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Abstract. In the context of the growing demand for bio-
mass, which is being encouraged by the EU directives on the
promotion of the use of renewable energy, recent investigations
have been increasingly focused on fast-growing energy crops. The
aim of this study was to investigate the energy properties of three
types of agricultural energy crops: Arundo donax L., Miscanthus
x giganteus and Sida hermaphrodita. This investigation looked
into the content of non-combustible and combustible matter,
higher and lower heating values, lignocellulose content, and bio-
mass macro-elements. The results indicate that the energy values
of these crops are comparable, while their lignocellulose content
shows significant variations. Thus, Arundo donax L. can best be
utilised as solid biofuel due to its highest lignin content, while
Miscanthus x giganteus and Sida hermaphrodita L. can be used
for both liquid and solid biofuels production. As far as Arundo
donax L. is concerned, a higher ash level should be taken into
consideration.

Keywords: energy crops, energy values, chemical com-
position

INTRODUCTION

According to Directive 2009/28/EC, biomass is the bio-
degradable fraction of products, waste and residues of bio-
logical origin, derived from agriculture (including plant and
animal substances), forestry and related industries, includ-
ing the biodegradable fraction of industrial and municipal
waste. Biomass production is directly associated with the
use of soil, which must be sustainable. Sustainability is
achieved when biomass production is CO, negative or neu-
tral during its life-cycle. In order to prevent the food versus
energy competition when biomass production is concerned,
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the RED (2009/28/EC) directive introduced the term ‘sus-
tainable biomass’. This term gained additional power and
significance upon the EU Council decision (2016/590) to
sign the Paris Climate Agreement.

While defining agricultural biomass, the term ‘biofuel’
is often used. Produced from biomass itself, biofuels can
be divided into several types, in terms of the form of their
end use and the type of raw material they are produced
from. With respect to their end use, biofuels are classified
as solid, liquid and gaseous.

Agricultural lignocellulose biomass carries a large
energy potential because it is obtained from the residues
of primary agricultural products and from food processing
by-products (Kricka et al., 2012). However, due to their
low requirements when cultivated for biomass production,
as well as their significant yield of biomass per hectare,
perennial energy crops are being increasingly investigated.
These crops are well-adapted for cultivation on marginal
soils where they do not compete with food production. The
establishing of such plantations in rural areas provides the
opportunity to develop an independent renewable energy
source and has positive influence on agricultural production.

These crops include Arundo donax L., Miscanthus x
giganteus and Sida hermaphrodita. Arundo donax L. is an
8-9 metres high grass species that grows in dense stands.
Its biomass yield depends on moisture content, density and
time of cultivation, and can reach up to 30 t ha'. 4rundo
donax L. is adapted to a wide variety of ecological con-
ditions, but it is generally associated with riparian and
wetland systems. Several field studies have highlighted the
beneficial effect of the crop on the environment, due to its
minimal requirements with regard to soil tillage, as well as
fertilizer and pesticide applications (Riffaldi et al., 2010).
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Miscanthus is a promising lignocellulosic feedstock
with various applications, due to its rapid biomass accu-
mulation in temperate climates. Miscanthus x giganteus
can reaches 4 metres in height, and its yields (with applied
irrigation) can reach up to 40 t ha™ (Clifton-Brown, 2001).
The crop requires limited fertiliser application and very
few other inputs, and it adds significant amounts of organic
matter to the soil.

Sida hermaphrodita is a perennial crop that is 1-4.5 m
high (mostly around 3 m). Its yields can reach up to 25 t
ha” (Denisiuk, 2006). Sida hermaphrodita belongs to the
mallow family and is native to North America. It has hairy
stems and leaves with toothed lobes. Plantations can be
used for up to 25 years whereby the dry woody parts are
harvested from late autumn until spring with high and sta-
ble yields. It is an easy-to-handle crop that can be cultivated
with conventional farming methods and machinery.

Among the many biomass features, quality is determi-
ned by observing non-combustible and combustible pro-
perties. The most important indicators of biomass qua-
lity are the content of energy-carrying chemical bonds and
of the most common elements (nitrogen, carbon, sulphur,
hydrogen and oxygen), as well as the total ash content (Tao
etal.,2012).

In order to use biomass as fuel in heat and electric ener-
gy generation, it is necessary to know its heating values,
as they constitute a reliable measure for determining the
energy content of fuel (Jenkins et al., 1998). This is often
expressed as either higher or lower heating value. Higher
heating values refer to the heat released in the complete
combustion of a fuel volume unit which results in the
generation of water vapour and its eventual condensa-
tion. At that point, the released energy is measured. Lower
heating values do not consider the latent heat of the water
contained in the fuel (Vargas-Moreno, 2012).

Biomass is a complex heterogeneous mixture of struc-
tural organic components, such as cellulose, hemicellulose
and lignin. The characterisation of these components
(regarding quality and quantity) in a given biomass is cru-
cial for determining the approach to biomass processing
(Antonovi¢ et al., 2016) and for understanding the biofuel
reaction mechanism in its production. Biomass quality is
crucial for usability, and it is often connected with the con-
tent of various micro- and macro-elements. Such biomass
elemental content is commonly influenced by genetically
determined properties, as well as by environmental condi-
tions, such as soil characteristics (fertility, pH), weather
features (precipitations) and plant growing measures —
mainly fertilization (Barglowicz, 2014). Knowledge on the
content of different elements in biomass may be useful in
choosing the method of transforming biomass into energy
(Barglowicz, 2014; Borkowska and Lipinski, 2008).

Therefore, the aim of this work was to investigate the
energy properties of the Arundo donax L., Miscanthus x
giganteus and Sida hermaphrodita crops, and to define
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which crop had the best performance in terms of production
of solid or liquid fuels. The investigations encompassed
both non-combustible and combustible properties of bio-
mass, as well as its heating value, lignocellulose content
and macro-elements content.

MATERIALS AND METHODS

Three rapidly-growing energy crops, i.e. Arundo don-
ax L., Miscanthus % giganteus and Sida hermaphrodita,
were investigated. The crops were cultivated in Zagreb and
Zagreb County, i.e. in the western part of Croatia. The soil at
all three sites was slightly acidic (with the average amount
of pH (H,0) ranging from 5.39 to 6.53), while the percent-
age of organic matter ranged from 1.53 to 2.13, the nitrogen
content from 0.09 to 0.17, the amount of phosphorus (P,Os)
from 2.32 to 8.98 mg 100 g"' of soil, and potassium (K,O)
from 10.6 to 22.0 mg 100 g' of soil. Plantations of the
investigated crops were grown using classical agrotechnics,
without fertilization and irrigation. The harvest was carried
out in February 2017 when the plants were four years old
(with the average air temperature at the harvested time being
-15°C). In our research, non-combustible and combustible
properties, heating value, lignocellulose composition and
macro-element content were investigated. The following
methods were used: moisture content, i.e., dry matter con-
tent (HRN EN 18134-2:2015), was measured in a laboratory
dryer (INKO, Croatia), nitrogen content (HRN EN ISO
16948:2015) was measured in an elementary analyser Vario
MACRO (Elementar, Germany), ash content (HRN EN
ISO 18122:2015) and coke content (CEN/TS 15148:2009)
were measured in a muffle furnace (Nabertherm, USA),
while fixed carbon content (EN 15148:2009) were meas-
ured by computed derivation. What is more, carbon and
hydrogen content (HRN EN ISO 16948:2015) and sulphur
content (HRN EN ISO 16994:2015) were measured in
a CHNS analyser (Elementar, Germany), oxygen and resi-
dues of elements C, H, N, S were determined by computed
derivation, while volatile matter content was measured
according to EN 15148:2009. The higher heating value was
determined by the EN 14918:2010 method, in an adiabatic
calorimeter (IKA, Germany), while the lower heating value
was obtained by computed derivation.

Determination of cellulose, hemicellulose and lignin
content was conducted by the modified standard method
ISO 5351-1:2002 in laboratory conditions. Finally, the
quantity of macro-elements (sodium, magnesium, potas-
sium and calcium) in the samples was determined by HRN
EN ISO 16967:2015 methods — in an atomic absorption
spectrometer (Perkin Elmer, Analyst 400), with the sam-
ples previously prepared in a microwave oven (HRN EN
16968:2015).

The data were analysed by means of the statistical soft-
ware package SAS version 9.3 (USA).
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RESULTS AND DISCUSSION

The non-combustible and combustible properties of the
Arundo donax L., Miscanthus x giganteus and Sida her-
maphrodita crops are shown in Tables 1 and 2.

Since the environmental air temperature during the win-
ter season of 2016/2017 was unusually low (up to -15°C),
all three crops (Arundo donax L., Miscanthus % giganteus
and Sida hermaphrodita) had exceptionally low moisture
content per mass after the harvest, which is a good pre-
condition for safe storage (Francescato ef al., 2008). Thus,
the dry matter quantity of the experimental crops is very
high, ranging between 87.52 and 92.7%. A comparison of
the obtained results with literature references (Howaniec
and Smolinski, 2011; Jegurim et al., 2010) corroborates the
obtained moisture values and dry matter values obtained
for the Arundo donax L., Miscanthus * giganteus and Sida
hermaphrodita crops.

Ash content is one of the main factors of biomass
quality, since higher amounts of ash diminishes the quali-
ty of fuels, especially solid ones. According to Jeguirim
et al. (2010), the ash content in Arundo donax L. is 5.0%,
while our investigation found a somewhat lower value of
3.56%. The above authors also state that the ash content
of Miscanthus * giganteus is 2.7%, while in Howaniec
and Smolinski (2011), it was determined at 1.60%, i.e.
slightly above 1.20% — the value found in our investiga-
tion. Stolarski ez al. (2014) hold that the ash content of Sida
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hermaphrodita is 2.56%, while our investigation revealed
a slightly higher value (2.84%). Vassilev et al. (2010) state
that the ash content in agricultural biomass goes up to 18%.
The values of ash content in the biomass of the investigated
crops (Arundo donax L., Miscanthus * giganteus and Sida
hermaphrodita) also point to their high quality.

Coke content and fixed carbon content are considered
positive properties of biomass because they represent the
quantity of energy released by the combustion of a spe-
cific amount of biomass (Garcia et al., 2012; Jurisi¢ et al.,
2017). In our study, the obtained fixed carbon content in
Arundo donax L. was 11.37%, which is lower than 18.4%
— the amount found by Jegurim ef al. (2010). In Miscanthus
x giganteus, we saw a fixed carbon value of 10.01%, which
is consistent with literature references, wherein Jegurim
(2010) states a value of 9.5%, and Howaniec and Smolinski
(2011) reveal a value of 11.62%. We also determined
a fixed carbon content in Sida hermaphrodita at 5.09%
which is significantly below 17.14% — the value obtained
by Howaniec and Smolinski (2011).

From an ecological point of view, nitrogen and sulphur
contribute to the increase in greenhouse gases, and are con-
sidered to be unfavourable elements in biomass. Licursi et
al. (2015) investigated nitrogen in the energy crop Arundo
donax L., determining its content at around 0.3%, while
Jegurim et al. (2010) state a sulphur content of 0.2%. The
values obtained in this investigation are somewhat higher

Table 1. Non-combustible matter content in the Arundo donax L., Miscanthus % giganteus and Sida hermaphrodita crops

Moisture Ash Coke Fixed carbon Nitrogen
Sample
(%, mass)
Arundo donax L. 9.01b+0.571 3.56a+0.216 13.18a+0.087 11.37a+0.202 0.74a+0.020
Miscanthus x 12.492+0.520 1.20+0.110 11.24b+0.130 10.01b=0.170 0.23¢+0.014
giganteus
Sida hermafrodita 7.22¢+0.140 2.84b+0.131 7.85¢+0.061 5.09¢+0.061 0.65b+0.045

Different letters within a column indicate significant differences at the 5% level.

Table 2. Combustible matter content, and higher and lower heating values of the Arundo donax L., Miscanthus x giganteus and Sida

hermaphrodita crops

Volative

Sample Carbon Sulphur Hydrogen Oxygen matter HHV LHV
(%, mass) MJ kg™
Arundo donax L. 45.67¢c 0.29a 6.17a 47.13a 76.06¢ 17.48b 16.14b
+0.045 +0.001 +0.030 +0.004 +0.151 +0.060 +0.060
Miscanthus x 48.00b 0.18¢ 6.21a 45.34b 88.76a 18.15a 16.79a
giganteus +0.800 +0.004 +0.030 +0.781 +0.170 +0.060 +0.060
Sida 50.08a 0.23b 6.10b 42.95¢ 84.90b 18.13a 16.80a
hermafrodita +0.425 +0.021 +0.013 +0.373 +0.329 +0.087 +0.090

Explanations as in Table 1.
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and amount to 0.75% for nitrogen and to 0.29% for sul-
phur. Such divergences also appear in the investigations
regarding the Miscanthus x giganteus biomass conducted
by Jegurim et al. (2010), wherein nitrogen was 1.1%, and
sulphur was 0.2%, while Bilandzija et al. (2016) found the
nitrogen content to range from 0.20 to 0.54%, and sulphur
to be between 0.07 and 0.08%, depending on the harvest
time. Our investigation, which found a nitrogen content
of 0.27% and a sulphur content of 0.18%, corroborates
with the conclusions drawn by Bilandzija et al. (2016).
Howaniec and Smolinski (2011) determined the nitrogen
and sulphur contents in the biomass of Sida hermaphrodita
to be at rather low levels, i.e. nitrogen at 0.01% and sulphur
at 0.04%, while Siaudinis et al. (2015) determined nitro-
gen to be at 0.75%, and sulphur at 0.17%, respectively. Our
investigations fall within the scope of these literature refe-
rences, with nitrogen reaching 0.65%, and sulphur 0.23%.
In the combustion process, biomass is decomposed into
volatile gases and solid residue. Herein, a high percent-
age of volatile matter is one of the biomass characteristics
(around 80%) decreasing its energy value (Grubor ef al.,
2015; Quaak ef al., 1999). The results of the investigations
in all three energy crops are consistent with literature re-
ferences and also corroborate high volatile matter con-
tent, with values ranging from 76.1 to 88.8%. The biomass
energy value is also negatively influenced by oxygen con-
tent. Licursi et al. (2015) determined the oxygen content at
49.2% in Arundo donax L., while our investigation saw an
oxygen value of 47.1%. Jegurim et al. (2010), Howaniec
and Smolinski (2011) and Bilandzija et al. (2016) investi-
gated oxygen content in Miscanthus X giganteus biomass,
and saw values ranging from 31.3 to 49.3%. The oxygen
value of 46.3%, obtained in our investigation, is within the
aforementioned value spread. Investigating the oxygen con-
tent of Sida hermaphrodita, Howaniec and Smolinski
(2011), as well as Siaudinis er al. (2015), obtained val-
ues between 35.7 and 41.9%, which was consistent with
the value of 43% obtained in our investigation. Carbon is
the main and most important element in all types of fuels,
and its content determines their quality, i.e. higher levels
of carbon increase fuel quality. Carbon and hydrogen con-
stitute the basic composition of each fuel, and increased
carbon levels enhance fuel quality (Vassilev et al., 2010).
As regards Arundo donax L., the values of carbon and
hydrogen obtained by Licursi et al. (2015) were 44.8%,
for carbon and 6.0% for hydrogen, which is consistent
with the results obtained in our investigation, amounting
to 45.7% for carbon and to 6.13% for hydrogen. As regards
Miscanthus * giganteus, our result for carbon is 47.0%,
and for hydrogen 6.21%. These results are similar to those
obtained by Jegurim et al. (2010), where oxygen was 43.7%
and hydrogen was 5.7%, by Howaniec and Smolinski
(2011), where oxygen was 53.7%, and hydrogen was 6.6%,
and also by BilandZija et al. (2016), who found carbon to be
between 46.5 and 50.1%, and hydrogen to range from 3.57
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to 4.15%. The content of carbon and hydrogen in the Sida
hermaphrodita energy crop were 50.1 and 6.10%, respec-
tively. These values are slightly higher than those referred
to in literature. More specifically, Siaudinis et al. (2015)
determined the values for oxygen at 45.5% and hydrogen at
5.61%, while Howaniec and Smolinski (2011) saw carbon
and hydrogen content of 47.2 and 5.7%, respectively.

The higher heating value (HHV) and the lower heat-
ing value (LHV) in Arundo donax L. amounted to 17.5 and
16.1 MJ kg, respectively. These results are consistent with
those obtained by Jeguirim et al. (2010), who determined
the HHV at 17.2 MJ kg, while Dahl and Obernberger
(2004) saw an HHV of 19.8 MJI kg™'. As regards Miscanthus
x giganteus, the investigated HHV was 18.2 MJ kg and
LHV was 16.8 MJ kg™'. Similar investigations were conduc-
ted by Jegurim et al. (2010) and Mos et al. (2013), who saw
higher heating values ranging from 17.8 to 18.8 MJ kg™,
and lower heating values between 16.6 and 17.5 MJ kg™
Hence, the results of our investigation corroborate with the
previous ones. With regard to the heating values of Sida her-
maphrodita, we saw an HHV of 18.1 MJ kg, and a LHV of
16.8 MJ kg™ Stolarski et al. (2014) investigated the higher
heating value of Sida hermaphrodita and obtained a value
of 18.9 MJ kg™, while Jurisi¢ et al. (2017) saw an HHV of
17.9 MJ kg, which is in line with the results obtained in
this investigation.

The lignocellulose composition of the investigated
energy crops is shown in Table 3. In order to identify which
energy crop best performs in the production of specific types
of fuel, it is necessary to define hardness, biodegradability
and combustibility of biomass on the basis of lignocellu-
lose content (Olsen and Plackett, 1999). Lignocellulose
consists of three components: lignin, cellulose and hemi-
cellulose, and their content significantly varies in different
types of biomass (Jergensen et al., 2007). If lignocellulose
contains more lignin, it is more suitable for direct combus-
tion (Hodgson et al., 2010), while higher cellulose and
hemicellulose contents make it more suitable for liquid fuel
production (Lewandowski et al., 2003).

Table 3. Lignocellulose composition of the Arundo donax L.,
Miscanthus x giganteus and Sida hermaphrodita crops

Cellulose  Hemicellulose Lignin

Sample

(%, mass)

Arundo donax L. 43.56b 12.94c¢ 33.65a
+0.018 +0.012 +0.021
Miscanthus x 49.27a 19.30b 28.39b
giganteus +0.120 +0.13 +2.620
Sida 40.12¢ 27.21a 26.38¢c
hermafrodita +0.189 +0.231 +0.732

Explanations as in Table 1.
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Table 4. Macro-elements quantities in the Arundo donax L., Miscanthus x giganteus and Sida hermaphrodita crops

Sodium Magnesium Potassium Calcium
Sample
(mg kg™
Arundo donax L. 113.3b+4.4 496.0a+3.9 1055.7a+7.5 1570.4b £ 96.5
Miscanthus X giganteus 90.0c +0.2 478.6b +0.6 819.3c +4.6 1615.4b £7.7
Sida hermafrodita 138.8a +£0.5 494.7a £2.0 956.9b +9.1 3222.0a +66.7

Explanations as in Table 1.

Raspolli Galletti et al. (2015) investigated the lig-
nocellulose content of Arundo donax L., and determined
the following contents: cellulose — 41.6%, hemicellulose
— 23.6% and lignin — 24.6%. The results obtained in our
investigation are consistent in terms of cellulose content
(43.6%), but not in terms of hemicellulose (12.9%) and
lignin (33.7%). The lignocellulose content of Miscanthus
x giganteus was investigated by Wroblewska et al. (2009)
with the following results: cellulose — 43.2%, hemicellu-
lose — 25.2% and lignin — 23.0%, while Collura ef al. (2005)
determined the cellulose content to be at 45%, hemicellu-
lose at 30% and lignin at 21%. Our investigation results are
partly in line with the aforementioned, and they showed
the following contents: cellulose — 49.3%, hemicellulose —
19.3%, and lignin — 28.4%. The lignocellulose content of
Sida hermaphrodita was also investigated by Wroblewska
et al. (2009), who determined the contents of cellulose at
41.0%, hemicellulose at 17.1% and lignin at 26.0%. Our
investigations only partly corroborate the literature ref-
erences, with cellulose content of 40.1%, hemicellulose
content of 27.2% and lignin content of 26.4%. Such signifi-
cant differences in the investigated lignocellulose biomass
are to be expected because lignocellulose content is influ-
enced by soil, location and harvest time (Barglowicz, 2014;
Bilandzija et al., 2016; Lewandowski et al., 2003; Olsen
and Plackett, 1999).

Quantity of macro-elements in the investigated crops are
shown in Table 4. The macro-elements that are most com-
monly found in biomass are sodium, magnesium, potassium
and calcium. These elements, together with micro-elements
and ash, emerge during the biomass combustion process,
and they may cause large slag formations and corrosion
in furnaces (Bilandzija et al., 2016; Cassida et al., 2005).
The macro-elements obtained for Arundo donax L. were
investigated by Dahl and Obernberger (2004) who found
331,1627,6497,and 3255 mg kg‘1 of sodium, magnesium,
potassium and calcium, respecitvely. In our investigation,
significantly lower values were observed, with sodium
quantity, magnesium, potassium, and calcium of 113, 496,
1055, and 1570 mg kg, respectively. It can be assumed
that such a major difference is caused by the quality of soil
during cultivation and the harvest time. Macro-elements in
Miscanthus % giganteus were investigated by Bilandzija

et al. (2016), where the elements were found in the fol-
lowing ranges: 63.9-85.0 mg kg™ sodium, 467.7-482.3 mg
kg magnesium, 833.6-887.2 mg kg potassium, and 1 802
-1956 mg kg'' calcium, depending on harvest time. Similar
results were obtained in our investigation, with sodium,
magnesium, potassium, and calcium at: 90, 478, 819, 1615
mg kg, respectively. Krzywy-Gawronska (2012) also
investigated the macro-elements in Sida hermaphrodita
and determined the content of magnesium at 740 mg kg™,
potassium at 3860 mg kg and calcium at 5800 mg kg™
These numbers are not consistent with our results for sodi-
um — 139 mg kg, magnesium — 495 mg kg, potassium
— 957 mg kg and calcium — 3222 mg kg™

CONCLUSIONS

Based on our investigation of the energy characteris-
tics of the fast-growing energy crops, i.e. Arundo donax L.,
Miscanthus * giganteus and Sida hermaphrodita, harvest-
ed in the winter season of 2017, the following conclusions
can be drawn:

1. Non-combustible properties (moisture, ash, coke,
fixed carbon and nitrogen) display differences, depending
on the specific crop observed. The moisture content in the
biomass of all investigated crops was exceptionally low.
Ash, as an indicator of fuel quality, was also low, which
underlines the good quality of the investigated biomass
in relation to other agricultural crops. The coke and fixed
carbon content are somewhat lower than expected, while
the nitrogen content is somewhat higher or within the
expected limits in all three investigated crops.

2. Combustible properties (carbon, sulphur, hydrogen,
oxygen and volatile matters) also vary from one investiga-
ted crops to another. The contents of carbon and hydrogen,
which are the major and most important elements in all types
of fuels, indicate high quality of the investigated biomass.
The contents of sulphur and oxygen, which are negative
components, are low. The content of volatile matter, being
another negative feature, diminishes the energy value of bio-
mass, and is considered somewhat higher. The higher heat-
ing value was ranged from 17.48 to 18.15 MJ kg™, while the
lower heating value was between 16.14 and 18.80 MJ kg™,
which is an indication of high energy potential.
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3. The biomass lignocellulose content was determined
on the basis of the percentage of cellulose, hemicellulose
and lignin, and it was shown to vary, depending on the crop,
indicating the possibility of using the investigated biomass
for different types of biofuels.

4. The quantity of macro-elements (sodium, magnesium,
potassium and calcium) vary in relation to crop biomass,
and the determined values indicate that the investigated
biomasses hold high combustion suitability and quality. The
cumulative analysis of the results confirms that agricultural
biomass is heterogencous (in terms of its chemical pro-
perties), and this also applies to the fast-growing energy
crops investigated in this study. Arundo donax L. would
be more suitable for direct combustion as solid fuel, while
Miscanthus x giganteus and Sida hermaphrodita show the
potential of solid and liquid fuels production.
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