sorghum) 30.1 21.2 - 60.8 23.4
Monica 350 (corn) 29.6 26.6 62.5 - 30.7
Bistritsa 400 (corn) 30.4 27.1 63.0 - 322
Silosne 42 + Monica 350 28.0 20.1 - 60.7 224
29.5 26.4 62.8 - 30.5
Silosne 42+ Bistritsa 400 28.4 20.5 - 60.5 22.6
30.1 27.5 63.5 — 32.0
Dovista + Monica 350 304 21.2 - 60.3 23.2
29.3 26.0 63.0 - 30.4
Dovista + Bistritsa 400 30.6 214 - 61.1 23.6
30.5 27.3 62.8 - 325
LSD (P <0.05) 0.3 04 0.3 0.2 0.6

“In intercropping crops, the first line is for sweet sorghum, the second is for com
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Table 3  Yield of green mass of corn and sorghum sugar, t/ha

Variety, hybrid 2013 2014 2015 2016 Average

Silosne 42 (sweet sorghum) 71.8 739 459 795 678
Dovista (sweet sorghum) 80.2 82.7 512 90.1 76.1
Monica 350 (corn) 53.6 575 403 57.0 52.1
Bistritsa 400 (corn) 57.8 612 432 627 562
Silosne 42 + Monica 350 80.7 849 532 885 76.8
Silosne 42+ Bistritsa 400 83.6 875 553 924 797

Dovista + Monica 350 86.6 91.0 570 959 826
Dovista + Bistritsa 400 89.5 936 590 999 855
LSD (P <0.05) 2.8 2.7 24 33 3.1

In the intercropping sowing of these crops, on average, the
yield of green mass was higher than in the single sowing on
9.0-30.5 t/ha. The highest level of green mass yield was noted
under the intercropping sowing of hybrids corn Bistritsa 400
and sweet sorghum Dovista—=85.5 t/ha.

When replacing the hybrid Bistritsa 400 with Monica 350,
the yield decreases by 3.4 to 82.6 t/ha. The use as a component
of sweet sorghum Silosne 42 provides a yield of green mass
76.8-79.7 t/ha, which is on 5.6-5.8 t/ha less than the variants
where the Dovista hybrid was sown.

In our study, the yield of green mass of corn and sweet
sorghum depended on the hydrothermal conditions of the
growing season. Thus, in the more favorable 2013-2014 and
2016, it was higher on 24.6-43.2% compared to 2015.

The regression dependence between the estimated biogas
output and the yield of green mass and the dry matter content
of corn and sweet sorghum are shown in Figs. 1 and 2.

The correlation-regression analysis revealed differences in
the formation of polynomial trends, which have high values of
the determination coefficient (R* =0.83-0.88). It shows a
close correlation between the studied indices. Theoretical re-
gression lines of the dependence of the green mass yield and
the estimated output of biogas in single-species crops of corn
and sweet sorghum have almost the same orientation, but
depending on the dry matter content of corn and sweet sor-
ghum and estimated output of biogas, intercropping crops take
a middle place.

In the waxy ripeness phase, the nitrogen content of sweet
sorghum was 1.09—1.14%, phosphorus 0.32—0.39%, potassi-
um 1.11-1.16%, and carbon 38.06-38.59%. In corn hybrids,
nitrogen, phosphorus, and carbon were higher on 0.27—
0.29%, 0.04-0.12%, and 1.21-1.27%, respectively, and po-
tassium on 0.17-0.23%. According to the content of these
elements, the mixture of corn and sweet sorghum occupies
an intermediate position between these crops (Table 4).

The minimum values for the estimated output of biogas and
methane, based on the content of nutrients in the green mass,
are noted in the sweet sorghum Silosne 42—103.1 and 59.8 1 x

kg of silage weight. It was the maximum in the corn hybrid
Bistritsa 400—155.3 and 90.0 1 x kg (Fig. 3).

3.1 Biogas output

The biogas output was calculated based on the Buswell and
Mueller [3] equation derived from the stoichiometry balance
between the quantities of organic matter (expressed by the
formula C,H,O.Ny) to be biodegraded and the gaseous prod-
ucts resulting from its anaerobic biodegradation (Eq. 1):

C.HyO:N 4

b ¢ 3d da + b—2c-3d
SR T I T T T ) %

(4a—b +2c+3d

g ) *CO, + d*NH; (1)

This equation describes the complete degradation of all the
carbon present in the substrate, also considering the fraction of
organic matter that commonly is not transformed, that is, the
carbon necessary to the microorganism metabolism (5-10%
of the inlet carbon), the portion slowly degradable (lignin,
cellulose) that has not enough time to be digested, and the
not biodegradable fraction.

This general balance and, in particular, its expression as the
maximum theoretical biogas and methane-specific production
were applied to the considered samples. For biogas Eq. 2 and
for methane Eq. 3:

m’ 22.415
Biogas 2 ) = a* 2
108 (kgvs) “12a1b1 160+ 14d @)
4a + b-2c=3d
3 <a+86> 22415
Meth - 3
ernane ( gm) 12+ b+ 16c 1 14d 3)

In co-growing these cereal crops, the best variant was
Dovista + Monica 350. The estimated output of biogas and
methane from the unit of the applied mixture of corn and
sweet sorghum silage was 138.2 and 80.4 1 x kg.

Converted to 1 ha of sown area, biogas and methane out-
puts of sweet sorghum were 7.0-8.4 and 4.1-4.9 thousand m*/
ha, corn 5.7-6.5 and 3.3-3.7 thousand m3/ha, and in the
intercropping cultivation of these crops 9.1-10.2 and 5.3—
5.9 thousand m>/ha (Fig. 4).

4 Discussion
The theoretical study can support the increased application of
anaerobic technology as a sustainable waste treatment option

and a viable alternative to other energy production processes
[28].

@ Springer
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Fig. 1 Regression dependence
between the yield of green mass
and estimated output of biogas in
single and intercropping crops of
corn and sweet sorghum

=) (=} [N}
s

Estimated output of biogas, thousand m*/ha
(=)}

50

The existing models vary concerning their objectives and
complexity. There are comparatively simple models devel-
oped exclusively to calculate the maximum biogas rate, which
will theoretically be produced from organic substances.
Another also still comparatively simple type of models for
calculating a biogas rate includes degradation or digestion
rates because not every component of the substrate is degrad-
able at the same conversion rate [28].

Simple ways to calculate the biogas production of or-
ganic matter are the models of Buswell and Mueller [3],
Boyle [4], Baserga [29], Keymer and Schilcher [30], or
Amon et al. [16]. These time-independent models are
based on data for basic elements or components of organ-
ic matter and result only in values for the production of
methane and carbon dioxide. Since the models are time
independent, no prediction of required retention time is
possible. This is particularly useful, as it allows us to
estimate the theoretical biogas and methane potential,
which provides a way to evaluate the technical and eco-
nomic feasibility of the process and the substrates. It also
serves well, as preliminary work for laboratory-scale and
pilot-scale research [31].

Fig. 2 Regression relationship
between dry matter content and
estimated output of biogas in
single and intercropping crops of
corn and sweet sorghum

oo [=}

Estimated output of biogas, thousand m3/ha
[=)}
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Biogas and methane output calculated by Buswell equa-
tions higher than the one gained in reality by anaerobic diges-
tion of biomass are being consumed during the process and
converted into microorganisms. All the theoretical calcula-
tions are based upon the assumption that the substrate is
completely degraded or organic material completely oxidized
to form methane. This assumption is ideal because the degra-
dation depends on so many factors among which are temper-
ature, ph, particle size, and mixing rate. Assumption or em-
pirical estimation accounts for these factors.

To investigate the kinetics of biogas production, the whole
biogas process has to be considered: the growth of microor-
ganisms, degradation of substrate, and the formation of prod-
ucts. Substrate degradation and gas production change over
the retention time, whereby growth requirements for microor-
ganisms change permanently. The kinetics of bacterial growth
provides the basis of the degradation process and is strongly
dependent on growth requirements and the medium [32].

Nevertheless, the calculation of the theoretical output of
biogas is a useful way of indicating materials with bioenergy
potential, especially in Ukraine, where there is insufficient
scientific information on this topic. The mathematical models

corn+sweet sorghum

E corn+sweet sorghum
ne corn+sweet sorghum
sweet sorghum
y =0.0206x%3 - 1.7695x? + 50.447x - 467.36
R?=0.8758

24 26 28

Dry matter content, %

30 32 34
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Table 4 Content of dry matter, nitrogen, phosphorus, potassium, and
carbon in the green mass of corn and sweet sorghum in the phase of waxy
ripeness of the grain, %

Variety, hybrid Dry matter N P K C

Silosne 42 (sweet sorghum) 22.3 1.09 032 1.11 38.06
Dovista (sweet sorghum) 234 1.14 039 1.14 38.59
Monica 350 (corn) 30.7 138 044 0.88 39.33
Bistritsa 400 (corn) 322 141 043 097 39.80
Silosne 42 + Monica 350 25.3 121 036 093 37.87
Silosne 42+ Bistritsa 400 26.0 123 037 101 3781
Dovista + Monica 350 25.9 128 037 096 38.01
Dovista + Bistritsa 400 26.6 129 036 1.03 3796

can indicate digester performance capabilities, and hence, re-
search efforts are currently focused on the development of
advanced models with higher accuracy levels [5]. Future di-
rections could also go via application of an artificial neural
network for estimations of the methane production from var-
ious substrates [33].

Corn straw can be an appropriate substrate for the biogas
plant. With the methane productivity reaching 201-207 m?/
Mg of fresh mass, this material is a significantly better sub-
strate than that typically used in Europe corn silage (approx-
imately 105 m*/Mg fresh mass) [13].

The results of our research are in line with those results
observed in other studies, such as the one by Abeuov [34] in
which yields of the green and dry weight of intercropping
crops of corn and sweet sorghum were higher by 27.2% and
15.3%, respectively, compared to one-species crops of corn,
orin line with the study by Mazur et al. [27], where silage corn
was evaluated as the most important crop for biogas
production.The use of intercropping crops of sweet sorghum

Fig. 3 Estimated output of biogas

and methane per unit of input 180
green mass of corn and sweet
sorghum, 1 x kg 160
140
on
= 120
> 103.1
S 100
=}
2
T 80
2 9.8
=
g 0

40

20

ANNANNANN

0
Silosne 42

with corn hybrids of different maturity groups contributes to a
yield increase of 57.4% and a dry matter harvest of 30.8%
compared to one-species corn crops [35]. Therefore,
intercropping of corn and sweet sorghum is a promising alter-
native for sustainable biogas production, which was also con-
firmed by Samarappuli and Berti [36] in North Dakota, USA.

Corn hybrid, vegetation period, and hybrid influence on
average green mass yield were substantial. There was a sig-
nificant correlation between the length of the growing season
(days from sowing until harvesting) and the organic dry matter
content at harvest. A high correlation between organic dry
matter content of fresh and ensiled samples was noted; similar
results were reported in the study by Bartusevics and Gaile
[37].

The yield of methane from corn was 1700-7000 m>/ha,
meaning about 6-16% higher than in the case of sorghum;
such results are in agreement with those obtained by
Hermuth et al. [38]. Klimiuk et al. [39] even found biogas
yield higher about 20%. In this study by Klimiuk et al. [39],
a 3-year yield of methane per hectare was 5774.21 m>/ha
(Goliath, rows 25 cm). In the case of corn, Kara et al. [40]
determined the average methane output per ton of dry matter
as 306 m>/t, higher on 14.7% in comparison with our exper-
imental data (266.78 m>/t, the best methane output).

Sorghum was characterized by higher average biogas pro-
ductivity (about 12%), higher methane content in biogas
(about 10%), and higher methane productivity (about 43%).
It can, therefore, be stated that sorghum represents an alterna-
tive plant to corn for biogas production [41].

Due to higher dry matter content, nitrogen, phosphorus,
potassium, and carbon, the estimated output of biogas and
methane in corn was higher on 4.1-11.2% compared to the
use of sweet sorghum and its mixtures with corn.

There is not enough research in Ukraine to determine the
possible output of biogas from different types of substrates;

= biogas ® metane

©
o
o

o
S

NANNANNNNNNNY
NNNANNANNAN

4 =

Monica 350 Bistritsa 400Silosne 42 + Silosne 42+ Dovista + Dovista +
Monica 350 Bistritsa 400 Monica 350 Bistritsa 400

Variety, hybrid

@ Springer



3316

Biomass Conv. Bioref. (2023) 13:3309-3317

Fig. 4 Estimated output of biogas
and methane based on the content 12
of nutrients in a green mass of
corn and sweet sorghum,
thousand m*/ha

10

Silosne 42

Output of biogas and methane, thousand
m3/ha

although the number of biogas plants is increasing annually
and by the end of 2019, their number was 23, with an installed
capacity of electricity production of 56.7 mW. This leads to
the continuation of studies of the output of biogas from vari-
ous types of substrates, including plant origin.

5 Conclusion

It is essential to determine the bioenergy potential of the main
crops for each target area, which in the case of Ukraine is corn
and sweet sorghum. Therefore, in this paper, biogas production
from different varieties and hybrids of corn and sweet sorghum
and their mixtures have been done. The results indicate that the
productivity of intercropping crops of corn and sweet sorghum is
higher than in one-species of these crops: by the yield of green
mass on 8.5-37.8%, and biogas output on 9.5-28.7% from 1 ha
compared to one-species crops. The maximum yield of green
mass and the yield of biogas from 1 ha were obtained on the
joint cultivation of hybrid sweet sorghum Dovista and corn hy-
brid Bistritsa 400-85.5 t/ha and 10.3 thousand m’/ha. Due to the
higher dry matter content, the specific output of biogas per unit of
applied corn silage was higher on 33.7-50.6% compared to
sweet sorghum and on 9.2-13.0% with a mixture of these crops.
When calculating the biogas and methane output per unit area,
the highest rates 10.2 and 5.9 thousand m*/ha were obtained in
the co-cultivation of hybrids sweet sorghum Dovista and corn
Monica 350. Therefore, based on this research, it is recommend-
ed to cultivate intercropping crops of corn and sweet sorghum,
which provide high yields of green mass and output of biogas
and methane per hectare. At the same time, it is necessary to
conduct follow-up research to determine the output of biogas
and methane from the green biomass of these crops on
laboratory-scale and pilot-scale level followed by research direct-
ly in the biogas plants.
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