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Abstract: Oat (Avena sativa L.) is one of the agricultural crops that can be grown in marginal areas.
Grain and straw are used mainly for food and fodder purposes. However, due to the high-fat content
in the grain and the small amount of ash, it can be an attractive raw material for energy production.
The biomass can be straw and oat grain. Grain should be intended for food purposes, but if it does
not meet the quality requirements, it can be used for energy purposes. The aim of the experiment
was to evaluate the energy usefulness of four oat cultivars depending on the applied level of nitrogen
fertilization. The research results show that oat grain and straw can be used as fuel for energy
purposes. The average calorific value of grain was 18.7 MJ-kg ™!, and the ash content in dry matter
was 2.03%. With the increase in the dose of nitrogen fertilization, a decrease in the calorific value of
oat and straw grains and a decrease in ash content were noted. The findings show significant varietal
differences. Oat straw had a lower calorific value and a higher ash content, which indicates its lower
usefulness for energy purposes compared to grain.
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1. Introduction

The energy industry based on conventional fuels contributes significantly to environ-
mental pollution. For these reasons, it is necessary to use renewable energy sources, which
are an alternative to traditional energy carriers. Obtaining energy from these sources is
more environmentally friendly and reduces the harmful impact of the energy industry on
the natural environment, mainly by reducing the emission of harmful substances, especially
greenhouse gases [1-3]. The framework of the European Union’s climate and energy policy
until 2030 assumes an increase to at least 32% of the share of energy from renewable sources
in total energy consumption [4].

One of the ways to implement the sustainable development policy is the use of
low-emission fuels, which include biomass [5-7]. Biomass is currently considered the
renewable energy source with the greatest potential [8]. When burning biomass, carbon
dioxide and other pollutants are released, but this is a gas that has been absorbed into the
original growth of the burned biomass and will be absorbed during photosynthesis by new
plants [9-11]. The total emission factor using biomass is much lower than fossil fuels [12].
For countries whose economy is based on natural resources, it is a good idea to produce
composite fuels from a combination of biomass and fossil fuel [13,14]. Implementing
the principles of a low-emission economy is a long-term process, requiring many new
investments and thus entailing significant financial outlays [15,16] In the current climate
and energy crisis, plant biomass is of particular interest to the power industry, politics,
and the economic sector. The energy potential and its general availability, as well as the
possibility of effective management, make biomass a basic, renewable source of energy. For
energy purposes, mainly wood and waste from its processing, plants from energy crops,
agricultural products, organic waste, municipal waste, and sewage sludge are used [17-22].

Energies 2023, 16, 6019. https:/ /doi.org/10.3390/en16166019

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16166019
https://doi.org/10.3390/en16166019
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9408-9733
https://doi.org/10.3390/en16166019
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16166019?type=check_update&version=1

Energies 2023, 16, 6019

20f19

The development of specific energy crops has been proposed as a strategy for energy
production without negative impacts on food security and the environment [23]. Plants
intended for cultivation for energy purposes should be characterized by stable yields and
high resistance to diseases and pests. An important aspect is an ability to adapt to the
largest possible area [24-26]. The suitability of plants for intensive cultivation for use in the
energy sector is also determined by the energy efficiency of the crop, i.e., the ratio of the
energy contained in biomass to the energy needed to produce it. Marginal land, meaning
land of lower quality that is devastated and degraded, should be used for energy crops,
which include soils contaminated with heavy metals, salty soils, and soils unsuitable for the
cultivation of plants for consumption and fodder purposes but that meet the requirements
for the cultivation of energy crops [27-30]. Popular species grown for energy purposes
are perennial grasses, such as giant miscanthus (Miscanthus giganteus), reed canary grass
(Phalaris arundinacea L.), and switchgrass millet (Panicum virgatum); perennials, such as
Virginia mallow (Sida hermaphrodita L. Rusby) and sunflower (Helianthus salicifolius); and
trees, such as willow (Salix viminalis) and poplar (Populus) [31-35]. There is also the
possibility of alternative use of typical agricultural plant species. Energy crops can take
many forms and can be transformed into many different products. Many crops are versatile
because they can be used to produce more than one type of energy product, such as hemp
(both oil and solid biomass) and cereals (ethanol and solid biomass) [32].

Cereals are the main agricultural crops in the world [36]. After resourcing the food
market, with the surplus of grain produced, stocks that have not been used for food
purposes or are not suitable for human or animal consumption can be used for energy
purposes for the production of biogas or direct combustion. Among cereals, oat (Avena
sativa L.) has a special energetic value [32,37,38]. Avena sativa L. is an annual plant belonging
to the Poaceae family. In 2021, the global oat harvest area was over 9.5 million hectares,
and the grain production volume was 22 million tons [36]. Scientific research on the
possibilities of using oat focuses primarily on the nutritional value and health-promoting
properties of the grain [39,40]. Oat is a valued cereal due to the high content of beta-
glucan in the grain, which has a significant impact on the prevention and treatment of
civilization diseases [32,41-43]. It is a cereal with low soil requirements and resistance
to soil acidification, which can be successfully grown in marginal areas. In addition, it
does not require the use of high doses of fertilizers, thanks to which expenditures on grain
production can be limited [44,45]. It is a low-input cereal, widely cultivated around the
world. The areas of oat production are in Northern Europe and North America, as well as
in China and Australia [36,46]. This crop is also considered a valuable catch crop for disease
control in cereal rotations, reducing the amount of chemicals even in successive crops. Oat
production costs are lower than other cereals [46]. The unique chemical composition, high
nutritional value, and relatively low input requirements make oat unique among cereal
plants [45].

The oat grain has the ability to accumulate a large amount of fat in the endosperm
compared to other cereals [47]. It has a relatively high total lipid content and conse-
quently also a high energy value [48]. The total fat content and the ability to accumulate
lipids in the endosperm are strongly determined by the cultivar. The naked cultivars
have a higher content of this component in comparison to the hulled cultivars. Oat
can accumulate from 10% to even 18% of fat, which is important when using grain for
energy purposes [49-51]. The basic conditions that an energy plant must meet are high
calorific value, ease of transport, and storage. The average calorific value of the grain is
18.5 MJ-kg ! with an average moisture of 10~13%, and its bulk density is 0.75 kg-dm 3.
The reasons why oat grains can be used for combustion are low soil requirements,
a long tradition in the cultivation of this species in Poland and EU countries, and
the availability of machines for cultivating this species. The combustion process is
carried out in special burners that require the supply of the right amount of air and
maintaining a temperature different from traditional biomass [37,52].
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In addition to grain, surplus oat straw can also be used for energy purposes. However,
post-harvest residues must be collected, processed, and compacted to facilitate efficient
handling, transport, and use [53]. Straw is an agricultural waste that can be used as an
energy carrier, which reduces the costs of heat generation and improves the profitability
of agriculture and has a beneficial effect on the environment. Straw combustion reduces
harmful NO, NOy, and SO, pollutants and increases CO emissions compared to coal
combustion [54]. The large-scale use of straw may, however, negatively affect biodiversity
and humus content in the soil; therefore, only part of the potential of straw can be treated
as waste and used for energy production [55,56].

Nitrogen (N) is one of the most important and complex components affecting the
yield and quality of crops [57]. At the same time, it is the most energy-intensive and cost-
intensive link in agricultural technology. The effect of nitrogen fertilization is noticeable
in the form of a significant increase in yield; however, excess nitrogen can cause side
effects, such as lodging plants or the accumulation of excessive amounts of nitrates and
nitrites in them. Too much fertilization also causes soil pollution and can contribute to the
eutrophication of inland waters. Therefore, it is desirable to optimize nitrogen fertilization,
with possibly small doses, properly selected forms of fertilizer, and frequent control of the
supply of this component in the development stages of cereals [57-61]. At present, when
many countries are increasingly concerned about the environmental impact of agricultural
production and the rising prices of fertilizers, the relatively low-input requirements of
oat are an important advantage of cultivation. Oat is generally considered to have higher
nitrogen utilization efficiency compared to other grains [46,58,62]. Nitrogen is the most
absorbable nutrient in oat [63]. Although it is a field crop well adapted to cultivation in
poorer farming conditions, nitrogen fertilization strongly affects oat yields and the chemical
composition of grain. Nitrogen deficiency slows down plant growth, shortens the period
of their vegetative development, accelerates maturation, and reduces the photosynthetic
efficiency of chloroplasts. [59,62,64,65]. Determining the optimal fertilization for new oat
culivars, the grain of which can be used for nutritional and energy purposes, is justified. In
the scientific literature, there are few reports on the effect of nitrogen dose on the energy
usefulness of crops. Oleszek and Matyka [66] showed that increased nitrogen fertilization
improved the quality of biomass of perennial crops, such as Virginia mallow and reed
canary grass for biogas production, primarily by reducing the lignin content and increasing
the ratio of structural carbohydrates to lignin. Studies on the energy efficiency of biogas
production from maize, sorghum, and canary reed silage indicated that, in general, the
production technologies of crops where the low levels of nitrogen fertilization were applied
proved to have the highest energy efficiency [67]. In the traditional tillage system of triticale
for bioethanol production purposes, N fertilizer is recommended for use between 40 and
80 kg N-ha~!. Such a dose of nitrogen provides a sufficient yield of grain, starch, and
bioethanol and good agronomic efficiency of N fertilizer [68].

Determining the cultivars of oat that can be grown for biomass is important, especially
if the grain does not meet the quality requirements. This is especially true for bare-hulled
forms, which, due to the lack of husks and lower yields, are used to a small extent for food
and fodder purposes. Grain and straw of such forms can be used to obtain energy. It is also
important to determine the optimal dose of nitrogen fertilization for such varieties, which
not only determines the yield of grain and straw but also may affect biomass parameters.

The aim of the research is to compare the usefulness of grain and straw of hulled and
naked oat cultivars for energy purposes with different nitrogen fertilization. The research
hypothesis was adopted, which assumed that naked forms of oat are characterized by
better energy usefulness than hulled forms and that differentiated nitrogen fertilization
affects the calorific value of the grain.
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2. Materials and Methods
2.1. Field Experiment

The study material consisted of grain and straw of four oat cultivars, namely the
Nagus and Maczo cultivars of naked oat as well as the Gniady and Bingo cultivars of hulled
oat. The study was conducted on the experimental fields of the Research and Educational
Station in Krasne, Poland (50°02'52" N 22°05'25" E) belonging to the University of Rzeszow
in 2015-2016. Ammonium nitrate (34% N) was used as a nitrogen fertilizer. Nitrogen
fertilization was applied on four levels:

— 0kgNha! (control plots);
— 40kgNha™};

— 80kgNhal;

— 120kgNha 1.

The field experiment was conducted in four replications on brown soil with pH in KCl
ranging from 6.1 to 7.2. The content of assimilable components in the 0-25 cm soil layer in
mg-kg~! was 138.3 (P), 161.4 (K), and 48.2 (Mg). Average level of microelement content
was 1.6 (B); 149.1 (Mn); 4.6 (Cu); 8.6 (Zn); and 988.3 (Fe). The crop was harvested at the
stage of full maturity of the plants. Grain and straw from each experimental facility were
weighed to determine the yield. Grain and straw yields are given for a moisture content of
14%. Three samples of grain and straw for energy analysis were randomly taken from each
object.

2.2. Laboratory Analysis
2.2.1. Analysis of the Content of Macro- and Microelements in Oat Grain

The samples were ground in a Retsch ZM2000 laboratory mill using a sieve with a
diameter of 1 mm and were subjected to mineralization under high pressure, in super pure
65% HNO3. Five-gram samples were weighed and placed in Teflon vessels, which were then
filled with 8 mL of nitric acid and sealed tightly. For each group of nine samples, the rotor of
the digestion system was also filled with a blank sample. The samples were digested with
the algorithm of temperature increase applied as specified for biological samples, without
exceeding 200 °C. This was carried out using an Ethos One microwave digestion system
from Milestone (Sorisole (BG)-Italy). The samples were cooled down to room temperature
and supplemented with water to a volume of 50 mL. The detection threshold obtained for
each element was not lower than 0.01 mg-kg~! (with an assumed detection capacity of the
measuring apparatus at a level exceeding 1 ppb). The measurements were performed with
an ICP-OES spectrometer, Thermo iCAP Dual 6500 (Thermo Fisher Scientific, Schaumburg,
IL, USA) with horizontal plasma, and with the capacity of detection being determined both
along and across the plasma flame.

2.2.2. Combustion Analysis of Samples

The analyzed material was crushed in a lab mill to achieved a particle size of less than
1 mm, thus obtaining a fully homogeneous material. Next, 1 g tablets for the direct analysis
of calorific value was prepared from the overall sample using an automatic tableting
device. The calorific value (CV) was determined using the LECO AC500 apparatus for
calorimetric tests. The heat of combustion was determined by burning the sample in the
aerated atmosphere in a pressure container enmeshed in a water jacket from all sides in
order to ensure the monitoring of heat transfer. An 8 cm long wire was used to ignite
the sample. No additional catalysts were applied in the analysis. Measurements of the
water temperature were monitored using an electronic thermometer with an accuracy of
0.0001 °C. Heat exchange was continually monitored using a measurement system. The
calorific value of the analyzed material was determined by relying on the amount of heat
generated.

The energetic value (EV) of the yield of grain and straw from 1 ha was calculated by
multiplying the calorific value and the yield obtained from 1 ha.
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The ash content was determined by burning the material in a muffle furnace at 850 °C
and expressed in % as given in PN-EN ISO 18122:2016-01 [69].

The analysis of CO,, CO, and NOy concentrations was performed using the ULTRA-
MAT 23 analyzer. The analyzed sample was burned in the amount of 10 g under conditions
controlled at 850 °C for 20 min (until completely incinerated).

Combustion was carried out using the Leco Tga 701 thermogravimetric analyzer,
which was directly connected to the Ultramat 23 analyzer. The simulated combustion
conditions corresponded to the real conditions of biomass combustion in boilers adapted
to biomass combustion.

In order to calculate the content of particular gases during the combustion process,
the algorithm presented in Table 1 (using the example of CO,) was used.

Table 1. The algorithm for calculating the volume structure of gases.

Calculated Parameters Method
Calculated volume of CO, SCO; =05 (I1Xp—1 — Xnl) - (th=1 — tn)
Calculated volume of gas mixture collected Sg =tc - 100
% COy in the gas mixture under analysis % CO, =SCO,/Sg
Quantity of gas mixture taken during the test AL. = t. - 0.025 (dm? s 1)
Volume of CO, taken during the test ACO, = AL.:- % CO,
Density of CO, at room temperature (20 °C) (mg~dm*3) 1977
Volume of CO, taken during the measurement (mg) ACO, - 1977

S CO;: calculated volume of CO,; Sy: calculated volume of gas mixture collected; X, 1, Xn — n: CO; concentration
results recorded during the intervals by the analyzer; t,_1 — t,: measured time intervals; t. - 100: the sum (%) of
absorbed gases; AL.: the quantity of gas mixture collected during the test; ACO,: the volume of CO, taken during
the test; 0.5: the complement of the curve integrating the measurement result.

The research results are presented as averages for the years 2015-2016.

2.3. Statistical Analysis

Statistical analysis was performed using TIBCO Statistica 13.3.0 (TIBCO Software
Inc., Palo Alto, CA, USA). In order to detect all deviations from the normal distribution at
p = 0.05, the Shapiro-Wilk test was performed. The homogeneity of variance was checked.
A two-way ANOVA analysis was performed. Tukey’s post hoc test with a significance level
of p < 0.05 was performed to determine and verify the relationship.

3. Results and Discussion
3.1. Yield of Grain and Straw

Understanding the impact of using nitrogen fertilizers on biomass production and N
accumulation is essential to optimizing yield and quality [70]. Nitrogen (N) is the most
absorbable nutrient for oat [63]. Nitrogen fertilization strongly affects both oat yields and
grain quality, despite the fact that it is an agricultural species well adapted to cultivation in
unfavorable soil and climatic conditions [64]. In the conducted experiment, a significant
increase in the yield of oat grain and straw was noted with the increase in the dose of
nitrogen fertilization (Table 2). Similarly, in other studies, the yields of the aboveground oat
mass significantly increased under the influence of nitrogen fertilization [71,72]. Greater
yield increases were noted between lower doses of nitrogen. Between the doses of 0—40 and
40-80 kg N-ha~!, an increase in yield by more than 0.50 t ha~! was noted, while between
the doses of 80 and 120 kg N-ha~1, the increase was 0.32 t-ha~! (Table 2). Similar results
were reported by May et al., 2020 [65] in their research, where grain yield increased to the
highest N index (140 kg-ha™!), but started to level off at 100 kg-ha~! increasing from 6.63
to 6.74 t-ha~! at 140 kg-ha 1.
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Table 2. Yields of grain and straw of oat cultivars depending on the dose of nitrogen fertilization

applied (mean from 2015-2016).

Cultivar N Fertilization (kg-ha=1)  Grain Yield (tha=1)  Straw Yield (t-ha—1)
0 622 +0.44 ¢ 5.92 4+ 0.22 ¢
: 40 5.88 +1.60 ¢ 598 +1.62f
Bingo
80 7.45 4+ 0.69 7.31 4+ 0.698
120 7734+ 0451 7.54 4+ 0.40 8
0 6.13 +0.38 ¢ 5.92 +0.27
. 40 730+ 031f 711+0258
Gniady
80 7214+ 052f 7.04 + 0.48 8
120 7294+ 0.71f 7114+ 0.708
0 3.58 + 0.432 3.45+0.382
40 4.66 +0.42¢d 4.80 +0.35 ¢
Maczo
80 492 +051¢d 499 + 042
120 5.13 +0.374 5.27 + 0.26 de
0 3.91 4+ (0.212b 3.82+0.212
40 429 +0.302< 445 +0.22bc
Nagus
80 453 +(0.37bd 476 + 031
120 5.02 £+ 0.75 <d 5.14 + 0.68 4
Bingo 6.82 +1.18B 6.69 +1.14B
A Gniady 6.98 +0.69 B 6.80 +0.67 B
verage
Maczo 457 +£0.73 4 463 +0.794
Nagus 4.44 4059 4 454 £0.624
0 496 +1.304 478 £1204
40 553+ 1.44 B 559 +1.338
Average
80 6.03 £1.43€ 6.03 +£127€
120 629 +137€ 626 +1.21¢
Average 5.70 5.66
C *3%3% %o
F R $%oF
CxF ok .

C—Cultivar; F—N Fertilization; CxF—Cultivar x N Fertilization; *** indicates significant differences at p < 0.001,
according to Tukey’s honestly significant difference test (HSD). Different letters indicate statistically significant
differences.

Significant differences in the yield of the studied cultivars were found. In hulled
cultivars (Bingo and Gniady), the average grain yield was 6.90 t-ha~!, while in naked ones
(Maczo and Nagus), it was 4.50 t-ha—1. In addition, in the study of Wrébel et al., 1999 [72],
hulled oat was characterized by higher yields than naked oat. The hulled forms were
characterized by better yields, but this was strictly dependent on the cultivar. Some types
of naked oat exceeded the yield of naked oat grain [73]. The average straw yield in the
experiment was similar to grain yield and amounted to 5.66 t-ha~!. Nitrogen fertilization
and cultivar, as in the case of grain, determined the obtained yield (Table 2).
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3.2. Energetic Value of Grain and Straw

Cereal grains, especially oat and corn, are increasingly used for energy purposes in
the USA, Scandinavia, and Poland. It is a raw material that does not cause difficulties in
the automation of heating devices, which are often equipped with replaceable grates and
burners, thanks to which devices can be adapted to burn different types of biomass [74-76].
Biomass can be used directly in raw form or processed in thermal, thermochemical, or
biochemical processes to obtain a liquid, solid, and gaseous fuels. Each of these processes
is characterized by a different efficiency of biomass conversion. Biogas has the lowest
conversion efficiency, while direct combustion is the highest and least problematic. The
literature sources give an average level of efficiency of direct combustion of solid biomass
at the level of 70-90% [14,77,78].

The calorific value (CV) is an important indicator of the energetic value of raw materi-
als [79,80]. CV is usually measured in terms of energy content per unit mass or volume,
hence M}kg‘1 for solids, MJ-L~! for liquids, and MJ (N-m%)~! for gases [17]. The condition
that an energy plant must meet is a high CV. It should be in the range of 15-19 MJ-kg~! [81].
Among cereals, oat is considered to be a better raw material for combustion than wheat,
triticale, and barley [37]. The calorific value strictly depends on the moisture content of
the material, and for cereals it ranges from 15.3 MJ-kg~! for barley to 16.6 MJ-kg~! for
oat [37,76,82,83]. Pinto et al., 2021 [38] concluded that oat is a species with high potential for
use as an energy product, and selecting the most productive cultivars in the region is critical.
The average calorific value of grain in their experiment was 17.9 MJ-kg~!. In this study, the
average calorific value of oat was high and amounted to 18.3 MJ-kg~!. Significant varietal
differences were noted. The grain of the Maczo and Nagus cultivars had a higher calorific
value compared to the Bingo and Gniady cultivars (Table 3). This dependence may result
from the different chemical compositions of the tested cultivars. Naked cultivars are known
to have a characteristically higher grain fat content. With the aim of energy use of cereals, it
becomes more desirable to increase the fat content in grain, because its combustion gives
twice as much energy as when burning the same amount of protein [84-87]. At higher
doses of nitrogen, a lower calorific value of grain and straw was noted compared to objects
without fertilization and fertilized with 40 kg N-ha~! (Table 3). However, in the study
of Kaszkowiak and Kaszkowiak [82], increasing the dose of nitrogen fertilization in oat
caused a significant increase in the energetic value of grain. The observed differences could
have resulted from the fact that higher nitrogen fertilization had a negative effect on the fat
content, but a positive one on the protein content in cereal grains, which was also observed
in the studies of several authors [75,84,88].

Table 3. Calorific value (CV) and energetic value (EV) of oat grain and straw depending on cultivar
and nitrogen fertilization (mean 2015-2016).

R s Calorific Value Energetic Value Energetic Value
Cultivar ¥ flfrf‘lizj‘f;"“ g?‘c"rr‘:;; Y:};‘i‘?}? (CV) of Straw (EV) of Grain Yield  (EV) of Straw Yield
8 8 M] kg~ 1) (MJ ha-1) (MJ ha—1)
0 19.05 & 0.13 hi 15.61 £0.718 118,507 =+ 8160 de 92,430 =+ 4150 de
Bingo 40 18.13 + 0.07 de 14.89 + 0.27 < 106,559 + 29,237 d 89,402 + 25,479 4
80 17.63 + 0.06 P 14.57 4+ 0.223b 131,297 + 12,528 f& 106,617 + 10,820 f
120 17.15 4+ 0.04 2 14.24 4 0.24 2 132,479 + 7380 8 107,357 & 6452 £
0 19.06 & 0.11 hi 15.08 + 0.22°© 116,853 =+ 7592 de 89,402 + 3720 4
, 40 18.67 +0.13f 15.18 £ 0.10f 136,287 + 6378 & 107,956 + 3838 f
Gniady
80 17.70 £ 0.05 14.69 + 0.16 ¢ 127,627 + 9097 ©f 103,361 + 6184 f
120 17.56 &+ 0.04 b 14.44 4+ 0.112 128,078 =& 12,299 ef 102,638 =+ 9955 ©f
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Table 3. Cont.

Cultivar N {eritization - Catorific Fate (D) Crof St (BV) of Graim¥ield  (EV) of St Yield
g-ha—1) of Grain MJ-kg—1) (MJ kg~ 1) (MJ ha-1) (MJ ha-1)
0 18.89 + 0.11 8h 15.15 + 0.17 ¢f 67,528 + 81222 52,309 + 6105 2
Maczo 40 18.82 4 0.07 8 14.81 £ 0.06 87,629 + 8016 b° 71,123 + 5065 ©
80 17.92 £ 0.05 € 14.66 + 0.05 2P 88,138 4 9035 b¢ 73,123 + 6242 ©
120 17.95 + 0.06 <4 14.48 4+ 0.13 2P 92,107 + 6639 © 76,270 + 3667 ©
0 19.70 £ 0.157 15.05 +0.10 77,075 + 3986 2P 57,423 + 3474 2P
Nagus 40 19.20 + 0.14 1 15.01 & 0.07 <d 82,321 + 5581 be 66,704 =+ 3225 bc
80 18.20 4 0.09 © 14.77 £ 0.08 € 823,45 + 6490 b° 70,336 + 4490 ©
120 17.91 £ 0.08 14.60 & 0.18 2P 89,935 + 13,322 be 75,185 + 10,817 ©
Bingo 17.99 £ 0.72 4 14.83 £0.654 122,211 4 19,047 B 98,951 4 15,748 B
Average Gniady 18.25 4+ 0.65 B 14.85 4+ 0.34 4 127,211 £ 11,044 B 100,810 £ 9307 B
Maczo 18.39 & 0.48 € 14.77 £ 0.27 A 82,919 + 12,306 A 68,206 + 10,793 A
Nagus 18.75 + 0.75 P 14.86 +0.21 A 83,851 4 8938 A 67,412 + 8880 A
0 19.17 £ 0.34P 15.22 +0.43 P 94,991 + 24,377 A 72,861 + 18,976 A
Average 40 18.70 +0.41 € 14.97 £ 020 € 103,199 = 26,094 B 83,796 4 20,754 B
80 17.86 + 0.24 4 14.67 £0.15B 107,352 + 24,398 BC 88,359 + 18,374 €
120 17.64 +0.33 B 14.44 0214 110,650 + 22,317 € 90,363 + 16,897 €
Average 18.35 14.83 104,048 83,845
C ns.
CxF ootk o wokk .

C—Cultivar; F—N Fertilization; CxF—Cultivar x N Fertilization; *** and ** indicate significant differences
atp <0.001 and p < 0.01; n.s.—non-significant, according to Tukey’s honestly significant difference test (HSD).
Different letters indicate statistically significant differences.

The average CV of oat straw is 17.8 M]-kg_1 [17]. In the conducted experiment, this
value was lower and averaged 14.8 MJ-kg~!. The cultivar factor had no significant effect
on the obtained values, while the level of nitrogen fertilization determined the size of the
examined feature. Significant decreases in the calorific value of oat straw were noted with
the increase in the nitrogen dose. Oat straw from samples fertilized with nitrogen at the
level of 120 kg N-ha~! had a lower calorific value by 0.78 MJ-kg ! compared to objects
without fertilization (Table 3).

To assess the energy suitability of a crop, an important indicator may be the energetic
value obtained from the cultivation area (EV), which is influenced by the yield and the
calorific value of the crop. In the conducted study, along with the increase in nitrogen
fertilization, an increase in EV of both grain and straw from 1 ha of cultivation was
noted. This is due to the increase in grain yield per area unit (Table 3). The yield increase
compensated for the decrease in the calorific value of the yield occurring with the increase
in the nitrogen dose (Table 3). Optimization of nitrogen fertilization of energy crops must
balance the conflict between the aspects of combustion efficiency and quality [89]. The
significantly higher value of the EV index was noted in hulled cultivars, despite the fact
that they were characterized by lower calorific value (Table 3).
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3.3. Ash Content

The ash content has a significant impact on the suitability of the raw material for
energy purposes [90-92]. The lower the ash content, the more useful the raw material is for
energy purposes. Knowledge of the ash content is necessary for the selection of appropriate
combustion and ash treatment technologies. The high content of this component and its
melting and slagging are problematic. For fuels with a high ash content, combustion of
the raw material can lead to irregular airflow, resulting in incomplete combustion and
increased gas emissions [93,94].

Cereal grain contains about 3.5-6.0% ash, while fuelwood contains only about 0.5% [94].
As a result of the combustion of oat biomass, a relatively low amount of ash is generated
(Table 4). Due to its properties, it can be considered a useful fertilizer and not a burdensome
waste [74]. Ash from biomass combustion is a good source of phosphorus in the soil and
may replace phosphate rock in the future [95]. The melting point of oat grain ash exceeds
1200 °C, which is why it can be recommended for the production of thermal energy. Con-
sidering these favorable features, an analysis of the ash content was undertaken in terms
of the cultivar and the level of nitrogen fertilization in oat grain and straw. The results of
other studies indicate that increased nitrogen fertilization leads to an increase in the ash
content in oat grain [61,62]. In the experiment, oat grain contained less ash (average 2.03%)
compared to the results in other studies, where this value was 3.90-6.02% [96]. The analysis
of ash content in oat showed that oat straw contained much more ash (3.85% on average)
(Table 4). Studies have shown that increasing the level of nitrogen fertilization reduces the
ash content in oat yield (Table 4). With N fertilization at the level of 120 kg-ha=!, 0.17%
less ash was recorded in grain and 0.19% less in straw compared to objects without N
fertilization.

Table 4. Ash contents in oat grain and straw (mean 2015-2016).

Cultivar N Fertilization Ash Content in Grain Ash Content in Straw
(kg-ha—1) (% of Dry Mass) (% of Dry Mass)
0 2.07 £0.02¢ 3.12 +0.022
. 40 2.15+0.03f8 3.11+0.122
Bingo

80 2.06 + 0.01 de 3.06+0.112

120 2.05 + 0.01 de 3.05 £+ 0.022

0 2.17 +0.02 80 433 4+ 0.04]

. 40 2.00+0.02¢ 4.26 + 0.05 1

Gniady

80 1.87 £ 0.022 418 +0.048

120 1.92 £0.01° 414 +0.04f

0 2.03 +0.02¢¢ 4.02 4+ 0.05¢

40 2.02 +0.01 392 +0.06 4

Maczo

80 1.86 +0.022 3.76 £0.09 ¢

120 1.95 £+ 0.02 P 3.61+0.05P

0 220+ 0.03 hi 427 4 0.05 i

40 224 4+ 0.031 428 +0.04 1

Nagus :
80 211 +0.05f 424 +0.05 81
120 1.87 £0.032 4.19 +0.03 Fh
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Table 4. Cont.

Cultivar N Fertilization Ash Content in Grain Ash Content in Straw
(kg-ha—1) (% of Dry Mass) (% of Dry Mass)
Bingo 2.08 +0.04€ 3.09+0.044
Gniady 1.99 £0.128 423 +0.08¢
Mean
Maczo 1.96 &+ 0.07 A 3.83+0.17B
Nagus 211 £0.015P 424 +£0.05¢
0 212 +0.07P 394+ 050D
40 210+ 0.10€ 3.89 + 049 €
Mean
80 1.97 +£0.12B 3.81+0.48 B
120 1.95 4+ 0.07 A 3.75 + 047 A
Mean 2.03 3.85
C R 3%
F LR Rt
CXF *3%% P

C—Cultivar; F—N Fertilization; CxF—Cultivar x N Fertilization; *** indicates significant differences at p < 0.001,
according to Tukey’s honestly significant difference test (HSD). Different letters indicate statistically significant
differences.

Significant cultivar differences were observed. The lowest amount of ash in grain was
found in the Maczo cultivar and the highest in the Nagus cultivar. The difference was 0.15%
(Table 4). In oat straw, the lowest amount of ash was recorded in the Bingo cultivar and the
highest in the Nagus cultivar. There was no relationship between the ash content and the
form of oat—hulled or naked. The ash content in oat biomass is positive from the point of
view of suitability for energy purposes through direct combustion [93]. This share is lower
than that obtained in other studies; e.g., Keppel et al. [37] measured the ash content of oat
grain at 2.86%.

3.4. Analysis of the Content of Macro- and Microelements in Oat Grain

In order to characterize the biomass tested in the experiment, an analysis of the ele-
mental composition of the grain was carried out. The contents of macro- and microelements
in oat depend on many factors, such as soil fertility, soil type, humus content, climatic
conditions, fertilization, and cultivars [97-99]. The chemical composition of the oat grain
analyzed in the experiment was typical for the species (Tables 5 and 6). The nitrogen content
was higher in naked cultivars than in husked cultivars. The Nagus cultivar contained the
most nitrogen. The experiment showed a higher content of Ca in hulled cultivars. Bingo
and Gniady contained significantly less Mg, P, and S (Table 5). After the application of ni-
trogen fertilization in the highest dose—120 kg N-ha~!, the highest contents of N, K, P, and
S were recorded in grain (Table 5). Ma et al. [64] found that total plant N uptake increased
linearly with increasing N rates and was dependent on the growing region. According to
Onyenwoke et al. [100], the nitrogen content of aspen straw ranged from 0.33 to 0.41%. In
the study by Gornicki et al. [101], the nitrogen content of oat straw was significantly lower
(0.6%) than that of hay (1.7%). In the research of Bobrecka-Jamro et al. [102] carried out on
soybean, nitrogen fertilization had no effect on the content of macronutrients determined
in seeds, while in the study by Klikocka and Marks [103] on wheat, nitrogen fertilization
had a positive effect on the contents of Fe, Mn, Zn, and Cu. In our study, doses of N
caused an increase in the S content. Nitrogen and sulfur are very important components
of protein. The correct N:S ratio results in better yields and crop quality. There are many
interactions between sulfur and nitrogen in the plant at various levels, such as uptake,
assimilation of NO3 and SO42~, and formation of N and S metabolites [103]. Higher doses
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of N increased the Zn and Cu contents in cereal plants and generally increased the Mn
content and decreased the Mo content in plants in the study of Jurkowska et al. [104].

Table 5. The contents of macroelements in oat grain depending on the cultivar and nitrogen fertiliza-
tion (average from 2015-2016).

. Niot Ca K Mg Na P S
Cultivar (g-kg-1 DM)

Bingo 227 £0354 098+0.09¢ 320+£0254 126+£0.074 0.024+00028 461 +0428 164+£0144
Gniady 23440384 097+009¢ 323+02848 12540074 0.022+00044 39040364 167+0.134
Maczo 24740388  0.89+0058 330+0208 145+0098 0023+00038 564+036C 208+0138
Nagus 259+036¢ 08440064 370+021¢ 159+007¢ 0.025+0004C 630+035P 219+0.13€

0 22140224  089+0.084 328+0334 1394+0.184B 0023+0.0044 509+1.164 1.84+030%
40 22440274 09540118 338+029BC 140+0158 0.024 £0.0034 5.074+0984 1.86+0274
80 26240398  092+0104 3304+03048 137+0154 0.023+0.0044 5014+0974 1.88+0294
120 261 +0438 09240074 346+028€ 139+0.154F 0.024+0.0034 528+0.85B 2.01+023B

Mean 2.42 0.92 3.36 1.39 0.023 5.11 1.90

CxF Kk *Hk % *Xk *% Xk

C—Cultivar; F—N Fertilization; CxF—Cultivar x N Fertilization; ***, **, and * indicate significant differences at p
<0.001, p < 0.01, and p < 0.05, according to Tukey’s honestly significant difference test (HSD). Different letters
indicate statistically significant differences.

3.5. Gas Emissions

Pollutant emissions from combustion are particulate matter (°PM), CO, HC, nitrogen
oxides, and sulfur oxides. Nitrogen oxides (NOy) are one of the most important substances
formed during the combustion of fuels. Currently, new technological solutions aim to
reduce CO;, NOy, and SOy emissions from energy processes. Interest in energy crops
has grown worldwide due to their potential use as a carbon-neutral, environmentally
friendly, and renewable energy source that can help meet global energy needs to some
extent [105]. Research results indicate that oat is a fuel with relatively low emissions
during combustion, almost as low as wood pellets [106]. In recent years, a strategy has
emerged to use oat in direct combustion for energy production, taking into account the
possibility of its combustion in conventional coal-fired boilers [19]. The combustion of
biomass in domestic boilers can be problematic, and the main obstacle may be the formation
of clinker with an agglomeration of ash. In the studies of Keppel et al. [37], in which the
efficiency of combustion of several types of cereals was compared, oat was characterized
by easy combustion and caused fewer operational problems. Proszak-Miasik et al. [54]
showed that surplus oat straw can be successfully used as an energy resource, including
for co-combustion with hard coal.
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Table 6. The contents of microelements in oat grain depending on the cultivar and nitrogen fertiliza-
tion (average from 2015-2016).

Cu Fe Mn Zn
Culti

ultivar (mg-kg 1 DM)

Bingo 21140074 31.5+4394 39.7 £5.09 B 20.7 £2.384
Gniady 44440708 29.6 +10.54 352 + 5444 23.7 4+3.048
Maczo 3.71+0.068 464 +948 34.9 + 356 A 29.0 +£232D
Nagus 3.45 +0.05 AP 47.7 +£1038 34.6 + 2894 268 +1.97¢

N Fertilization _
(kg-ha 1) (mg-kg~' DM)
0 3.00+0.104 33.8+3254 340+ 4924 25.5 +3.92 BC
40 29240104 388 +4.124 359+ 3358 24.8 + 3.65 AB
80 2.81+0.094 37.6 £5.15B 36.1+3.928 241 £ 4754
120 498 +0.06 B 45.0 +824€ 38.4+581€ 25.8 +357€
Average 3.43 38.8 36.1 25.1
C %3434 FHH EE L3 EE s
F R EE EE B
CXF EE s L R

C—Cultivar; F—N Fertilization; CxF—Cultivar x N Fertilization; *** indicates significant differences at p < 0.001,
according to Tukey’s honestly significant difference test (HSD). Different letters indicate statistically significant
differences.

Analyzing the list of gas emissions, it was shown that the lowest level of CO emissions
was recorded as a result of the combustion of oat grain and straw of the Maczo cultivar
(Figure 1A). It was at the level of 0.09-0.10 mg (m®)~!. The highest emission value of this
gas was recorded in the Gniady cultivar, and it was in the range of 0.12-0.15 mg (m3)~1L.
The analysis of the CO;, emission level showed the lowest value for the Maczo cultivar.
The parameter value was 4.71 mg (m?®)~! for grain (Figure 1B) and 5.12 mg (m?)~! for
straw (Figure 2B). The highest emission value of this gas was recorded for a grain of
the Gniady cultivar and straw of the Nagus cultivar. Similar relationships were noted
when analyzing NOy emissions. Although the grain analysis showed a higher nitrogen
content in the fertilized samples (80 and 120 kg-~!), the analysis of variance did not
show a higher NOx emission. As a rule, when burning biomass, NOy emissions increase
with increasing N fertilization. However, the N concentration in the fuel is not the only
factor determining the presence of NOyx emissions. Other factors include the type of
combustion installation, combustion, and post-combustion conditions [89] No increase in
NOy emissions was observed as a result of increasing nitrogen doses, also in oat straw.
Reduction in N fertilization, which is recommended for too high NOy emissions [37]
from biomass combustion, did not have a significant impact on the measured parameter
(Figures 1 and 2).
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Figure 1. List of gas emissions arising in the process of burning a grain of oat cultivars studied:
(A) CO, (B) CO,, and (C) NOy depending on nitrogen fertilization. Different letters show significant
differences between the means (p = 0.05).
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Figure 2. List of gas emissions arising in the process of burning straw of oat cultivars studied:
(A) CO, (B) CO,, and (C) NOy depending on nitrogen fertilization. Different letters show significant
differences between the means (p = 0.05).
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4. Conclusions

The conducted research shows that naked oat is characterized by a higher energetic
value compared to hulled oat. However, taking into account the yield per area unit, hulled
cultivars are more suitable for cultivation for energy purposes. The average calorific value
of oat obtained in the experiment was 18.7 MJ-kg~!, and the average ash content was
2.03% d.m. and is quite competitive in relation to other energy sources based on biomass,
which confirms its suitability for energy purposes. Significant varietal differences were
observed. Higher doses of nitrogen caused higher yields per 1 ha of oat cultivation, which
compensated for the lower calorific value of the yield, positively affecting the EV index.
Straw was characterized by a lower calorific value and higher ash content, as well as higher
CO, CO,, and NOy emissions, which indicates its lower suitability for energy purposes
compared to grain.

The obtained research results indicate the possibility of the effective use of oat as
an alternative source of energy. The use of unsuitable grain for consumption and fodder
purposes in order to obtain energy may contribute to reducing crop losses and increasing
the importance of energy from renewable sources. In addition, owing to the possibility of
oat cultivation in marginal areas, the promotion of oat sowing for energy purposes may
have a positive impact on the increase in the profitability of farms and the development of
wastelands.
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