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Abstract

The influence of the fertilization level and soil type on the energy efficiency of the biogas production from maize, sorghum
and reed canary grass silages were studied in this work. The plant material used to prepare silages was obtained from the
experimental field with light, medium and good soil. High yields of biogas were obtained from maize silage with the lowest
fertilization level of 80 kg N ha™! from 194.5 up to 315.33 m> t~! green mass (g.m.) depending on soil quality. The highest
biogas yields of sorghum and reed canary grass were lower (about 120 m> t™! g.m.) than that for maize. Depending on the
soil type, the Energy Return on Energy Investment index (ERoEI) and the Net Energy Value (NEV) values for maize ranged
from 5.05 and 189 000 MJ ha~! (light soil), obtained at the level of 120 kg N ha™! to 9.76 obtained at the level of 80 kg N
ha~! and 433 000 MJ ha™"! at the level of 120 kg N ha™! (good soil). For sorghum (light soil) values of about 5.2 and 200
000 MJ ha™! were appropriately obtained at the level of 160 kg N ha™!. In the case of reed canary grass the highest ERoEI
and NEV values obtained at the level of 80 kg N ha™! amounted to 3.8 and 74 000 MJ ha™! (light soil), respectively. The
investigations indicate that in general, the production technologies of crops where the low levels of nitrogen fertilization
were applied proved to have the highest energy efficiency.
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Statement of Novelty fertilization level on biogas production and thus the energy
efficiency (energy costing).

Taking into account, that nitrogen is one of the most impor-
tant limiting factors for crops production, N fertilization can
be important management practice for their biomass yield

potential and quality. Yet, there is still a lack of informa-

Introduction

tion regarding impact of N fertilization on biomass yield
of energy crops growing on soils of different quality and
none of the researchers examined the effect of nitrogen
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When the world in XXI century faces problems with grow-
ing energy consumption and reducing fossil fuels it is essen-
tial to develop suitable cultivars of crops being renewable
sources in order to obtain maximum yield of methane pro-
duction per hectare, all the more so because in recent years
more and more attention has been paid to the usefulness of
crops for industrial purposes [1-3]. Therefore, it is necessary
to conduct research aimed at the evaluation of the energetic
efficiency of the technologies related with the production of
biomass for energetic purposes [4, 5].

The most important parameter in choosing crops for
methane production is the net energy yield per hectare,
which is defined mainly by biomass yield and convertibility
of the biomass to methane. This may result in different har-
vesting strategies when growing energy crops for anaerobic
digestion. Specific harvest and processing technologies and
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specific genotypes are required when crops are used as a
renewable energy source. Ideally, energy crops should offer
a high dry biomass yield at a low cost, a composition with
the least contaminants such as soil and should require low
nutrient and energy inputs [6]. It should also offer a low
sensitivity to pest and a good soil cover, while not decreas-
ing the biodiversity.

However, the use of those energy crops which are used as
food products for biofuel production is an important issue
which must be considered in terms of the current food safety.
Nowadays, the development of specific crops dedicated to
energy has been proposed as a strategy to produce energy
without affecting food security and the environment.

One of the important aspects of promoting plant cultiva-
tion for energy purposes is the possibility of using and man-
aging chemically degraded soils and uncultivated lands [7,
8]. Potentially sustainable bioenergy may be obtained from
various energy crops [9, 10]. Many varieties of grass, clo-
ver, cereal and maize, as well as rapeseed or sunflower have
proved to be a suitable substrate for biogas production [11].

In practice, maize is currently the most used energy crop
for biomethanation because of its high biomass yield, good
conversion rate into methane and easy storage as silage [12].
However, Venuto and Kindiger [13] reported that forage sor-
ghum and sorghum-sudan grass hybrids have potential for
increased biomass yields. There is a growing interest to cul-
tivate reed canary grass for bioenergy production as it can
be grown under water logged conditions and under colder
climatic conditions [7].

Energy crops are very suitable substrates for methane fer-
mentation, but for the biogas plant to be profitable, methane
yield from energy crops must be known [14-16].

Improving biomass yield of dedicated energy crops on
a limited cultivation area is cited as one of the possible
strategies for achieving an effective and sustainable use of
bioenergy [17]. For bioenergy cropping systems, the use of
N fertilizer is a key agricultural management practice for
improving productivity and profitability [17, 18]. Nitrogen
(N) availability has been most frequently reported as the
limiting factor for growth of native grasses, suggesting that
N fertilization can be an important management practice for
energy crops biomass production and feedstock quality [19,
20]. Yet, there is still a lack of information regarding impact
of N fertilization on biomass yield of energy crops, growing
on soils of different quality.

Modern cultivation programs aim at increasing the digest-
ibility of plants, as still great opportunities exist to improve
this feature. It is therefore important to assess the suitability
of potential energy crops for biogas production in order to
achieve the best possible output, since the justification for
the economics of biogas production depends on the yield
magnitude. Apart from cost-related energy efficiency the
costing is an important element in the assessment of biofuel
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production. The advantage of energy costing is its independ-
ence of price relations, which enables a comparison of find-
ings in different research centers.

In this paper the effect of nitrogen fertilization level and
soil type on the yield and production of biogas from maize
silages was determined. The susceptibility to anaerobic
digestion and the usefulness of the biogas production from
maize silages were also compared with the sorghum and
reed canary grass crop silages. In order to assess the energy
efficiency of the investigated crops, the Energy Return on
Energy Investment index (ERoEI), also known as the Energy
Return on Investment (ERol), and the Net Energy Value
(NEV) ratio were used.

Materials and Methods
Field Experiments

The field experiments on selected maize (Zea mays L.), sor-
ghum (Sorghum Moench) and reed canary grass (Phalaris
Arundinacea L.) were carried out in this study.

The plant material used to prepare maize and sorghum
silage was obtained from a field of light soil (5-6 com-
plex) in Mochelek locality, Poland (N: 53°13'23.63", E:
17°52'21.41"). On the other hand, from experiments on
light soil (5-6 complex) in the locality of Jelcz-Laskowice,
Poland (N: 51°2'35.27", E: 17°21'23.59), on medium
soil (4-5 complex) in Osiny, Poland (N: 51°27'59.98", E:
21°39'44.28"), and on good soil (2 complex), in Grabow,
Poland (N: 51°20'58.23", E: 21°39'44.28") maize silage was
harvested. Plant material used for the preparation of reed
canary grass silage was obtained from a field experiment
located in the medium soil (4-5 complex) in Osiny, Poland
(N: 51°27'59.98", E: 21°39°44.28"). The experiments were
conducted in a randomized complete block design in “split-
plot” system, with 4 replications. Depending on the inves-
tigated plant and allowing for fertilization requirements the
following levels of nitrogen fertilization were assumed in the
research: for maize and sorghum: 80, 120 and 160 kg N ha™!,
for reed canary grass: 40, 80 and 120 kg N ha™!.

The content (mg 100 g~! soil) of assimilable phospho-
rus, potassium and magnesium was respectively equal to
14.7-22.6, 12.0-17.0 and 2.3—12.2, humus content 1.2—1.6%
and pH 5.3-6.4. Phosphorus and potassium inputs varied
from 60 to 72 kg ha™! and 72 to 100 kg ha™!, respectively.

The seeds were sown in optimal time with a single seed
drill at a rate of 130 thousand ha™' for maize—130 thousand
ha™!, from April 26 to May 12, and sorghum—220 thou-
sand ha~! from 9 May to 8 June. Before sowing, the seeds
were treated with insecticides and fungicides. There was
also applied chemical weed control. Maize was harvested
on 7-11 September, and sorghum on 19-28 October. Reed
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canary grass seeds were sown on 24 April in the amount
25 kg ha™! in row with spacing of 12 cm to a depth of
1.5-2.0 cm. Crops were harvested in two swaths: second
decade of June and third decade of October. Weather condi-
tions for conducted field experiments are characterized in
Table 1. Both the amount together with rainfall patterns and
thermal conditions were close to the average for many years,
which did not significantly differentiate the yield of plants
and as a result of biogas yield.

The evaluated species were grown for silage, which was
the material for further research on the potential of biogas
production. The freshly chopped plant material was pressed
into a plastic barrels with a capacity of 50 dm® and tightly
sealed in order to realize anaerobic conditions.

The yields of green and dry mass were determined. Dry
matter and dry organic matter (VS) content was determined
on the basis of Standard Methods [21].

BMP Assays

BMP tests were carried out in batch mode in 1 dm? glass
bottles following the guidelines proposed by Angelidaki
et al. [22]. Based on the results of preliminary studies for
silage the initial load of the reactor with dry matter and
organic matter was selected. The inoculum-to-substrate ratio
(ISR) on an organic matter (VS) basis was set at 2, and the
substrate concentration was equal to 5 kg VS m~. Blank
bottles were set by adding inoculum only. The reactors were
flushed with a gaseous mixture of N,/CO, for 5 min each to
ensure anaerobic conditions. Bottles were sealed with a rub-
ber stoppers and placed in a shaker (60 rpm) with thermostat
maintaining the temperature of 37 +0.5 °C. The reactors
ran until the daily biogas production was less than 1% of
the cumulative production of biogas (about 40 days). Each
sample was performed in triplicate and the arithmetic aver-
age was taken for data interpretation.

Daily gas production from each digester was measured
by using a water displacement method. The level of gas in

the collector was read every 24 h and it was then reduced to
dry gas at standard temperature and pressure (STP) condi-
tions [23]. Water vapor pressure was calculated using the
relation proposed by Stromberg et al. [24]. Methane con-
tent of the corrected biogas volume was determined via gas
chromatography using a SRI 8610C gas chromatograph (SRI
Instruments, USA) equipped with TCD detector and two
chromatographic columns: a column packed with Silica Gel
No. 8 and 5A molecular sieve mesh 80/100.

Anaerobic sludge obtained from an active biogas plant in
Konopnica, Poland, and incubated for a period of 56 days in
bioreactor with a capacity of 100 dm® was used as inoculum.
At the beginning and end of batch fermentation, the contents
of the reactors were analyzed for dry matter and dry organic
matter, according to Standard Methods [21].

Energy Efficiency Analysis

In order to assess products with the characteristics of energy
carriers or fuels, the Energy Return on Energy Investment
index (EROEI), also known as the Energy Return on Invest-
ment (ERol), was used and calculated according to the fol-
lowing formula (1) [25]:

EROEI (ERol) = E,,,, / E;, (1)

where E,,~energy gained (useful) (MJ ha™!), E, —energy
intake, energy input (MJ ha™!).

Apart from the ERoEI index, the Net Energy Value
(NEV) ratio is also used in the assessment of the energetic
efficiency of the product. The NEV ratio is defined as the
difference between the amount of energy gained (E,,,) and
the amount of energy consumed to make the product (E;,).

After determining an amount of biogas obtained from
the aforementioned plants the methane content has been
determined. As far as biogas is concerned, its calorific value
depends on the content of methane, whose high calorific
value (HCV) is 39.72 MJ m~2 at 0 °C and 101.325 kPa [26,

Table 1 Mean monthly

. Localization Months I-IX
temperature and precipitation
during vegetation period I v A\ VI Vil VIII IX
Precipitation (mm) Total
Grabow 18 36 75 52 299 36 4 518
Jelcz-Laskowice 36 28 47 107 153 81 28 480
Mochelek 12 14 38 101 133 68 37 402
Osiny 11 27 61 54 250 36 3 442
Average temperature (°C)
Grabow 2.9 10.3 13.9 18.5 18.4 18.8 14.7 -
Jelcz-Laskowice 3.1 10.8 13.9 18.7 17.5 18.5 14.9 -
Mochelek 2.2 10.5 13.5 17.7 17.5 17.7 14.3 -
Osiny 3.0 10.5 13.8 18.5 18.2 18.6 15.0 -
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27]. Then, the energy gained per 1 ha of the plantation was
calculated.

In general, two components of the outlay can be listed.
The first component concerns the outlay related with the
production of the raw material (E,;,,), whereas the second
one deals with the outlay related with the raw material pro-
cessing (E,,,). Thus, the general formula for determination
of the energy input into the production of biogas looks as
follows:

E,=E

inp +2 Eint (2)

where E,, —as in formula (1), ZE,, ~total accumulated energy
related with the production of plant raw material (MJ ha™?),
2E,,total accumulated energy related with the processing
of plant raw material into biogas (MJ ha™").

Due to the substantive scope of the project, as far as the
energy intake is concerned, in this paper we will assess the
first element related with the production of raw material
and supplying it to the place where it will be processed into
biogas. The accumulated energy related with the production
of plant raw material is composed of four basic streams of

energy [28, 29] given by the following formula:
2E,,=2E,, + 2E,, + 2E, + 2E, (3)

'mat

where E;, —as in formula (2), XE,, ,~total energy consump-
tion of the applied materials and raw materials (MJ ha™?),
2E,,—total energy consumption of the machines and tools
applied (MJ ha™?), ZEtotal energy of the fuel consumed
(MJ ha™!), £E, ~total energy consumption of the human
labor (MJ ha™1).

Based on the literature data [28, 29, 38] in the estimation
of total energy consumption of the applied materials and raw
materials (E,,,,), following energy equivalents were used:
seeds—30 MJ kg ~; for all agrochemicals—250 MJ kg™';
water from the aqueduct 0.02 MJ kg~!; nitro-
gen—90 MJ kg~!; phosphate—15 MJ kg~!; potas-
sium—10 MJ kg_l. On the other hand, in the estimation of
total energy consumption of the machines and tools applied
(E,,»), following energy equivalent, reflecting parts and mate-
rials for machine repairs, was used: 1 PLN was equivalent to
6.67 MJ. However, in the estimation of total energy of the
fuel consumed (E(), the energy equivalent for diesel fuel was
set at 43 MJ dm™; in turn, for the estimation of total energy
consumption of the human labor (E;;), energy equivalent of
100 MJ Mh~! (Mh—man hour) was assumed.

Results and Discussion
Biogas Production

In the studies on the effect of fertilization on the quan-
tity and composition of biogas produced and the yield of
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biogas production, three plants were analyzed: maize, sor-
ghum and reed canary grass.

Tables 2 and 3 present the results of the biomass
yield and the biomethane potential (BMP) analysis of
maize silage from Grabow, Osiny, Jelcz-Laskowice and
Mochelek locations and sorghum from Mochelek location
for three different nitrogen fertilization levels: 80, 120 and
160 kg N ha™!, and also reed canary grass silage from
Osiny with 40, 80 and 120 kg N ha™! fertilization.

In the studies conducted, the highest yield of green
mass of maize was obtained on good soil in Grabow (about
50 t ha™!). The yield of sorghum was over 70 t ha™!, and of
the reed canary grass was about 40 t ha™!. Increasing nitro-
gen doses resulted in a slight increase in green mass yield
from 1 ha. The highest green mass yield was obtained for
the highest nitrogen fertilization of 160 kg N ha™".

Analysis of the results showed that the degree of nitro-
gen fertilization had a significant effect on the biogas yield
of maize silage from different locations, which were char-
acterized by their different soil type.

The highest yield of biogas per hectare of Bosman
maize silage from Grabow (good soil) and Osiny (medium
soil) locations was obtained for middle fertilization level:
120 N (Table 3). Comparing the maize silage by location,
silage from Grabow appeared to be the most efficient since
the yield of biogas per hectare was 15595 m? ha™! year™!
(120 N fertilization rate). Much lower biogas yield has
been obtained for Vitras maize silage from Jelcz-Lasko-
wice and Mochelek (light soil) sites, the yield of which
was in the range from 9751 to 11412 m> ha™! year™! and
from 7810 to 8690 m> ha™! year™!, respectively. The BMP
analysis was repeated 3 times and each time such low yield
of biogas has been obtained. It should be noted that in this
case the highest yield has been achieved for maize silage
from the Jelcz-Laskowice location with the highest ferti-
lization level (160 N) amounting to 11412 m® ha™! year™".

Comparing individual silages due to biogas yield from
1 ton of green mass, it was observed that the highest yield
of biogas production has been received from the maize
silages with the lowest fertilization level (80 N): for Bos-
man maize silage from Grabow location 315.33 m? t~!
green mass (g.m.), Vitras from Jelcz-Laskowice locality
259.33 m® t~! g.m. and Vitras from Mochelek 194.5 m*
t~! g.m. On the other hand, for Bosman maize from Osiny
locality with middle fertilization level: 318.67 m® t~! g.m.

Dry matter content during maize harvest was 27 to 35%
for the Bosman cultivar, and 20 to 48% for the Vitras cul-
tivar (Fig. 1). The highest dry matter content of 43-48%
was found for Vitras maize from Mochelek locality (light
soil), which was associated with low biogas production
from 7810 to 8790 m® ha~! year™!. Almost twice higher
biogas yield (about 16000 m> ha~! year~!) was obtained
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Table 2 Yield of maize, sorghum and reed canary grass
Crop Localization Level of nitrogen fertili- Yield of green Yield of dry Share of dry  Yield of
zation (kg N ha™") mass (t ha™!) mass (t ha™!) mass (%) silage* (t
ha™)
Maize Bosman Grabow 80N 48.0+3.7 15.4 32.0 36.0
Good soil 120N 51328 15.3 29.8 38.5
160 N 51.5+4.3 17.9 34.8 38.6
Maize Bosman Osiny 80N 45.9+8.9 12.2 26.7 344
Medium soil 120N 443495 13.1 29.7 322
160 N 452+8.6 124 27.4 33.9
Maize Vitras Jelcz-Laskowice 80N 37.6+1.9 9.4 24.9 28.2
Light soil 120N 439+26 8.9 20.2 32.9
160 N 46.9+24 9.7 20.7 352
Maize Vitras Mochelek S8ON 44.7+4.2 21.3 47.7 335
Light soil 120N 443+4.1 19.5 44.1 33.2
160 N 46.3+1.5 19.9 43.0 34.7
Sorghum Rona 1 Mochelek 80N 71.8+4.2 22.7 31.6 53.8
Light soil 120N 71.9+4.6 29.6 41.1 53.9
160 N 73.5+5.2 23.9 32.5 55.1
Reed canary grass Bamse Osiny 40N 32.0+1.8 8.8 27.5 24.0
Medium soil 80N 37.6+2.3 10.2 27.1 28.2
120 N 46.3+2.8 12.3 26.6 34.7

*Silage yield specified on the basis of green mass yield

Table 3 The energy gained from the production of maize, sorghum and reed canary grass for silage processed into biogas at different levels of
nitrogen fertilization

Crop Localization Level of nitro-  Biogas (Ndm®  Biogas Biogas (Nm® Methane (%) Methane Energy gained
gen fertilization t™! VS) Nm? t~! ha™! year‘l) (Nm? ha™! E,, MIJ ha !
(kg N ha™!) g.m.) year’l)
Maize Bosman  Grabow 8ON 1030.5+60.2 315.3 15,136 75 11,352 450,674
Good soil 120N 1072.9+489  304.0 15,595 78 12,164 482,914
160 N 611.6+23.5 204.0 10,506 77 8089 321,157
Maize Bosman  Osiny 80N 1037.8+55.3 255.3 11,720 73 8555 339,657
Mediumsoil 139N 11773+66.8 3187 14,117 74 10,446 414,729
160 N 1211.6+722  305.0 13,786 76 10,477 415,951
Maize Vitras Jelcz-Lasko- SON 1185.0+56.7 259.3 9751 74 7215 286,464
wice 120N 124254499 2347 10,302 76 7829 310,831
Light soil 160 N 1204.9+51.9 2433 11,412 73 8330 330,731
Maize Vitras ~ Mochelek 80N 428.4+23.8 194.5 8690 79 6865 272,544
Light soil 120N 4243 +28.1 176.3 7810 76 5935 235,643
160 N 462.6+30.1 182.5 8453 78 6593 261,755
Sorghum Rona  Mochelek 80N 314.0+23.1 89.5 6426 70 4498 178,578
1 Light soil 120N 273.9+19.2 103.0 7408 66 4889 194,104
160 N 386.6+26.3 115.0 8455 73 6172 245,034
Reed canary  Osiny 40N 4713+24.1 123.0 3936 53 2086 82,817
grass Bamse  Medium soil ~ goN 490.3+21.1 126.0 4738 54 2558 101,573
120N 180.2+16.7 455 2107 49 1032 40,987
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for Bosman maize from Grabow location (good soil) where
the dry matter content was about 30%.

The optimum nitrogen dose for maize found by various
authors [30] varies between 90 and 180 kg ha~'. Such dif-
ferent effect of nitrogen doses on maize yield is mainly due
to different cultivation methods, and hence the use of differ-
ent doses, different planting density, harvesting date, limit
the length of vegetation period. None of the researchers,
however, examined the effect of nitrogen fertilization level
on biogas production.

Comparison of the results of BMP analysis of three maize
silages and three sorghum silages fertilized with 80, 120 and
160 kg N ha™' from Mochelek location (light soil) showed
much higher biogas yields for maize silage than for sorghum
(Fig. 1). The highest biogas yield of 194.5 m> t~! green mass
was obtained from maize silage with the lowest level of fer-
tilization (80 kg N ha_l). On the other hand, in the case of
sorghum, the highest amount of biogas (115 m? t~! g.m.)
was obtained from silage fertilized with the highest dose of
160 kg N ha~! (Table 3). By analyzing the effect of nitro-
gen fertilization on the susceptibility of selected silages to
decomposition in the processes of methane fermentation and
biogas production, the difference in biogas yield was higher
for sorghum than for maize. However, higher production of
biogas and methane from 1 tonne of green mass and higher
yield per hectare of these gases were obtained in the pre-
sent work from maize silage as compared to sorghum silage,
which is confirmed by results of other researchers [31-34].

For Mochelek location dry matter content in the case of
sorghum harvest was lower than for maize ranging from 31
to 41% and from 43 to 48%, respectively (Table 2). Compar-
ing the effect of fertilization on maize and sorghum yield
from Mochelek location, it was found that increasing nitro-
gen doses had little effect on both maize and sorghum yield,
which indicates the similar use of nitrogen. Sowinski and
Liszka-Podkowa [35] also suggested that nitrogen fertiliza-
tion did not significantly affect the yield of fresh and dry
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matter of sorghum and maize. At the highest level of fer-
tilization equal to 160 kg N ha™!, the yield of green mass
of both maize and sorghum was the highest. The yield of
sorghum was almost one-and-a-half times higher than that
of maize, but such higher value did not translate into the
yield of produced biogas. Increasing the level of nitrogen
fertilization of maize limited the production of biogas and
for sorghum had an impact on increasing the production
of biogas, which probably resulted from their quality and
chemical composition.

Ksigzak et al. [30] found that regardless of the level of
nitrogen fertilization, sorghum contained much more Mg,
Ca and K than maize, while the concentration of phospho-
rus in both species was similar. Increased doses of nitrogen
fertilization had no significant effect on Mg, Ca and P con-
tent, while they caused a significant increase in potassium
concentration in both maize and sorghum. There was also a
significant diversification in cellulose fiber content but also
in ash content in both sorghum and maize silage [30]. Meth-
ane content in biogas for both maize and sorghum was high
and ranged from 73 to 79% and from 66 to 73%, respectively.

The field experiments of reed canary grass variety
Bamse (Osiny locality, medium soil) cultivation showed the
increase in green mass yield depending on the fertilization
level (Table 2). The biggest difference was noticed when
comparing the lowest (40 kg N ha™!) and highest (120 kg N
ha™!) dose of nitrogen. Regarding dry matter yield there
was no statistically significant differences with respect to
applied dose of nitrogen fertilization. This, however, was not
reflected in the production of biogas (Table 3). The highest
yield of biogas equal to 126 m® t™! g.m. was obtained from
reed canary grass with applied 80 kg N ha~! and the lowest
one 45.5 m* t~! g.m. from the highest level of fertilization
(120 kg N ha™'). Allison et al. [36] stated that the use of
nitrogen fertilizers can cause an increase in lignin content.
In the case of reed canary grass, this increase can affect the
growth of the calorific value and improve crop yields. On the
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other hand it may have a negative effect on the susceptibility
of grass to the conversion process such as anaerobic diges-
tion. This can be the reason of low biogas production from
the silage with the highest dose of nitrogen (120 kg N ha™).

Comparing the effect of fertilization on the yield and
biogas production from maize and reed canary grass from
Osiny location (medium soil), it was found that the yield of
maize green mass was higher and was 45.9 t ha™' at nitrogen
fertilization level of 80 kg N ha~!. However, at fertilization
level of 120 N higher green mass yield was obtained for reed
canary grass (46.3 t ha™"). The yield of biogas from 1 ton of
green maize was more than double than that of green canary
grass for nitrogen fertilization of 80 kg N ha~! and nearly
7 times higher for nitrogen fertilization of 120 kg N ha™".

Energy Efficiency Calculations

Table 3 presents the amount of biogas gained, including the
content of methane and the energy gained per 1 ha (E,,,)
based on calorific value of methane. Comparing the data
shown in Table 3, it one can conclude that regardless of the
level of fertilization and the type of soil, the highest amount
of methane obtained from the unit of area and, as a conse-
quence, the energy obtained, is characterized by the magni-
tude of maize production. For this plant, methane produc-
tivity ranged from 5935 m? ha™! year™' to 12,164 m? ha™!
year™!. This enabled obtaining energy from 235643 MJ ha~!
to 482,914 MJ ha™!, respectively. Such variation depends
primarily on the type of soil. The highest rates of energy
gained were obtained on good and medium soils. On good
soils, more energy by 37% to 65% has been obtained as com-
pared to light soils. On the other hand, on medium soils,
the difference in obtaining energy in relation to light soils
ranged from 26% to 53% in favor of medium soils.

The level of nitrogen fertilization was the second factor
affecting the content of energy. On light and medium soils
there were no visible differences in the content of energy.
Fluctuations in the indicator ranged from 14% in light soils
to 18% in medium soils. In both soil types, the highest
amounts of energy were obtained at the highest level of N
fertilization (160 kg N ha™!). A slightly different relationship
was revealed in good soils. Here, in turn, the lowest index
of obtained energy was recorded at the highest fertilization
level N (160 kg N ha™!). The highest content of energy was
obtained at the second fertilization level (120 kg N ha™!),
where the indicator was by 50% higher than the maximum
level of N fertilization (160 kg N ha™h). Similarly, with the
lowest fertilization level N, this difference was lower being
slightly over 40%.

In the case of the other two plants—sorghum and reed
canary grass, generally the content of energy to be released
is lower in relation to maize. In the case of sorghum, which
was grown on light soils, the decrease in energy efficiency in

relation to maize cultivated on the same type of soil averaged
from 25 to 50%. However, in the case of reed canary grass,
which was grown on medium soils, the decrease in energy
efficiency in relation to maize cultivated on the same soil
type averaged at as much as 420%.

The energy intake (E;,) presents the other aspect of the
energy balance. As it has been shown in the methodology,
this publication will present the amount of accumulated
energy related to the raw material production and its trans-
portation to the place of processing (E;,,). Table 4 shows the
results of investigations into this issue. The volumes of four
basic streams of energy were calculated for each of the plants
under investigation, allowing for the pre-set level of fertiliza-
tion by nitrogen. Because the level of nitrogen fertilization
was the key factor differentiating the technologies for a par-
ticular plant, the stream of energy related with fertilization
was enhanced in the stream of accumulated energy linked
with materials and raw materials. Upon the analysis of the
data presented in Table 3 it is noticeable that the technolo-
gies with the highest level of nitrogen fertilization (160 N)
are characterized by the highest energy inputs—from 50 to
53 GJ ha~! in the case of maize, around 46 GJ ha™! in the
case of sorghum and around 31 GJ ha~! in the case of reed
canary grass (120 N). In the case of maize, regardless of
the soil type, the differences in energy inputs were similar.
Energy inputs at the level of fertilization 160 kg N ha™! was
higher on average by 17% compared to the level of fertili-
zation 80 kg N ha™!. In the case of 120 kg N ha™! the dif-
ference was approximately 8%. In the structure of energy
streams the highest inputs are related with the stream of
fuel consumed (E,) and it makes between 60% and 68% of
the total energy inputs. The energy inputs related with the
preparation and transportation of silage were the dominant
outlay in this stream. The same trend can also be seen in the
study by Pepliriski [37].

As for the two remaining plants, in the case of sorghum
grown on light soils, the level of energy inputs compared to
maize cultivated on the same type of soil does not differ. On
the other hand, within sorghum, slightly bigger differences
occur due to the fertilization levels of N. The energy inputs
at the fertilization level of 160 kg N ha™! were higher by an
average of 24% compared to the fertilization level of 80 kg N
ha~!. In contrast, in the level of 120 kg N ha~!, this differ-
ence amounted to approximately 12.5%. In the case of reed
canary grass grown on medium soils, the level of energy
inputs compared to maize cultivated on the same type of
soil differs significantly, namely it is lower by about 50%.
Also, higher variation of energy inputs occurs at different
fertilization levels of nitrogen. The energy inputs with the
highest fertilization level of 120 kg N ha™! for reed canary
grass were higher by an average of 42% compared to the
fertilization level of 40 kg N ha~!. In contrast, in the case of
80kg N ha~!, this difference was around 22%.
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Table 4 The energy efficiency and accumulated energy inputs in the production of maize, sorghum and reed canary grass for silage processed

into biogas at different levels of nitrogen fertilization

Crop localization Level of nitrogen ferti- E, E,. E, E, E.p ERoEI NEV

lization (kg N ha™!) —

Fertilizers Others*
(MJha™') MJha™') MJha™') (MJha™') (MJTha™') (MJha™) (MJ ha™")

Maize Bosman Grabow 80N 8242 225 4498 31473 1729 46,169 976 404,505
Good soil 120N 11,322 228 4565 31,782 1752 49,651 973 433,263

160 N 14,402 231 4632 32,092 1775 53,132 6.04 268,025
Maize Bosman Osiny 80N 8242 223 4463 31,233 1713 45876 740 293,781
Medium soil 120N 11,322 226 4530 31,543 1736 49358 840 365,371

160 N 14,402 229 4560 31,852 1759 52,803  7.88 363,147
Maize Vitras Jelcz-Lasko- 80N 8242 219 4086 28,713 1553 42 814 6.69 243,650

wice Light soil 120N 11,322 222 3483 30,075 1594 46,698  6.66 264,133

160 N 14,402 224 3560 31,178 1629 50,995 649 279,735
Maize Vitras Mochelek 80N 8242 219 4086 28,713 1553 42,814 637 229,729
Light soil 120N 11,322 222 3483 30,075 1594 46,698  5.05 188,945

160 N 14402 224 3560 31,178 1629 50,995 513 210,760
Sorghum Rona I Mochelek 80 N 8242 85 2771 25447 1252 37,797 472 140,780
Light soil 120N 11,322 88 2851 26,909 1294 42,466 457 151,638

160 N 14,402 91 2924 28,089 1330 46,837 523 198,196
Reed canary grass Bamse 40N 4280 20 2928 13,637 1108 21,974 377 60,842
Osiny SON 7785 22 3123 14,628 1182 26,741  3.80 74,831
Medium soil 120N 11,290 24 3265 15354 1241 3,175 131 9811

*Plant protection products and seed material

As follows from the data shown in Table 4, the highest
EROEI (Energy Return on Energy Investment) ratio exists
for plants produced for biogas processed from maize. This
ratio ranges from 5.05, in the production of maize on the
light soil at the level of nitrogen fertilization 120 kg N
ha™!, up to 9.76—the highest efficiency, which is achieved
at the lowest level of nitrogen fertilization, i.e. 80 kg N
ha~! on the good soil.

In general, the diversity of EROEI and NEV indicators
due to the fertilization level of N was low for sorghum grown
on light soils and maize cultivated on light and medium
soils (Fig. 2). In these cases, the fluctuation of the indica-
tors ranged from 2 to 9%. However, significant differences
occurred in the case of maize cultivated on good soils and
reed canary grass grown on medium soils. In the case of
reed canary grass, the highest indicators were obtained with

an average fertilization level of 80 kg N ha™!. However, it
Fig.2 The Energy Return 14 450000
on Energy Investment index 400000
(ERoEI) and Net Energy Value 12 m EROE| —o—NEV
(NEV) ratio of the investigated 10 330000
Ccrops - 300000 %y
< 3 =
% 250000 g
€ ¢ 200000 S
w [}
4 150000 =
100000
2 50000
0 0
o’é S oeb ooo’é oe ‘b@ o‘k cb@ 0‘\
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should be noted, that from the viewpoint of the ERoEI and
NEV indicators, this plant proved to be the least efficient
regarding energy gained (Fig. 2).

In the case of maize cultivated on good soils, with the
fertilization level N of 120 kg N ha™! and 80 kg N ha™!,
the highest levels of both indicators were obtained. The
highest level of ERoEI - 9.76 was achieved at the lowest
level of fertilization, i.e. 80 kg N ha™! - over 60% more
than at the level of 160 kg N ha™!. In turn, the highest NEV
level-433263 MJ ha™!, was obtained with the average ferti-
lization level of N equal to 120 kg N ha_', which was more
than 60% obtained energy in relation to the energy obtained
at the highest level of nitrogen equal to 160 kg N ha™".

Arodudu et al. [38] presenting the case study of biogas
production from maize feedstock, found that the individ-
ual as well as combined effect of agronomic factors (farm
power, irrigation, tillage, fertilizer, seed-sowing options)
may improve the energy productivity of arable bioenergy
sources considerably in terms of the NEV from between
39 and 118.4 GJ ha™' to between 127.9 and 257.9 GJ ha™'
and ERoEI (from between 4.3 and 12.1 to between 15 and
33.9). This therefore underscores the need to factor in local
and regional agronomic factors into energy efficiency and
sustainability assessments [38].

Conclusions

The results of presented studies indicate that both fertili-
zation level and soil quality influence the susceptibility of
selected silage to decomposition in the processes of methane
fermentation and biogas production.

When comparing the effect of fertilization on yield of
maize, sorghum and reed canary grass, it was found that
increasing nitrogen doses had little effect on the yield of
these crops. Only a slight increase in green mass from 1 ha
was observed. The highest green mass yield was obtained
for the highest nitrogen fertilization of 160 kg N ha™! (maize
and sorghum) and 120 kg N ha™! (reed canary grass). More-
over, the highest yield of green mass of maize was obtained
on good soil in Grabow (about 50 t ha™!). The yield of sor-
ghum was higher than 70 t ha™!, and the reed canary grass
about 40 t ha™!.

In most locations, the lowest fertilization level of 80 kg N
ha~! fostered the efficient production of biogas from 1 ton
green mass. Increasing the application of fertilization dose
to 160 kg N ha™! did not significantly reduce the yield of
biogas from 1 ton green mass except for the Grabow loca-
tion (good soil), where significant reduction was observed.

The highest biogas yield (over 300 m? from 1 ton green
mass) produced from maize silages from Grabow local-
ity (good soil, 80 N) and Osiny (medium soil, 120 N) was
observed by analyzing the susceptibility of maize silages

from four different locations with differentiated quality, on
methane fermentation and biogas production. The yield
of biogas from maize silage derived from light soil at the
location of Jelcz-Laskowice (259.33 m? t™! g.m., 80 N) and
Mochelek (194.5 m? t™! g.m., 80 N) was lower.

The highest yield of biogas per hectare of maize silage of
Bosman Osiny and Bosman Grabow has been obtained in the
case of 120 kg N ha~! level of fertilization, that is 15,595 m?
ha~! year™! and 14,117 m® ha™! year™!, respectively. On the
other hand, on the light soil in Jelcz-Laskowice location,
the highest yield of biogas per hectare was obtained for the
highest degree of fertilization of 160 kg N ha™! (11,412 m*
ha~! year™!) and in Mochelek with the lowest fertilization
rate of 80 kg N ha~! (8690 m> ha™! year™).

High yield of sorghum green mass did not contribute to
high production and biogas yield. The highest biogas yield
from 1 ton of green mass of sorghum (115 m* t~! g.m.) was
obtained for the highest fertilization level of 160 kg N ha™!.
In the case of reed canary grass the potential biogas yield
of 1 ton green mass was small at about 125 m® t~! g.m. for
40 kg N ha™! and 80 kg N ha™! fertilization levels. How-
ever, the increase of nitrogen caused a significant reduction
of biogas production and its yield to about 45 m® t~! g.m.
Methane content in biogas from maize and sorghum was
high being above 70% and about 50% for reed canary grass.

The investigations evidenced that in general, the produc-
tion technologies of crops where the low levels of nitrogen
fertilization were applied proved to have the highest energy
efficiency. Depending on the soil type, EROEI and NEV val-
ues for maize ranged from 5.05 and 188,945 MJ ha~! (light
soil), obtained at the level of 120 kg N ha~! to 9.76 obtained
at the level of 80 kg N ha™! and 433 263 MJ ha~! obtained at
the level of 120 kg N ha™! (good soil). The obtained levels
of indicators turned out to be higher by as much as 60% in
relation to the level of indicators obtained at the highest level
of fertilization—160 kg N ha~!. For sorghum (light soil)
values of about 5.2 and 200 000 MJ ha~! were appropriately
obtained at the level of 160 kg N ha~!. In turn, in the case
of reed canary grass the highest ERoEI and NEV values
obtained at the level of 80 kg N ha~! amounted to 3.8 and
74 000 MJ ha~! (light soil), respectively.
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