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Abstract: Biomass as a renewable energy source includes energy crops that are not used for food
but solely for biomass production with the goal of conversion to various forms of biofuel.
Switchgrass, a perennial grass native to North America, has been explored as an energy crop for
many years. It is suitable because it does not require much agrotechnical input, is highly resistant
to pest infestation and disease development, and can provide very high biomass yields. The aim of
this work was to determine the biomass quality of the mentioned plant in relation to the autumn
and spring harvest, considering its use in direct combustion processes. Significant differences were
found in the percentages of ash, carbon, nitrogen, sulfur, oxygen, and water, as well as in the per-
centages of micro and macro elements, in the harvest dates studied. Compared to the autumn, the
moisture content decreased from 33.88% to 10.95% and ash content from 4.59% to 3.1% in the spring
harvest, while the carbon content increased from 47.02% to 47.49%, dry matter from 38.91% to
89.22%, and heating value from 18.60 MJ kg™! to 18.73 M] kg~!. Shifting the harvest date from autumn
to spring resulted in the production of higher quality biomass for use in combustion processes.
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1. Introduction

The strategy of using renewable energy sources is to reduce greenhouse gases, which
is why they are playing an increasingly important role in the energy industry. According
to the International Energy Agency, in 2016 they accounted for almost two-thirds of the
world’s net energy capacity. Energy from renewable sources is expected to be the fastest
growing primary energy source at the global level over the next 20 years, with about 2/3
of investments going to bioenergy plants by 2040 [1]. According to the basic definition,
biomass is an organic solid that occurs in nature, is of plant, wood, or animal origin, and
is suitable for energy conversion. It is divided into several main types: agricultural bio-
mass, wood biomass, water biomass, human and animal waste, industrial waste and con-
taminated biomass, and a mixture of biomasses. Biomass processing produces liquid,
solid, and gaseous biofuels that can be used for energy production [2].

Agricultural biomass includes residues from primary and secondary production and
energy crops. These are crops that are not suitable for human or animal consumption,
require little investment, and are grown on soils that are unusable for food production,
only to produce a high yield of biomass for energy purposes. They also have positive
ecosystem impacts by preventing soil erosion and nutrient leaching, sequestering carbon
in the soil, and providing habitat for wildlife [3]. Energy crops are classified into two
groups: perennial herbaceous plants and short-rotation coppice. Perennial plants are
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mostly herbaceous grasses that can be harvested on average once per year without the
need to re-till and replant for several years (e.g., reed canary grass, switchgrass, miscan-
thus, perennial ryegrass—Lolium perenne, giant reed) [4]. The goal of short-rotation cop-
pice cultivation is to obtain high biomass yields in a very short time, and this includes
plants and fast-growing tree species that can be used for energy purposes (e.g., willow,
poplar, ash, eucalyptus, sycamore maple, Nothofagus —southern beech). However, these
plants must be replanted after harvest (eucalyptus, black locust) or grow as new shoots at
the interface (willow, poplar) [5].

One of the energy crops mentioned earlier is switchgrass, a perennial grass that can
reach a height of over 2.5 m, originates from the North American prairies, and provides
high biomass yields with little agrotechnical input. Switchgrass is a plant suitable for ero-
sion control because it grows on poorer, degraded soils and removes excess nitrogen and
phosphorus generated by fertilization from the water and soil on which it resides [6]. The
Cs photosynthetic system gives it a higher biomass production efficiency than other
grasses that have a Cs photosynthetic system [7]. Depending on habitat and morphological
characteristics, two ecotypes are distinguished in this species: lowland and upland [8].
The lowland ecotype is taller, grows faster, has strong, thick stems with many branches,
and usually grows in swampy areas. The upland ecotype is grown in drier areas with
cooler climates, is shorter, has fewer branches on a thinner stem, and forms a specialized
sward [9-11]. The beginnings of switchgrass cultivation date back to the United States in
the 1930s and 1940s, where many cultivars were grown along with cultivars adapted to
the European climate: Alamo, Kanlow, and Cave-in-Rock [12].

Switchgrass productivity depends on the soil type, temperature, climatic conditions,
and seeding method and timing [13]. Optimal seeding is at a depth of 2 cm at soil temper-
atures above 18 °C, usually in late April to early May, to minimize seed loss and weed
infestation [14]. Nitrogen fertilization is not required in the year of sowing, while the sup-
ply of phosphorus and potassium depends on soil deficiencies [15]. Harvesting occurs
thirty days after the first frost [12], with yield losses in the spring of up to 40% compared
to the fall harvest [16]. Summer harvesting is not recommended, and the moisture content
should be below 15% at harvest [7]. Shifting the harvest from fall to late winter or early
spring reduces yield, but also the ash, moisture, and macronutrient content [17,18]. A com-
prehensive model is needed to optimize harvest timing considering nutrient losses, qual-
ity, and yield [19]. Switchgrass biomass has the greatest potential when considering the
potential for energy use to produce biofuel, biogas, electricity, and thermal energy
through the combustion process. However, biomass processing releases CO, CO,, NOx,
and other polluting particles during combustion, and if these are not properly disposed
of, energy production in this way could become a greater polluter than fossil fuels [20].

The quality of biomass during the biomass combustion process is evaluated by ulti-
mate and proximate analysis and HHV. Parameters such as moisture, ash, volatiles, fixed
carbon, and others can provide an estimate of how a particular type of biomass will be-
have during direct combustion and, although not sufficient for such an assessment, are
necessary [21]. Biomass properties are also affected by micro and macro elements, so their
analysis is also important for biomass quality assessment. During biomass combustion in
furnaces, harmful chemical compounds are formed, and their deposition leads to combus-
tion problems, formation of slag that is difficult to remove, and corrosion of mechanisms
[22].

The main objective of this study is to systematically investigate and evaluate the var-
iations in composition, yield, and energetic properties of Panicum virgatum, a perennial
grass species commonly used for biomass production, in two different harvest seasons.
This comparative analysis aims to shed light on the potential impact of seasonal variation
on the overall performance of the biomass feedstock. Additionally, this study explores the
assumption that changes in harvest deadlines could significantly influence the quality and
quantity of biomass produced, ultimately affecting the efficiency and sustainability of
Panicum virgatum as an energy source.
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2. Materials and Methods

The experiment was established on the field of the Saginovec Experimental Station of
the Faculty of Agriculture of the University of Zagreb in the eastern part of the city of
Zagreb, i.e., in the northwestern region of Croatia (N 45°85°00.01”, E 16°17°67.00”"). The
experimental field was sown in spring 2019 and consisted of 12 plots (2.4 x 8 m) laid out
according to a random block scheme. The sampled biomass was harvested during two
periods (November 2021 and March 2022) on each basic plot of 2 m? (1 x 2 m) by cutting
the plants at a height of 10 to 15 cm above the ground with a chainsaw.

The chemical analyses were carried out in the laboratory of the University of Zagreb,
Faculty of Agriculture, according to standard methods. Prior to the analyses, the biomass
was dried by convection at a temperature of 60 °C for 48 h to achieve moisture and pres-
sure equilibrium in the material. After drying, the biomass was comminuted using a
Retsch GM 300 laboratory mill (RETSCH GmbH, Haan, Germany) [23]. Each sample was
analyzed in triplicate.

2.1. Ultimate Analysis

In the ultimate analysis, the percentages of total hydrogen, nitrogen, and carbon
(HRN EN ISO 16948:2015) [24] and the percentage of sulfur (HRN EN ISO 16994:2015) [25]
were determined by the dry combustion method on a Vario, Macro CHNS analyzer (Ele-
mentar Analysensysteme GmbH, Langenselbold, Germany) [26]. The oxygen content
(HRN EN ISO 18123:2015) [27] was determined by calculation.

2.2. Proximate Analysis

Proximate analysis of the samples was performed according to standard methods
and determined as follows: Moisture content (HRN EN 18134-2:2017) [28] in a laboratory
dryer (INKO ST-40, Croatia) [29], while coke (HRN EN ISO 18123:2015) [27] and ash (HRN
EN ISO 18122:2015) [30] were determined in a muffle furnace (Nabertherm Controller
B170, Lilienthal, Germany) [31]. The proportions of fixed carbon (HRN EN ISO
18123:2015) [27] and volatile matter were determined by calculation.

2.3. Heating Value

The higher heating value (HHV) was determined by the method HRN EN ISO
18125:2017 [32] using an IKA C200 adiabatic calorimeter (IKA Analysentechnik GmbH,
Staufen im Breisgau, Germany) [33], while the lower heating value (LHV) was calculated
[34]:

LHV=HHV - (1- =) -1+ o —r - - 22 (1- 22)
100 100 100 2

where: LHV (M] kg™') —lower heating value, HHV (M] kg™1) —higher heating value, r (M]
kg™) —heat of vaporization, r = 2.445 MJ kg™ at 25 °C, w (% (kg/kg))—water content in
the fuel w = mw/(mw + ms), mw (kg)—mass of water, ms (kg)—mass of dry fuel, h (%
(kg/kg))—mass fraction of hydrogen in the fuel

2.4. Micro and Macro Elements

After the previous preparation of the samples by combustion in a microwave oven,
the presence of microelements Cd, Fe, Mn, Ni, Zn, Cr, Co, Pb (HRN EN ISO 16968:2015)
[35] and macro elements K, Na, Ca, Mg (HRN EN ISO 16967:2015) [36] was determined.
Elemental analysis was performed using an atomic absorption spectrometer, model
AAnalyst 400 (PerkinElmer, Inc., Waltham, MA, USA) [37].
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2.5. Statistical Analysis

All sample analysis results were analyzed using PROC MIXED from the SAS soft-
ware package (SAS Institute Inc., SAS 9.1.2 Help and Documentation, Cary, NC: SAS In-
stitute Inc., 2002-2004, Raleigh, NC, USA, North Carolina State University) [38].

3. Results and Discussion

Table 1 shows the yield and percent dry matter of the switchgrass biomass studied
from the autumn and spring harvests conducted in November 2021 and March 2022.

Table 1. Yield and percentage of dry matter of the studied biomass.

Harvest Time Yield DM (t/ha) Dry Matter (%)
Autumn 19.08 = 38.91°
Spring 13.27°® 89.22 2
Statistical difference i i

DM —Dry matter. Values in the column with the same letter are not statistically significantly differ-
ent with p < 0.05. Statistical difference: *** p < 0.001.

The statistical analysis in Table 1 shows the differences in yield of DM (t/ha) and dry
matter in relation to the two harvest periods. The average yield in the autumn harvest was
19.08 t/ha, while the average in the spring was 13.27 t/ha. The proportion of dry matter
was significantly higher after the spring harvest and amounted to 89.22%, while the pro-
portion after the autumn harvest was 38.91%.

Table 2 shows the ultimate analytical values of the percentages of the mentioned sub-
stances from the studied biomass obtained in the two harvests.

Table 2. Ultimate analysis of the studied biomass (%).

Harvest Time C (%) H (%) O (%) S (%) N (%)
Autumn  47.022+0.227 5.992+0.014 46.702+0.229 0.142+0.011 0.16 2+ 0.008
Spring 47492+0.113 6.012+0.040 46.27°+0.156 0.11»+0.003 0.11°*+0.013
Statistical dif-
ference

oo NS oo $%3% $%3%

C—Carbon; H—Hydrogen; O—Oxygen; S—Sulfur; N—Nitrogen. Values in the column with the
same letter are not statistically significantly different with p <0.05. Statistical difference: *** p <0.001,
NS —not significant.

Table 2 shows the differences in the percentages of C, H, O, N and S in relation to the
two harvest periods. After harvesting in autumn, the percentages of carbon (47.02%) and
hydrogen (5.99%) were lower on average than after harvesting in spring (47.49%; 6.01%).
The average percentages of O (46.70%), S (0.14%), and N (0.16%) were significantly higher
after the autumn harvest, comparing to 46.27% (O), 0.11% (S), and 0.11% (N) after spring
harvest.

Table 3 shows the values of proximate analysis of the proportions of the above-men-
tioned substances from the studied biomass collected in the two harvests.

Table 3. Proximate analysis (%) and LHV (M] kg™) of the studied biomass.

Harvest Time  Ash (%) F"‘ed((f‘;‘rb"“ Volatiles (%)  LHV (MJ kg

Autumn 4599+0252 10.162+0.789 79.78 * + 0.562 17.292+0.123

Spring 3710 +0.066 10.23 2+ 0.642 80.86 @ + 0.707 17.42 2+ 0.252
Statistical difference i NS NS NS

LHV —Lower heating value. Values in the column with the same letter are not statistically signifi-
cantly different with p < 0.05. Statistical difference: *** p <0.001, NS—not significant.
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Table 3 shows the differences in the proximate analysis according to the autumn and
spring harvests. The percentage of ash was significantly higher after the autumn harvest
(4.59%), while the average percentage was lower after spring harvest (3.71%). The average
percentage of fixed carbon (10.16%; 10.23%), volatiles (79.78%; 80.86%), and LHV (17.29
M]J kg1; 17.42 M] kg') did not differ significantly with respect to the two harvest periods.

In the samples obtained from the switchgrass biomass, the presence of the following
micro and macro elements was determined: zinc (Zn), iron (Fe), sodium (Na), potassium
(K), manganese (Mn), calcium (Ca), magnesium (Mg), chromium (Cr), cadmium (Cd),
nickel (Ni), cobalt (Co), and lead (Pb), the presence of which is shown in Table 4. The above
elements react with each other during biomass combustion and cause significant problems
in combustion chambers in the form of deposits of dirt and slag, which inevitably lead to
corrosion.

Table 4. Analysis of micro and macro elements of the studied biomass (mg kg™).

. . Statistical

Harvest Time Autumn Spring Difference
Zinc (Zn) 5.77 2+ 0.006 4.14%+0.089 o
Iron (Fe) 199.06 2 + 0.009 47.22b+0.002 ok
Sodium (Na) 99.68 2+ 0.005 67.67 " +0.005 o
Potassium (K) 4781.68 « +0.943 748.76 » +0.009 ok
Manganese (Mn) 8.89 2+ 0.007 3.82+0.002 xEE
Calcium (Ca) 2353.50 b + 0.005 2401.25 2+ 0.005 o
Magnesium (Mg) 487.67 2 £ 0.943 464.13 > + 0.047 o
Chromium (Cr) 4.38 2+ 0.005 2.99°+0.002 ok
Nickel (Ni) 42.852+0.008 2.58 b +0.004 ok
Cobalt (Co) (<0.25 mg kg!) n.d. (<0.25 mg kg) n.d. n.d.
Lead (Pb) (<0.25 mg kg) n.d. (<0.25 mg kg") n.d. n.d.

Values in the column with the same letter are not statistically significantly different with p < 0.05.
Statistical difference: *** p <0.001, n.d. —not determined.

Across the two harvests, the proportion of microelements differed significantly. After
the autumn harvest, the proportions of zinc (5.77 mg kg), iron (199.06 mg kg), sodium
(99.68 mg kg), potassium (4781.68 mg kg'), manganese (8.89 mg kg), magnesium
(487.67 mg kg™), chromium (4.38 mg kg), and nickel (42.85 mg kg') were higher, while
the proportion of calcium (2401.25 mg kg') was higher on average after the spring harvest.

4. Discussion

The characteristics and quality of biomass can be influenced by several factors such
as soil and tillage, seeding, fertilization, species diversity, geographic location, climate,
plant parts used, and different harvesting, collection, and storage methods. These factors
include the availability and cost of the resources used, the size of the plant, and the avail-
ability of equipment for the technological processing of biomass [39]. In this way, technol-
ogies can be developed and deployed to enable efficient combustion while ensuring that
emissions of pollutants and gases remain within acceptable limits [40]. When evaluating
biomass in the combustion process, its energetic properties are defined on the basis of
proximate and ultimate analysis, with the calorific value and the proportions of micro and
macro elements also having a significant influence [41]. Studies in Ukraine have shown
that the dry matter content increases during the growing season in all the switchgrass
genotypes studied except one. The highest dry matter content was observed in the flow-
ering period, while during the growing season it varied from 28.62% (stem formation) to
65.28% (mature seeds) [42].

In southern Europe, studies have been conducted in Italy and Greece. The average
yield in Greece was about 15 t DM/ha with the highest yield of 23.6 t DM/ha in the second
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year of sowing, while the average yield in Italy was about 7 t DM/ha with the highest yield
of 17.96 t DM/ha in the third year of sowing. Total precipitation for these two sites aver-
aged about 400 mm per year, so irrigation was required. Over four years, the site in Greece
was irrigated with a total of 1525 mm of water, while the site in Italy was irrigated with
2400 m? ha! per year [43].

Waullschleger et al. (2010) [44] reported an average of 12.9 t DM/ha for the lowland
ecotype and 8.7 t DM/ha for the upland ecotype. Fike et al. (2006) [45] reported an average
harvest per year of 12.8 t DM/ha for nine sites in the U.S. with the highest yield of 21.9 t
ST/ha. Comparing the obtained yields of the studied biomass with the data from the liter-
ature, it can be concluded that they are within the limits of the literature data.

The moisture content of biomass at the time of harvest should not exceed 15% if har-
vested in early autumn or winter, as this leads to a loss of dry matter and mold growth
[7]. The total moisture content of some biomasses can be as high as 90.0%. An excessively
low moisture content at harvest is also not good as it leads to a loss of dry matter due to
breakage and an increase in dust content [7].

In the literature, the moisture content of switchgrass biomass from autumn harvests
is reported to be 47.4 to 53.4% by Ashworth et al. (2017) [17] and 30.0 to 48.0% by
Kemmerer and Liu (2014) [46]. Ashworth et al. (2017) [17] also reported 12.5 to 17.9% for
early winter, 12.6 to 19.6% for January and February, and 80.0 to 81.3% at the beginning
of the growing season in May.

Ultimate analysis analyzes the elemental composition of the organic part of the bio-
mass, i.e., the proportion of hydrogen, carbon, sulfur, nitrogen, and oxygen. Hydrogen
and carbon are the main fuel elements of biomass and have a positive effect on its calorific
value, while the influence of nitrogen and oxygen is somewhat less. Hydrogen has a cal-
orific value seven times higher than carbon, and the higher the ratio of hydrogen to car-
bon, the more energy is released by oxidation in an exothermic reaction that produces
H;O and CO,. As the proportion of C and H in biomass increases, so does the HHV. The
main fuel element of biomass is carbon and as such it produces heat energy which can
then be converted to other forms of energy such as electricity [47].

The results presented in Table 2 show that the harvest date has a significant effect on
the carbon content in the biomass and therefore it is better to postpone the harvest to
spring. In the literature, for autumn harvests, Pilon and Lavoie (2011) [48] reported 44.5%,
Clarke et al. (2011) [49] 45.5%, and David and Ragauskas (2010) [50] 42.33% to 47.53%,
while Kumar and Ghosh (2018) [51] reported 38.0% for a January harvest. For Miscanthus,
Clarke et al. (2011) [49] reported a carbon content of 47.9%.

Hydrogen is the second most important fuel element in biomass after carbon and has
a higher calorific value than carbon. The hydrogen content in biomass ranges from 3.0 to
11.0%, with an average of 6.3%, which is higher than fossil fuels (which average 5.4%),
although it should be emphasized that biomass contains less carbon and four times more
oxygen, resulting in a lower heating value [47]. The results of this study show that there
is no significant difference in hydrogen content between autumn and spring harvests. In
the literature, David and Ragauskas (2010) [50] reported hydrogen contents between
5.31% and 6.81% for the autumn harvest, Pilon and Lavoie (2011) [48] reported 5.8%, and
Clarke et al. (2011) [49] and Sadaka et al. (2014) [52] reported 6.2%, while Kumar and
Ghosh (2018) [51] reported 6.2% for the January harvest.

Biomass analysis has shown that by postponing harvesting to spring, the oxygen con-
tent decreases significantly. According to the literature, Sadaka et al. (2014) [52] reported
an oxygen content of 44.0% for the autumn harvest, Pilon and Lavoie (2011) [48] reported
45.7%, David and Ragauskas (2010) [50] reported 37.58% to 42.54%, and Clarke et al. (2011)
[49] reported 41.7%, while Kumar and Ghosh (2018) [51] reported 50.6% for the January
harvest. The oxygen content determined in this study is above the upper limit of the liter-
ature values.

The combustion of biomass with higher sulfur and nitrogen contents leads to the
emission of harmful gasses (5O,, NOx), and the calorific value also decreases. A small
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portion of the SO, produced during combustion forms SOs, which, at lower temperatures
in the smokestack, combines with water vapor to form sulfuric acid, which can lead to the
severe corrosion of equipment [53]. Sadaka et al. (2014) [52] reported 0.13%, while Kumar
and Ghosh (2018) [51] reported a content of 0.3% for the January period. Comparison of
the determined sulfur contents shows that they are within the limits of the values reported
in the literature.

For the nitrogen content at the spring harvest, Elbersen et al. (2013) [7] reported
0.56%. Comparison with the results obtained in this study shows that the determined val-
ues for the nitrogen content of switchgrass are significantly lower than the literature val-
ues.

Biomass storage and handling is one of the most important factors, as contamination
during these operations can result in a higher ash content in the raw material than at har-
vest [54]. Ash with a high potassium content is very corrosive to boilers at combustion
temperatures, and silicon can react with potassium or calcium to form alkali silicates with
low melting points that can contaminate equipment with slag [55]. The research results
showed that the biomass from the autumn harvest had a higher ash content, while this
content decreased significantly in the spring harvest. The research values obtained were
within the values reported in the literature.

Depending on how biomass is used for energy, the fraction of solid carbon and vol-
atiles provides information on the degree of flammability, i.e., the impact on biomass com-
bustion characteristics [56] and subsequent options for gasification or oxidation [57]. Solid
carbon is the solid fraction that remains after the volatiles are evaporated. It consists of
carbon, but also contains smaller proportions of oxygen, hydrogen, sulfur, and nitrogen
that were not excreted with the gases [58]. A higher content of fixed carbon in biomass has
a positive effect on its energy value [59].

The results of the statistical study show that there is no significant difference between
the autumn and spring harvests in terms of fixed carbon content. However, the research
results differ from those in the literature, with Pilon and Lavoie (2011) [48] reporting 15.3%
for the autumn harvest and Sadaka et al. (2014) [52] reporting 23.1%. Kumar and Ghosh
(2018) [51] reported 12.3% for the January harvest and Jackson et al. (2016) [60] reported
13.37% for the late winter harvest.

The thermal decomposition of biomass produces volatiles. Many types of biomass
have relatively high levels of volatiles, which make the biomass highly flammable. The
amount of volatiles depends mainly on the structure of the material, the heating rate, and
the pyrolysis temperature [61]. However, the high content of volatiles in biomass does not
necessarily guarantee a high calorific value because certain volatiles are formed from non-
combustible elements such as COz and H20 [59]. The percentages of volatiles obtained by
the analysis show that there is no statistical difference between the autumn and spring
harvests (Table 3). The obtained research values are within the range of the literature data,
where for the autumn harvest Sadaka et al. (2014) [52] reported a proportion of 73.1% and
Pilon and Lavoie (2011) [50] 81%, while Kumar and Ghosh (2018) [51] reported a propor-
tion of 83.2% for January harvest and Jackson et al. (2016) 83.65% for late winter harvest.

The LHV represents the heat energy available in biomass but does not include the
energy for water evaporation [62]. In determining the quality of biomass, LHV is one of
the most important parameters, and its value is lower than the value of HHV [63]. The
results of this study (Table 3) show that there is no statistical difference between the au-
tumn and spring harvests and the values are in the range of the literature data.

One of the most important properties of biomass in the context of energy use is the
calorific value, which indicates the total amount of energy (MJ kg) of the potential raw
material [64]. The calorific value, expressed by the HHV, represents the heat energy avail-
able in the biomass, including the energy for water evaporation [62].

The values of the biomass studied show that there is no statistically significant dif-
ference in HHV between the autumn and spring harvests. According to the literature data
for autumn harvests, Clarke et al. (2011) [49] reported an HHV value of 18.0 MJ kg, Pilon
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and Lavoie (2011) [47] 19.5 M] kg, and David and Ragauskas (2010) [50] 18.75 MJ kg
Kumar and Ghosh (2018) [51] reported a value of 19.7 MJ kg™ for the January harvest,
while Jackson et al. (2016) [60] reported 18.61 MJ kg™ and Siggia et al. (2020) [65] reported
values between 17.98 and 18.36 MJ kg™ for late winter harvests. It can be concluded that
the values obtained in this study are almost consistent with those reported in the litera-
ture.

As the statistical analysis shows, the two harvest dates had the greatest influence
precisely for the micro and macro elements, as significant differences were found for all
elements. In the available literature for autumn harvests, Gorlitsky (2012) [54] reported a
potassium content of 3211.0 to 4415.0 mg kg, David and Ragauskas (2010) [50] 8112.0 to
10 894.0 mg kg, and Mitchell et al. (2014) [66] 844.0 mg kg™'. Monti et al. (2008) [55] re-
ported a range of 1504.0 to 2126.0 mg kg for leaves and 2628.0 to 3555.0 mg kg~' for stems
for the February harvest. The potassium values determined in this analysis are mostly in
the range of the listed literature values.

Monti et al. (2008) [55] reported sodium contents ranging from 317.0 to 326.0 mg kg
for leaves and 870.0 mg kg~' for stems, suggesting that the sodium contents of the biomass
studied were lower. This study showed a lower proportion of calcium in the biomass sam-
ples studied than the proportions reported in the literature, where for the autumn harvest
David and Ragauskas (2010) [50] reported values of 3512.0 to 3792.0 mg kg and Mitchell
et al. (2014) [66] 3900.0 mg kg~'.

For magnesium, values of 1085.0 to 1593.0 mg kg™ [60] and 2370.0 mg kg™ [66] for
autumn harvests have been reported in the literature. Monti et al. (2008) [55] reported
values of 2626.0 to 2706.0 mg kg for leaves and 1020.0 to 1171.0 mg kg! for stems for the
February harvest. This suggests that the magnesium content of the biomass studied is
within the limits of literature values.

Samples from the spring harvest had lower zinc and manganese contents, which is a
desirable characteristic. Massey et al. (2020) [67] reported manganese contents in above-
ground biomass ranging from 24.7 to 98.5 mg kg in 2008 (five harvests from June to De-
cember) and 2009 (five harvests from February to November), while contents ranging
from 6.76 to 34.5 mg kg! were reported for zinc.

The iron content in the biomass samples from the two harvest dates is statistically
different and more favorable in the spring harvest. Monti et al. (2008) [55] reported iron
contents ranging from 83.0 to 319.0 mg kg for the February harvest, and it is evident that
the iron contents from this study are within the range of data reported in the literature.
Massey et al. (2020) [67] reported nickel contents in aboveground biomass ranging from
0.13 to 83.7 mg kg (five harvests from June to December) and from 0.13 to 75.5 mg kg™
for 2009 (five harvests from February to November). Significantly lower nickel levels were
found in the spring harvest of the biomass studied, so harvesting should be postponed
until then.

A statistically significant difference was found for chromium, where the spring har-
vest was more favorable due to a lower content. The levels of lead and cobalt could not be
measured in any of the samples obtained from the biomass because their concentrations
were extremely low, i.e., the levels of these elements were below the sensitivity limit of
the instrument used for these studies (<0.25 mg kg).

Considering that biomass can be used as a raw material for direct combustion and
energy production, it is necessary to take into account the possibilities of the process and
the selection of desirable and undesirable properties of biomass. Petrovi¢ et al. (2021) [68]
conducted a study in which they investigated the combustion characteristics of hydro-
chars produced from waste biomass by hydrothermal carbonization (HTC). The study
found that hydrochars produced at higher carbonization temperatures had better fuel
properties compared to feedstocks. The results suggest that HTC technology has the po-
tential to use waste biomass as a feedstock for novel energy sources with improved com-
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bustion properties. Brown et al. (2022) [69] found that hydrochars produced by the hydro-
thermal carbonization of grass have a different combustion profile than grass, with a lower
mass loss at about 300 °C and a larger mass loss peak at about 450 °C.

5. Conclusions

After examining the differences in yields, elemental composition, and energetic prop-
erties in relation to the two harvest periods, the following main results were found:

e  The average yield of dry matter (DM) was 19.08 t/ha for the autumn harvest, while it
was 13.27 t/ha for the spring harvest.

e  The percentage of dry matter was 89.22% in the spring harvest and 38.91% in the
autumn harvest.

e  The carbon content was 47.02% in the autumn harvest and 47.49% in the spring har-
vest, while the hydrogen content was 5.99% and 6.01%, respectively.

e  The oxygen content was 46.70% for the autumn crop and 46.27% for the spring crop,
while the sulfur content was 0.14% and 0.11% and the nitrogen content was 0.16%
and 0.11%, respectively.

e  The ash content was 4.59% in the autumn crop and 3.71% in the spring crop.

e  The potassium content was higher in the autumn harvest (4781.68 mg kg™') than in
the spring harvest.

e  The percentages of zinc, iron, sodium, potassium, manganese, magnesium, chro-
mium, and nickel were generally higher in the autumn harvest, while the calcium
content was higher in the spring harvest.

Based on these results, it can be concluded that the harvest period significantly influ-
ences the yield, dry matter proportion, elemental composition, and ash content of
switchgrass biomass. These factors should be considered when optimizing switchgrass
utilization for various applications, such as combustion or bioenergy production.
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