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Abstract

:

Biomass obtained from cultivated energy crops is one of the raw materials with the highest potential in renewable energy production. Although such biomass can be used in production of lignocellulose bioethanol, it is currently mostly used as solid fuel for generating heat and/or electric energy via combustion processes. Calorific values, proximate and ultimate analysis, cell structure and micro- and macro-elements data are considered as basic parameters in the valorization of fuel properties during biomass combustion processes. Energy crops are cultivated with the aim to produce the largest possible quantity of biomass with minimal agro-technical inputs. One of these crops is Sida hermaphrodita (L.) Rusby. Given the fact that the chemical composition of biomass is influenced by a number of agro-ecological and agro-technical factors, the aim of this work was to determine the fuel properties of Sida hermaphrodita biomass obtained from three different harvest seasons (autumn, winter and spring) and cultivated in the area of the Republic of Croatia. On the basis of these investigations it was possible to conclude that harvest delaying towards spring season had a positive impact on suitability of using biomass of Sida hermaphrodita in the combustion process, which primarily means significant lowering the contents of moisture (18.64%), ash (1.94%), and nitrogen (0.65%), but also means increasing the contents of fixed carbon (6.21%) and lignin (25.45%).
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1. Introduction


According to the objectives of the Framework for Climate and Energy Policies until 2030, 21st UN Conference on Climate Changes (Paris Climate Agreement—cop 21), Biofuels and Indirect Land Use Change (ILUC) and Renewable Energy Directive (RED II) [1,2,3,4], biomass and biofuels are important segments in the Europe’s aim to become a self-sustainable low-carbon society. A promising and multifunctional way to protect national energy security can be a substitution of fossil energy by bioenergy, which can slow down climate change and improve rural economy [5]. Thermochemical conversion of biomass is the most commonly used way for using bioenergy crops and agricultural residues to fulfil energy needs [6]. Generally, biomass conversion technologies are considered as an environmentally friendly process [7].



Sustainable development of biomass resources for energy purposes requires knowledge of the biomass supply capacity as well as biomass quality [8,9]. Fuel properties data are very important for valorization of biomass in the combustion process. Such information is usually obtained by means of ultimate analysis, proximate analysis, calorimetry (for higher heating value) [10], determination of lignocellulosic composition and contents of micro- and macro-elements. Fuel properties of biomass vary significantly and the chemical composition and physical characteristics are greatly affected by the stage of vegetation [11]. The elemental content is commonly influenced by genetically determined properties, environmental conditions, such as soil traits (fertility, pH), weather features (precipitations) and plant agro-technical measures [12]. Biomass carries a potential to supply a competitive and sustainable source of energy in the future. It can be converted into a variety of energy products such as electricity, process heat, and engine fuel [13].



One of the most promising sources of raw materials for energy production are perennial energy crops. There are a number of characteristics that make energy crops a good source of biomass. These characteristics are: high yield, cold tolerance, C4 photosynthesis, perenniality and a low requirement for inputs [14]. Also, it is important to emphasize the potential to cultivate energy crops on poor quality soil (marginal soils), which has a directly impact on the food/feed vs. fuel production conflict.



Sida hermaphrodita (L.) Rusby (Virginia mallow) is classified as perennial energy crop. Sida hermaphrodita, belongs to the mallow family (Malvaceae), and is native to North America. It is not a short rotation woody crop (SRWC) or a perennial grass (e.g., miscanthus) but rather, by its chemical content and stem structure, it is a soft woody herbaceous energy crop [15].



Mehmood et al., [16] showed maximum yields of energy crops on marginal soils, ranging from 9–20 t ha−1 (Sida hermaphrodite), 15–19 t ha−1 (Miscanthus spp.), 1–22 t ha−1 (Panicum virgatum L.) and 36 t ha−1 (Arundo donax). If cultivation is carried out under more favorable agro-ecological conditions it is possible to achieve more yields, Mantineo et al. [17] reported a Miscanthus yield of 26.9 t ha−1 and Arundo donax 38.8 t ha−1. Borkowska and Molas [15] reported that the biomass yield of Sida hermaphrodita was significantly affected by environmental factors, especially weather conditions and farm management. The yields of the investigated culture range from 15 to 20 t ha−1 [18]. In demanding agroecological cultivation conditions with the addition of sewage sludge, yields were in the range of 9 to 11 t ha−1 [19], while average yield of dry matter of over 11 t ha−1 was observed during cultivation on Light Soil. Tworkowski et al. [20] found dry matter yields of Sida hermaphrodita of 11.2 to 12.7 t ha−1 in February, depending on the variety of planting material and fertilizer treatments. As with other perennial crops used for energy production, in the first year of growing there are no economically significant biomass yields [21] as they are expected to occur in the third or fourth year of the crop’s age.



However, the great challenge in cultivating and using of biomass energy crops is to select the appropriate harvest seasons. Dry matter yield as well as biomass quality in the greatest extent depend on harvest time, and thus the direction of biomass used to produce different biofuels.



Kiesel et al. [22] reported that the optimal harvest season for combustion depends on the yield losses, quality of harvested biomass and nutrient offtake (long-term environmental performance). Delayed harvesting affects biomass losses due to leaf fall, stem breakage, harvesting and collection efficiency [23]. By investigating the yield losses due to delayed harvest, Zub et al. [24], Larsen et al. [25] determined the losses of Miscanthus to range from 34 to 42%, while Adler et al. [26] cited biomass losses of 40% for Panicum virgatum L.



Exploring four different energy cultures, Nazlia et al. [27] have found that delayed harvesting of miscanthus, switchgrass, and giant reed also affect biomass changes. Namely, winter harvest leads to significantly lower moisture and ash contents, thus improving the quality of biomass for the combustion process. The expected lower moisture is due to natural drying in the field [28], while ash reduction may relate to the loss of leaf mass as the leaves have high mineral and ash contents [29].



Moisture content in Sida hermaphrodita biomass decreases from about 40% in November to about 20% in January [21]. However, delayed harvest may also have undesirable consequences on the quality of biomass. Exploring the potential of Miscanthus in biogas production Kiesal and Lewanowski [30] determined the reduced production of methane in relation to three different harvest times (July/August/October). The type of storage influences the characteristics of biomass such as its moisture content [31]. Depending on the biomass type and the climatic conditions, two basic types of biomass storages can be used: covered for dried biomass and open-air storages for biomass with higher moisture content [32]. The aim of this paper is to determine fuel properties (calorific value, proximate and ultimate analysis, cell structure and some micro/macro-elements) of Sida hermaphrodita biomass from three harvest seasons (autumn, spring and winter). In order to determine the quality of the investigated biomass as a solid biofuel, the obtained results will be compared with typical values stated in the technical specification CEN/TS 14961:2005 [33]. Given the fact that this specification does not contain values for Sida hermaphrodita biomass, the comparison will be based on the values defined for Miscanthus.




2. Materials and Methods


2.1. Materials


Experimental fields of Sida hermaphrodita were established at Ivanić Grad, Lepšić (48°84′ E; 50°65′ N), in Zagreb County (western part of Croatia) during the spring of 2014, and the investigations started in the autumn of 2016. Soil cultivation was carried out with classical agro-techniques, without fertilization, pesticide application and irrigation during the vegetation period.



The content of nutrients in the soil and soil reaction (soil pH) of the experimental site were analyzed in the laboratory of the Department of Plant Nutrition (University of Zagreb, Faculty of Agriculture). Table 1 presents the soil nutrient content and soil characteristics of the experimental site.



Climatic Conditions


The Ivanić Grad area has a moderate continental climate [34]. Throughout the year it is in a circulation belt of moderate width where the state of the atmosphere is very variable. According to Köppen’s Climate Classification, this area has a “Cfwbx” climate, which is a moderately warm rainy climate. According to the closest climatological station data (1981–2010), the warmest month is usually July (with average temperature of 21.4 °C), or, less frequently, August or June. The coldest month on average is January (0.5 °C), or February or December, which occurs more rarely. The temperature conditions of spring and autumn are almost the same. As for annual rainfall, there are two roughly equal maximum rainfall levels in June and September (93.0 mm or 97.3 mm) and the secondary maximum in November (82.3 mm), while the minimum rainfall is observed in the winter months of January and February (48.3 and 44.5 mm, respectively). According to the variation values coefficient, the prevailing rainfall rates are observed in January and August (cv = 65% and 64% respectively), and the most stable in June (cv = 44%). Annual rainfall amounts are considerably more constant than the monthly ones (cv = 15%). According to the Walter’s diagram [35], the temperature curve is below the rainfall level, so it is considered that, on average, each month there is still an excess of rainwater after evaporation.



The biomass was harvested manually and harvests were carried out in three harvest season (HS): autumn (25 November 2016; HS-1), winter (31 January 2017; HS-2) and spring (15 March 2017; HS-3). Biomass sampling was carried out on six different places within field trials. From each place, biomass was sampled on a surface 5 m long and 1 m wide. Biomass was cut to a height of 5 cm above the soil.





2.2. Methods


Valorization of fuel properties was conducted in the Laboratory for Biomass and Energy Efficiency in Agriculture, at the Department of Agricultural Technology, Storage and Transport (University of Zagreb Faculty of Agriculture).



Sample preparation consisted of grinding in a laboratory grinder (IKA Analysentechnik GmbH, Staufen, Germany). After grinding, the samples were homogenized with a mortar and pestle. Each homogenized sample was analyzed in three replicates for each sample.



For proximate analysis, the samples were characterized according to standard methods: moisture content [36] in a laboratory oven (INKO ST-40, INKOLAB d.o.o., Zagreb, Croatia). Ash content [37], fixed carbon (by difference) and volatile matter [38] were determined by use of a muffle furnace (Nabertherm Controller B170, Nabertherm GmbH, Lilienthal, Germany).



Heating value, lower heating value was obtained by calculation, after the higher heating value had been determined by the EN 14918:2010 method [39] in an adiabatic calorimeter (IKA, Staufen im Breisgau, Germany).



Ultimate analysis, total carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) were determined by dry combustion in a Vario Macro CHNS analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany), according to reported protocols [40,41]. The oxygen (O) was calculated by difference.



Cell wall composition, determination of cellulose, hemicellulose and lignin content was conducted by the modified standard method ISO 5351-1:2002 [42].



For macro- and micro-elements, the quantity of macro-elements (sodium—Na; magnesium—Mg; potassium—K; calcium—Ca) and micro-elements (iron—Fe; zinc—Zn; chromium—Cr; nickel—Ni) in the samples was determined by HRN EN ISO 16967:2015 methods [43] in an AAnalyst 400atomic absorption spectrometer (Perkin Elmer, Waltham, MA, USA), with the samples previously prepared in a microwave oven [44].



Statistical analysis was conducted according to the GLM procedure in the SAS system package version 8.00 [45].





3. Results and Discussion


3.1. Proximate Analysis and Lower Heating Value


Proximate analysis is one of the most important characterization methods during biomass thermal conversion. It consists of determining moisture, ash, volatile matter and fixed carbon contents of raw biofuels [46], while the lower heating value represents one of the basic parameters for evaluation of biomass as solid fuel. Table 2 presents the abovementioned parameters of the Sida hermaphrodita biomass in the three harvest seasons.



Moisture content is the key factor that determines the net energy content of biomass material and how it influences the calorific value, combustion efficiency and combustion temperature [47,48]. Expectedly, by delaying the harvest from autumn to spring, there was a statistically significant reduction of moisture in the harvested biomass, which directly influenced the quality of the raw material for the direct combustion process. The moisture content in biomass of energy crops, including Sida hermaphrodita, primarily relates to agro-ecological conditions of the location where the crop is cultivated. The moisture content determined in the third harvest season enables safe storage of the harvested biomass without previously using energy inputs for drying the material, which is not the case with the moisture contents found in the first and the second harvest seasons. Stolarski et al. [49] determined that moisture loss was from 42.76% (November) to 17.99% (April), while Jablanowski et al. [50] found the moisture content of 12% in the harvest which was carried out in January.



Non-combustible content in biomass is referred to as ash [48] and it is an undesirable ingredient because of its catalytic influence on thermal decomposition [51]. The statistical analysis makes it possible to observe that, by delaying the harvest, the ash content was significantly reduced. Stolarski et al. [49] also determined the reduction of ash content from 3.09% to 2.36% by delaying the harvest from November to April. Furthermore, the average ash content in biomass of Sida hermaphrodita was determined by Šiaudinis et al. [52] at 6.07% (pellet) in September/October harvest, by Jablanowski et al. [50] at 2.84% in January harvest. Not specifying the time of harvest, different authors [53,54,55] quote average ash contents of 2.9 to 5.2%; 2.63%; 3.75%, respectively. Comparing our own data with the literature, it can be observed that the analysis of the biomass harvested in the autumn season showed a higher ash content. The quoted ash values from the later harvest seasons as well as the determined average value (4.68%) are in line with the literature data. Of all proximate analyses shown in Table 1 only the ash content is valorized in the CEN/TS 14961:2005 specification for solid biofuels [33], and for Miscanthus the typical value is 4%, which is markedly higher than the value found in the second and the third harvesting season.



Fixed carbon represents the quantity of carbon trapped in biomass by the photosynthetic process: a higher content of fixed carbon represents a higher biomass quality because of its increased heating value [47,56]. As for the two previous parameters, the fixed carbon content was statistically significantly impacted by harvest time and the delayed harvesting also resulted in enhanced quality of biomass in terms of combustion properties. The average fixed carbon content in Sida hermaphrodita biomass was 4.94%, which is significantly below 17.14%, the value which Howaniec and Smolinski reported without specifying the harvest season [54].



Another important consideration in the proximate analysis, when it comes to energetic value, are volatile components that are released by heating organic substances at high temperatures [57].



Unlike all other proximate analyses, harvest delay only slightly lowered the quality of biomass due to an increased volatile matters content. Statistical analysis determined significant difference between the first and the other two harvest seasons.



Howaniec and Smolinski [54] determined a volatile matters content of 71.47%, while Stolarski et al. [58] determined 78.49% in a spring (March) biomass harvest. Comparing these values with the average volatile matters found in this investigation (86.78%), it can be observed that there is a larger variation in this parameter. As for comparison with the literature data, investigations about influence of the harvest time on fixed carbon and volatile matters in Sida hermaphrodita have not been found in the available literature.



The quality of any biomass or fuel can be observed through the amount of heat (energy) generated from a fuel unit mass [8]. The calorific value can be expressed as higher heating value (HHV) and lower heating value (LHV). The latent heat contained in the water vapor cannot always be used effectively and, therefore, LHV is the appropriate value to present energy available for subsequent use [56]. Delaying the harvest time statistically influenced the LHV in the investigated biomass. However, a linear increase in LHV in line with decreasing moisture content in the harvested biomass was not observed, and the highest determined value was analyzed in the second harvest season (January). Similar tendency in calorific value was found by Stolarski et al. [49] in the HHV analysis of Sida hermaphrodita biomass (September 18.71 MJ/kg; January 18.80 MJ/kg; March 18.72 MJ/kg). Also, authors [50,52,58] were looking into LHV in the investigated crop in relation to harvest seasons and found values of 16.92 MJ/kg (March), 17.82 MJ/kg (September/October) and 16.79 MJ/kg (January), successively. The average value of the determined LHV of 17.85 MJ/kg indicates that Sida hermaphrodita is a valuable energy raw material for the direct combustion process. In comparison to a typical LHV value for Miscanthus in CEN/TS 14961:2005 specification [33] (18.4 MJ/kg), it can be observed that they were somewhat lower in the investigated biomass.




3.2. Ultimate Analysis


For understanding of the feedstock suitability for energy production it is important to determine the ultimate analysis as the basic composition of a feedstock [59]. It is determined through the weight percentages of chemical elements (carbon, hydrogen, nitrogen, oxygen and sulfur) in the biomass [60]. Table 3 presents the mentioned parameters of Sida hermaphrodita biomass in relation to the three harvest seasons.



Carbon, nitrogen, hydrogen and oxygen are the main components of solid fuels. During the combustion process carbon and oxygen react in an exothermic reaction by generating CO2 and H2O. Thus, as internal O is a part of the comburent fraction, only C contributes positively to the HHV of a fuel [10]. Nussbaumer [61] emphasizes NOx emissions as one of the main environmental impacts of solid biomass combustion process. NOx can be formed via three different reaction mechanisms: thermal-NOx (from high temperature oxidation and atmospheric N2), prompt-NOx (from the reaction of fuel-derived radicals and atmospheric N2) and fuel-NOx (from the oxidation of nitrogen chemically bound in the fuel) [62]. Regarding the fact that higher amounts of nitrogen affect the NOx emissions during combustion, nitrogen is considered to be an undesirable biomass component. Obernberger et al. [63] stated that agricultural biomass with respect to forests contains a higher concentration of nitrogen, leading to higher NOx emissions. However, they also cite the possibility of reducing NOx emissions by introducing so-called primary [64] and secondary measures [65], which ultimately can result in emission reductions of up to 95%. Sulphur oxides (SOx) are formed during combustion and contribute significantly to particulate matter (PM) pollution and acid rain [48]. Furthermore, higher hydrogen content determines and leads to a higher value of LHV [11,66].



By use of statistical analysis it could be determined that all investigated elements showed significance in relation to the time of biomass harvesting. The analysis of biomass harvested in autumn showed a lower quality of biomass for the combustion process compared to the biomass harvested in the following spring.



Relative to the different harvest seasons, Stolarski et al. [49] determined the contents of carbon, hydrogen and sulfur in the investigated biomass at 46.08%, 5.46%, 0.038% (November); 47.71%, 5.71%, 0.034% (January) and 48.89%, 5.80%, 0.023% (March), successively. As in this investigation, it is possible to observe positive changes in the biomass composition in terms of the above parameters and the harvest season. The average contents of carbon (42.56%), hydrogen (6.06%) and sulfur (0.13%) in the biomass of Sida hermaphrodita were also determined by Kron et al. [67] who analyzed the biomass harvested in the summer months (July/August/September). Šiaudinis et al. [52] found in the Sida hermaphrodita biomass harvested in September/October a carbon content of 45.46%, hydrogen content of 5.61% and sulfur content of 0.17%, while Stolarski et al. [58] analyzed the same elements in the biomass harvested in March and found these contents to be 48.44%, 5.38% and 0.033%, respectively. Comparing these values with the average ones in this work (carbon 43.03%, hydrogen 5.47%, sulfur 0.22%), there is compatibility in all investigated elements, except in case of sulfur content which is markedly lower in the literature [49,58]. In the same season Stolarski et al. [58] found a nitrogen content of 0.35%, while Šiaudinis et al. [52] analyzed this element at 0.75%, and oxygen at 41.94%. Kron et al. [67] analyzed the average contents of nitrogen and oxygen in the investigated material to be 1.25% and 49.86%, respectively. Comparing the data from this investigation with the literature, it can be observed that the average nitrogen content determined in this investigation (0.71%) is in line with the literature values of the analyzed biomass during dormancy. However, relative to the values obtained by Kron et al. [67], who analyzed the Sida hermaphrodita biomass that was harvested in the summer months, the nitrogen content was found to be lower. The determined average oxygen content (50.38%) in this investigation is in line with the literature data with variations that were within expectations. Relative to typical values stated in the CEN/TS 14961:2005 specification [33] for C (49%), H (6.4%), N (0.7%), O (44%) and S (0.2%), it is possible to observe that the above values are in accordance with the values found in the third harvest season. Parallel to the values determined in the first and the second harvest season certain variation can be observed.




3.3. Cell Wall Composition


Lignocellulose is made up of three components: lignin, cellulose, and hemicellulose, whose content significantly varies depending on type of the biomass [68]. Lignin constitutes the key component of the cell wall, and biomass with higher lignin content is more suitable for electricity/heat energy production by direct combustion [51,56,69]. A high lignin content in the biomass results in a higher HHV. Cellulose and hemicellulose are higher in oxygen in relation to lignin, so cellulose has lower heating value than lignin [70]. Table 4 shows the values in the cell wall composition of the biomass of Sida hermaphrodita in relation to the three investigated harvest seasons.



The statistical analysis demonstrated that delaying the harvest from autumn to spring enabled the increase in the cellulose and lignin contents, while the hemicellulose content only slightly varied. Jablanoeski et al. [50] state that the increased lignin and cellulose contents is associated with increasing dry matter content, which is the case in this investigation as well. Wright et al. [71] quote the cell wall composition of the selected energy crops (switchgrass, Miscanthus, Arundo), and the average expected values are: 31–51% cellulose, 24–50% hemicellulose and 17–26% lignin. As for the observed crop, Wróblewska et al. [72] determined the contents of cellulose (41.02%) and lignin (20.52%). With regard to the average values found in this investigation (cellulose 42.65%, hemicellulose 29.17%, lignin 23.00%) it can be observed that all parameters are in accordance with the literature data. CEN/TS 14961:2005 specification [33] does not evaluate the cell wall composition.




3.4. Macro and Micro Element


Elemental composition has a significant effect on biomass quality and combustion process parameters [73] and may cause serious problems in the furnaces, including occurrence of ash slagging, corrosion and dirt [74]. The extent of these problems is closely related to the chemical composition of the used biomass [75]. The proportions of individual elements should be studied individually, but also in their mutual relation. For example, due to a significant impact on the occurrence of ash slagging, the ratio between K, Ca and Si should be taken into account in the biomass quality assessment. Reumerman and Van den Berg [75] have found that biomass with high Si/K and Ca/K ratio contributes to lower slag occurrence. K and Na, in combination with Cl and S, are involved in corrosion. These elements are partially vaporized during combustion, forming alkali chlorides condensing on the surface of the heat exchanger and reacting with flue gas, forming sulfates and releasing Cl [76,77]. Ca and Mg usually increase the ash melting point, while K decreases it [78,79]. Therefore, the fuel is better if it is present a lower proportion of K and Na [76,80]. Furthermore, during combustion, volatile elements such as Cl may form submicron particles condensing as salts which, with the presence of high temperatures, can cause K and Si to form sticky deposits in the combustion chamber [81,82]. Together with Cl and S, K and Na play a major role in corrosion mechanisms. Moreover, low melting mixtures of alkali and heavy metal chlorides can also cause corrosion by sulfating reactions [63]. In the case of a high melting point, the presence of K or Ca, Si is readily reacted by forming alkaline silicates having significantly lower melting points. P may also increase the potential deposition of slags [82]. Alkaline elements such as Na, Mg or salts (e.g., chloride, sulfide) easily form a mixture of two or more solid phases which thereby lower the melting point [83]. Si in the combination with Na and K can lead to the formation of silicates in the fly ash particles [77]. These processes promote ash melting on the combustion grid and the appearance of slag [80]. This fact must be considered when selecting the appropriate combustion and temperature control technology [79].



Table 5 shows the investigated macro and micro elements in biomass of Sida hermaphrodita in relation to the three harvest seasons, as well as typical values of Miscanthus biomass stated in the technical specification CEN/TS 14961:2005 [33].



Delaying the harvest from autumn to spring resulted in statistically significant changes of the biomass composition in the magnesium, potassium, iron and zinc contents.



Compared to the different fertilization treatments during cultivation of Sida hermaphrodita culture Borkowska and Lipiński [84] investigated the values of the selected elements in the cultivated biomass. Comparing their results K 3870 (mg/kg, db), Mg 560 (mg/kg, db), Ca 7290 (mg/kg, db) and Na 90 (mg/kg, db), with results analyzed in this paper, there is a slight decrease in the Mg and Ca content, and a more significant one for K and Na content. The same elements were also investigated by Monti et al., [85] and in the stems of six different energy cultures they found average values for K 6774 (mg/kg), Mg 1260 (mg/kg), Ca 3325 (mg/kg), and Na 2174 (mg/kg). According to the above it can be said that the content of certain macro- and micro-elements depends on a variety of agro-ecological factors such as climatic conditions of cultivation location, soil type, cultivated culture, agro-techniques and harvesting time. Regarding the CEN/TS 14961:2005 specification [33], it can be observed that the analyzed values of magnesium, potassium, iron, zinc and chrome are in accordance with or only vary slightly from the typical values, while larger divergences are noted in sodium and calcium. Given the content of macro- and micro-elements in the biomass in influenced by several agro-ecological factors and planting locations, a certain divergence of the analyzed values from the CEN/TS 14961:2005 specification [33] was to be expected.





4. Conclusions


Different harvest seasons have an influence on the fuel properties of Sida hermaphrodita biomass. Delaying harvest from autumn toward spring resulted in significant variations in the biomass composition in all investigated parameters except for magnesium, calcium, chrome and nickel. The delayed harvest had a positive influence on the quality of the investigated biomass, primarily due to lowering the moisture, ash, nitrogen, sulfur, and carbon contents, but also lead to increasing levels of fixed carbon and lignin. All investigated combustion parameters are in line with typical values in CEN/TS 14961:2005 for solid fuel or show variations within the expected range. The determined values of potassium, and sulfur as well, can be one of the aggravating factors during the use of biomass in the combustion process. The conducted investigations indicate that biomass of the crops Sida hermaphrodita is potentially a good quality raw material for the direct combustion process. In the case of poor quality furnaces and improper technical handling of biomass, slag and corrosion are possible, which is not characteristic of Sida hermaphrodita only but also of other agricultural biomass. Croatia has no experience in cultivation and energy utilization of Sida hermaphrodita, and the results of the investigation have contributed to the adoption of the Law on Short Rotation Crops. Given the fact that Croatia has significant tracts of abandoned agricultural land, the introduction of such cultures would have an impact on their revitalization without affecting the current production of food and feed. It must be emphasized that the eastern part of Europe does not have a biomass stock market, and the introducing of production of crops for green energy would encourage the establishment of such a market.
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Table 1. Soil nutrient content and soil reaction of the experimental site.






Table 1. Soil nutrient content and soil reaction of the experimental site.





	
Location/Investigated Parameters

	
pH

	
%

	
mg/100 g Soil




	
H2O

	
1 M KCl

	
O.M.

	
N

	
P2O5

	
K2O






	
Ivanić Grad

	
5.39

	
4.73

	
1.79

	
0.09

	
8.98

	
22.0
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Table 2. Proximate analysis and lower heating value of the investigated Sida hermaphrodita biomass.






Table 2. Proximate analysis and lower heating value of the investigated Sida hermaphrodita biomass.





	
Harvest Season

	
Parameters




	
Moisture (%)

	
Ash (%, db)

	
Fixed Carbon (%, db)

	
Volatile Matter (%, db)

	
Lower Heating Value (MJ/kg, db)






	
HS-1

	
45.21 a ± 0.19

	
9.27 a ± 0.42

	
3.54 c ± 0.42

	
84.19 b ± 0.42

	
17.69 ba ± 0.14




	
HS-2

	
24.87 b ± 0.08

	
2.85 b ± 0.71

	
5.08 b ± 0.06

	
88.87 a ± 0.07

	
18.31 a ± 0.09




	
HS-3

	
18.64 c ± 0.17

	
1.94 c ± 0.31

	
6.21 a ± 0.98

	
87.29 a ± 0.98

	
17.56 b ± 0.18








db = dry basis; different letters within columns indicate significant differences at the 5% level.
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Table 3. Ultimate analysis of the investigated Sida hermaphrodita biomass.
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Harvest Season

	
Parameters




	
C (%, db)

	
N (%, db)

	
O (%, db)

	
S (%, db)

	
H (%, db)






	
HS-1

	
46.79 b ± 0.09

	
1.82 a ± 0.10

	
45.06 b ± 0.04

	
0.26 a ± 0.02

	
6.07 a ± 0.06




	
HS-2

	
32.22 c ± 0.24

	
0.22 c ± 0.01

	
63.14 a ± 0.12

	
0.19 b ± 0.01

	
4.24 b ± 0.04




	
HS-3

	
50.08 a ± 0.08

	
0.65 b ± 0.05

	
42.95 c ± 0.05

	
0.23 ba ± 0.03

	
6.10 a ± 0.09








db = dry basis; different letters within a column indicate significant differences at the 5% level.
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Table 4. Cell wall composition of Sida hermaphrodita biomass.
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Harvest Season

	
Parameters




	
Cellulose (%, db)

	
Hemicellulose (%, db)

	
Lignin (%, db)






	
HS-1

	
39.03 b ± 1.06

	
30.08 a ± 2.08

	
19.88 b ± 1.10




	
HS-2

	
43.89 a ± 1.15

	
30.10 a ± 1.09

	
23.68 a ± 1.06




	
HS-3

	
45.04 a ± 1.03

	
27.33 a ± 1.12

	
25.45 a ± 1.10








db = dry basis; different letters within a column indicate significant differences at the 5% level.
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Table 5. Macro and micro elements of the investigated Sida hermaphrodita biomass and typical values for Miscanthus biomass [33].
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Parameters

	
Harvest Season

	
CEN/TS 14961:2005




	
HS-1

	
HS-2

	
HS-3






	
Macroelements (mg/kg, db)




	
Na

	
29.76 a ± 0.60

	
27.29 a ± 3.40

	
20.73 b ± 0.60

	
200–500




	
Mg

	
501.7 a ± 0.72

	
499.7 a ± 1.61

	
500.1 a ± 2.40

	
300–900




	
K

	
12,360 a ± 61.29

	
794.6 c ± 23.53

	
11,340 b ± 30.71

	
1000–11,000




	
Ca

	
7259 a ± 348.73

	
7583 a ± 204.59

	
7569 a ± 159.81

	
900–3000




	
Microelements (mg/kg, db)




	
Fe

	
48.87 c ± 1.03

	
60.73 b ± 0.78

	
75.39 a ± 0.51

	
40–400




	
Zn

	
13.58 a ± 2.28

	
8.92 b ± 0.64

	
10.27 b ± 1.07

	
10–20




	
Cr

	
5.26 a ± 1.74

	
5.40 a ± 1.88

	
4.73 a ± 3.12

	
0.4–6.0




	
Ni

	
5.71 a ± 1.64

	
5.43 a ± 3.49

	
6.72 a ± 1.47

	
0.5–5.0








db = dry basis; different letters within a column indicate significant differences at the 5% level.
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