

  energies-17-01243




energies-17-01243







Energies 2024, 17(5), 1243; doi:10.3390/en17051243




Article



Characteristics and Changes in the Properties of Cereal and Rapeseed Straw Used as Energy Feedstock



Mariusz Jerzy Stolarski 1,2, Michał Welenc 1, Michał Krzyżaniak 1, Ewelina Olba-Zięty 1,2, Jakub Stolarski 1 and Sławomir Wierzbicki 3,*





1



Department of Genetics, Plant Breeding and Bioresource Engineering, Faculty of Agriculture and Forestry, University of Warmia and Mazury in Olsztyn, 10-724 Olsztyn, Poland






2



Centre for Bioeconomy and Renewable Energies, University of Warmia and Mazury in Olsztyn, Plac Łódzki 3, 10-719 Olsztyn, Poland






3



Department of Mechatronics, Faculty of Technical Sciences, University of Warmia and Mazury in Olsztyn, Oczapowskiego 11, 10-719 Olsztyn, Poland









*



Correspondence: slawekw@uwm.edu.pl; Tel.: +48-895245222







Citation: Stolarski, M.J.; Welenc, M.; Krzyżaniak, M.; Olba-Zięty, E.; Stolarski, J.; Wierzbicki, S. Characteristics and Changes in the Properties of Cereal and Rapeseed Straw Used as Energy Feedstock. Energies 2024, 17, 1243. https://doi.org/10.3390/en17051243



Academic Editors: João Fernando Pereira Gomes and Toufik Boushaki



Received: 25 January 2024 / Revised: 1 March 2024 / Accepted: 3 March 2024 / Published: 5 March 2024



Abstract

:

Solid biofuels, including straw as production residue, are still the largest energy feedstock in the structure of primary energy production from renewable energy sources. However, the properties of straw as a solid biofuel can vary depending on the species from which it was produced and the harvest period and year. Therefore, this study aimed to assess the thermophysical properties and elemental composition of six types of straw (rye, oat, triticale, wheat, corn, and rapeseed straw) obtained over three consecutive years (2020, 2021, 2022). Rye straw had the lowest moisture (mean: 10.55%), ash (mean: 2.71% DM), nitrogen (mean: 0.54% DM) and chlorine (mean: 0.046% DM) contents and the highest carbon content (mean: 47.93% DM), a higher heating value—HHV (mean: 19.03 GJ Mg−1 DM) and a lower heating value—LHV (mean: 15.71 GJ Mg−1). Triticale straw had similar properties, classifying it into the same cluster as rye straw. Corn straw had a remarkably high moisture content (mean: 48.91%), low LHV and high chlorine content. Rapeseed straw contained high levels of Cl, S, N and ash, and they were 643%, 481%, 104% and 169% higher, respectively, than those in rye straw. The sulfur, chlorine and moisture contents of the six straw types under study were highly variable during the three years of the study. Knowledge of the properties of different types of straw as energy feedstocks facilitates the logistics and organization of the supply of bioenergy installations. However, further research is needed, especially studies assessing the energy intensity and logistical costs of different types of straw used for energy purposes.






Keywords:


agricultural solid biofuel; straw; rye straw; oat straw; triticale straw; wheat straw; corn straw; rapeseed straw; lower heating value; ash content; sulfur content; nitrogen content; chlorine content












1. Introduction


Renewable energy sources (RES) play an increasingly important role in the European Union’s (EU’s) energy supply. The average share of energy from RES in the EU was 23.0% in 2022 [1]. Sweden was the leader in this regard (66.0%), although the RES share was also high in Finland, Latvia and Denmark (47.9%, 43.3% and 41.6%, respectively). The share of energy from RES in Poland was much lower during this period and amounted to 16.9%. This value was only lower in five other EU countries. The share of solid biofuels in individual renewable energy carriers is still the highest because they accounted for more than 41.2% in the EU, and the figure was particularly high in Poland (64.5%) [2]. This is why analysis of the available sources and quality of solid biofuels is a topical issue. Solid biomass as an energy feedstock is usually obtained from forests as residue after clearing or logging (e.g., small and large branches and treetops unsuitable for industrial purposes). Considerable amounts of dendromass residues are obtained from the wood processing industry (edgings, shavings, sawdust, bark, etc.) [3,4,5,6]. The food processing industry is also a source of biomass for energy generation, both as solid biofuels and feedstock for biogas production. Agriculture can also provide solid biofuels from plantations of perennial industrial crops, which is particularly interesting when such plantations are set up on marginal soil [7,8,9,10,11]. However, straw is now the main type of solid biomass derived from agriculture. It is a residue generated mainly from cereals and oilseed crops [12].



Straw from cereals and oilseed crops has been used directly in agriculture as bedding, fodder and organic fertilizer to stabilize the organic matter content in soil [12]. Moreover, it can be used as a substrate for the production of mushrooms, as an insulation and construction material [13], and it can find a potential application in the food and biopharmaceutical industries [14] and as a substitute in the paper industry [15,16]. Excessive amounts of straw have been produced recently, mainly due to higher yield resulting from an increase in the share of cereals and rapeseed in crop cultivation and a decrease in the farm animal population, mainly cattle, sheep and horses. Therefore, using excess straw as an energy feedstock is an important element of its utilization, directly contributing to the generation of larger amounts of green energy [17]. It is assumed that, without detriment to animal production and the soil organic matter balance and other alternative uses of straw, 25% of the annual straw output can be used for energy purposes [12].



The volume of obtainable straw directly depends on the surface on which the cereals and oilseed crops are cultivated and the crop species, cultivar, cultivation technology, climate and soil conditions, applied agrotechnical procedures, harvest technology, etc. [12,18]. An analysis of the straw potential in the Baltic Sea Region (BSR) showed that the theoretical potential of straw from cereals and oilseed crops in Poland was 30 million Mg year−1, while it was up to 45 million Mg year−1 in Germany [12]. The technical potential of straw for energy purposes (after its use in agriculture and other sectors is considered) was six times lower than the theoretical potential. Therefore, the technical potential of straw in Poland was 5.1 million Mg year−1, whereas it was nearly 7.5 million Mg year−1 in Germany and ca. 1.6 million Mg year−1 in Denmark (where the area used to cultivate these crops is much smaller). The technical potential of straw in the other BSR countries under analysis was below 1 million Mg year−1. This was calculated to be 34% of such potential in the entire EU.



There will always be differences between countries regarding the amount of straw obtainable for energy purposes, which is a consequence of the abovementioned factors. It is also true that there are considerable amounts of this solid biofuel. Straw is used as feedstock in the production of biogas [19,20], gaseous fuels [21], liquid fuels [22,23] and solid fuels [24]. Straw as a solid fuel (in pressed forms, such as briquette and pellet) is used to generate heat and electricity. Therefore, assessing the properties of straw as a solid biofuel is a topical issue. The research hypothesis assumed that the properties of straw as an energy feedstock would vary significantly depending on the plant species and the period of harvesting. Therefore, this study aimed to assess the thermophysical properties and elemental composition of six types of straw obtained in northeastern Poland for three consecutive years (2020, 2021, 2022).




2. Materials and Methods


2.1. Material and Research Factors


Six types of straw as residue from the production of cereals and oilseed were used as the study material and the first factors in this study. There were five types of cereal straw (rye, oat, triticale, wheat and corn straw) and one type of oilseed crop straw (rapeseed straw). The three years when the straw was obtained (2020, 2021, 2022) constituted the second factor. All straw types were obtained over three years from fields in northeastern Poland owned by the University of Warmia and Mazury in Olsztyn (UWM). Rye, oat, triticale, wheat and rapeseed straws were obtained in August of each year, i.e., in summer during the harvest, when the average monthly air temperature in this region of Poland was about 18 °C. The corn straw was obtained in November when the grain was ripe, which usually happens in late autumn when the average air temperature is only about 4 °C. Samples of pure straw (without weeds and other organic or mineral contaminants) for analyses were collected randomly each year from production fields immediately after the harvest of the main crop (i.e., grain or seeds). A collective sample of a specific type of straw weighing about 1 kg was packed in plastic bags and transported to the UWM laboratory for further analyses and assays. The fertilization rates for individual crop species in each year of the experiment are shown in Table 1.




2.2. Laboratory Analyses


Laboratory samples were isolated from the straw samples supplied from the field. The analyses started with the determination of moisture content (MC). The straw was dried at 105 °C in an FD BINDER drier (BINDER, Tuttlingen, Germany) until a constant mass was achieved, as per the standard PN-EN ISO 18134-2 [25]. Subsequently, the dried straw was ground with a Retsch SM 200 (Retsch, Haan, Germany) mill with a 1 mm mesh mill. The carbon (C), hydrogen (H) and sulfur content (S) of the straw was determined with an ELTRA CHS-500 (ELTRA, Neuss, Germany) automatic analyzer in accordance with PN-EN ISO 16948:2015-07 [26] and PN-EN ISO 16994:2016-10 [27]. The nitrogen (N) content was determined by the Kjeldahl method with a K-435 mineralizer and a BUCHI B-324 (BUCHI, Flawil, Switzerland) distilling device. The chlorine (Cl) content was determined in accordance with PN-ISO 587:2000 with the Eschka mixture [28]. The ash content of the straws under analysis was determined at a temperature of 550 °C, and the fixed carbon (FC) and volatile matter (VM) content at 650 °C, using an Eltra Tga-Thermostep thermogravimetric oven (ELTRA, Neuss, Germany), as per the standards PN-EN ISO 18122:2016-01 [29] and PN-EN ISO 18123:2016-01 [30]. The higher heating value (HHV) was determined in an IKA C2000 calorimeter (IKA, Taufen, Germany) by the dynamic method. In the next step, lower heating value (LHV) was calculated from HHV, MC and H content, as per the norm PN-EN ISO 18125:2017-07 [31] (Equation (1)). It should also be added that there may be different heating value models for the different biomass fuels [32,33]. All laboratory analyses for each straw type in each year were performed in three replicates.


LHV = (HHV − 206 × H) × (1 − 0.01 × MC) − 23.0 × MC



(1)




where



	
LHV—lower heating value (J g−1),



	
HHV—higher heating value (J g−1 DM),



	
H—hydrogen content (% DM),



	
MC—moisture content (%).







2.3. Statistical Analysis


The statistical analyses were based on a two-way analysis of variance (ANOVA). The six straw types were the first factor, and the three consecutive harvest years constituted the second factor. The arithmetic means and the standard deviations were calculated for all the thermophysical properties and the elemental composition. Homogeneous groups were identified with Tukey’s honestly significant difference (HSD) test at the level of significance of p < 0.05. The Pearson correlation coefficient between the attributes was also determined. The descriptive statistics, such as mean, coefficient of variance, standard deviation, upper and lower quartile, and minimum and maximum values, were determined for the whole data set for the straw types under study. Moreover, an agglomerative hierarchical clustering analysis by Ward’s method was performed for the straw types and their properties. Clusters were identified with Sneath’s criterion. Two cut-off lines were applied: the first at 2/3 Dmax and the second at 1/3 Dmax, where Dmax denoted the maximum measure of distance D. All the statistical analyses were performed with STATISTICA 13 (TIBCO Software Inc., Palo Alto, CA, USA).





3. Results and Discussion


3.1. Thermophysical Characteristics


The moisture content (MC), FC, and LHV of the straw were significantly differentiated by the two main factors, i.e., the straw type and the harvest year, and the interactions between them (Table 2). However, a different relationship was observed in the case of ash, VM and HHV, as these parameters were not differentiated significantly by the harvest year. Cereal (rye, oat, triticale, wheat) straw obtained in the summer contained less moisture (mean: 10.55–12.26%, homogeneous groups “c,d”) compared with rapeseed straw obtained during the same period (mean: 19.39%, homogeneous group “b”) and corn straw (mean: 48.91%, homogeneous group “a”) obtained in late autumn (Figure 1a). This was to be expected because of the lower air temperatures in late autumn; therefore, the moisture content of the corn straw was (significantly) the highest in all three harvest years and amounted to about 49% (Table 3). Among the types under study, the rye straw had the lowest moisture content (10.55%), and it was the lowest in 2022 (under 10%) (Figure 1a, Table 3). The moisture content of all the straw types was the lowest in 2022, whereas it was higher in 2020 and 2021 by 1 and 2 percentage points (pp.), respectively. Although the differences were statistically significant, they were not large from the practical perspective. The moisture content of triticale straw, as determined in a different study (12.6%) [34], was comparable with the findings of this study for straw of cereals harvested in the summer. Gradziuk et al. found that the moisture content of rye straw (12.8%) was also similar, whereas that of wheat straw was higher (15.5%), and that of rapeseed (12.6%) and corn straw (19.6%) were lower [17]. The moisture content ranges determined in other studies were higher (15–20%) for rye, wheat and triticale straws [35]. Much higher moisture content was determined in the straw of rapeseed (30–40%) [35,36] and corn (45–60%) [35], which was more consistent with the findings of this study. Rapeseed straw analyzed in an earlier study was also found to contain higher moisture levels (28%) than that of rye or wheat (16%) [37]. A very high moisture content (mean: 56%) was also determined in camelina and crambe straw [38]. Based on the data, it is evident that the moisture content of straw varies remarkably depending on the species and weather conditions before and during harvest.



Rye straw contained the significantly lowest ash level (mean: 2.71% DM) (Figure 1b). The second homogeneous group, “c”, included triticale and corn straws, which contained 3.80% and 4.26% DM of ash, respectively. The next group, “d”, concerning the ash content, included wheat and oat straws, with contents of 5.51 and 5.66% DM, respectively. The significantly highest ash content was determined in rapeseed straw (7.28% DM), which was disadvantageous from an energy generation perspective. Moreover, this figure was three times higher than for rye straw. The ash content of rapeseed straw, as determined in a different study [37], was lower (5.47% DM), and it was at the same level as that of rye straw, whereas it was higher in wheat straw (6.35% DM). The mean ash content of oat straw was 3.85% DM [39]. Moreover, it decreased with an increasing nitrogen fertilization rate and varied for different cultivars (3.05–4.33% DM). Therefore, those levels were lower than the levels found in the current study. A similar ash content of oat straw (5.0% DM) and of corn straw (4.2% DM) to the ash content determined in the current study was found by Szufa et al. [40]. On the other hand, the ash contents of triticale straw (4.77% DM) [34] and wheat straw (6.34% DM) [41] were higher than in the findings of the current study for these straw types.



The highest FC (mean: 20.60% DM), VM (mean: 76.68% DM), HHV (mean: 19.03 GJ Mg−1 DM), and LHV (mean: 15.71 GJ Mg−1) were determined in the current study for rye straw (Figure 1c–f). On the other hand, the lowest FC, VM and HHV were found for rapeseed straw. Similar HHV values for straw of cereals (18.70 GJ Mg−1 DM) and rapeseed (18.93 GJ Mg−1 DM) were obtained in earlier studies [37]. The lowest HHV was calculated in a different study for corn straw (18.45 GJ Mg−1 DM), followed by rye straw (18.95 GJ Mg−1 DM), wheat straw (19.04 GJ Mg−1 DM), and the highest was found for rapeseed straw (19.28 GJ Mg−1 DM) [17]. The HHV for camelina straw was significantly higher (approximately 18.6 MJ kg−1 DM) than for crambe (17.9 MJ kg−1 DM) [38,42]. Regarding the LHV, it was found in the current study to exceed 15 GJ Mg−1 in all the cereal straw types harvested in summer (rye, oat, triticale, wheat) (Figure 1f). The LHV was the highest for rye (homogeneous group “a”) and the lowest for oat (homogeneous group “c”), and the difference between these types was approximately 4%. The mean LHV for rapeseed straw was 13.30 GJ Mg−1 (homogeneous group “d”), and the lowest value of this attribute was calculated for corn straw (7.67 GJ Mg−1) (homogeneous group “e”). The lower LHVs for rapeseed and corn straws were a direct consequence of the higher moisture content of these straw types. This was confirmed in a correlation analysis, which shows that the LHV was significantly negatively correlated with the moisture content (−1.00) and significantly positively correlated with FC (0.57) and HHV (0.58) (Table 4). This is why the LHV for corn straw was the significantly lowest (under 8 GJ Mg−1) in each study year (Table 3). In consecutive study years, the LHV for rapeseed straw ranged from 12.14 to 14.35 GJ Mg−1 in 2021 and 2022, respectively. The LHV for rapeseed straw was also lower (12.95 GJ Mg−1) in an earlier study [37] than that determined for rye and wheat straws (15.3 GJ Mg−1). Higher LHVs for rapeseed straw (14.8 GJ Mg−1) and wheat straw (16.3 GJ Mg−1) were determined in a different study [43], but the relationships between them were similar to those mentioned above. The LHV for oat straw was 14.83% GJ Mg−1. Moreover, since this was found to decrease with an increasing nitrogen fertilization rate and to vary for different cultivars (14.44–15.22 GJ Mg−1) [39], it was similar to the level determined in the current study.




3.2. Elemental Composition


The content of all the elements (C, H, N, S, Cl) was significantly differentiated by the two main factors, i.e., the straw type and the harvest year and their interactions (Table 2). Rye straw contained the significantly highest level of C, with a mean of 47.93% DM (Figure 2a). The same homogeneous group, “a”, included wheat and triticale straws. Oat, corn and rapeseed straws were included in the second homogeneous group, “b”, and the mean C content of these straw types was 2–3 pp. lower, and it was the lowest in rapeseed straw (mean: 44.34% DM). The lowest C content in the entire experiment (42.95% DM) was determined in corn straw in 2021 (Table 5). The highest C content in this study was determined in 2020, and the difference between the years for all the straw types was over 3 pp. The carbon content of corn straw, as determined in a different study, was 42.24% DM [44]. A similar C content in corn straw (42.3% DM) and higher C content in oat straw (44.1% DM) was found in a different study [40]. A low C content (42.5% DM) was found in triticale straw [34] and wheat straw (39.19% DM) [41] compared with the figures in this study for the same straw types. The C content of wheat straw (45.4% DM) and rye straw (46.5% DM) [45], as well as of rapeseed and wheat straws (46.9% DM) and rye straw (47.9% DM) [37] were more similar.



Rapeseed and oat straws contained the lowest levels of hydrogen, with a mean of 5.38% DM (Figure 2b). The hydrogen content in rye, triticale and wheat straws was significantly higher, but its maximum level was 5.85% DM. The hydrogen content was also significantly lower in the third study year (2022) (mean: 5.28% DM) compared with the two preceding years, but the difference was not large (5.77% DM in 2020) (Table 5). A larger difference was found between the straw types under study with respect to the N content (Figure 2c). The significantly lowest content of this element was determined in rye straw, with a mean of 0.54% DM. The second homogeneous group, “c”, concerning the N content, included triticale and corn straws, whose content of this element was 50% and 61% higher, respectively, compared with rye straw. An even higher N content was determined in the wheat, oat, and rapeseed straws, which was 78%, 85%, and 104% higher than the rye straw, respectively. Moreover, the N content of rye straw was the lowest and most stable throughout the study years (Table 5). The N content of wheat and oat straws varied considerably over the study years. The triticale, corn and rapeseed straws were more stable in this regard. The N content was significantly positively correlated with the ash content (0.60) and negatively correlated with FC, VM and HHV (Table 4). The N content of the straw of rapeseed (1.26% DM) [37] and wheat (1.17% DM [37] and 1.14% DM [41] determined in different studies was significantly higher compared with rye straw (0.57% DM) [37]. Barley straw contained less N (0.4% DM) compared with wheat and rye straws (0.6% DM) [45]. A low N content (0.49% DM) was also determined in triticale straw [34] and in corn straw (0.39% DM) [44]. A much higher content of the element was found in corn straw (0.63% DM [40] and 0.88% DM [17] and in oat straw (0.65% DM) [40].



Corn, rye and triticale straws contained significantly less S (0.040–0045% DM) and were classified into one homogeneous group, “c” (Figure 2d). The second homogeneous group, “b”, included wheat and oat straws; their S content was 88% and 108% higher, respectively, compared with the lowest level determined in corn straw. The highest sulfur content (0.244% DM) was found in rapeseed straw, which was 510% higher than corn straw. This remarkably high S content of rapeseed straw resulted from the mineral fertilization of the species with sulfur-containing fertilizers. However, the differences in S content of rapeseed straw between the study years were exceptionally large (Table 5). The lowest value of this attribute (0.133% DM) was determined in 2020, and the highest was obtained in 2021 (0.394% DM). A great diversity of the S content between the study years was also found for oat and wheat straws. The rye, triticale and corn straws were more stable in this regard. The S content was significantly positively correlated with the ash (0.73) and N (0.39) contents and negatively correlated with FC, VM, HHV, C and H contents (Table 4). As determined in a different study, the S content of corn straw was 0.04% DM [44], which was close to the current study’s findings. A remarkably higher content of this element of corn straw (0.07% DM) and oat straw (0.09% DM) was determined in a different study [40]. The S content of triticale straw was also similar to that determined in oat straw [34]. A significantly higher content of S was found for wheat straw (0.20% DM) [41], which was more comparable with the content of rapeseed than this element obtained in the current study. A higher S content of rapeseed straw (0.31% DM), a high content of wheat straw (0.13% DM) and a low content of rye straw (0.06% DM) were determined in an earlier study [37]. The S content in rye and wheat straw was similar, as ascertained in an earlier study (0.08% DM) [45].



The Cl content of rye straw was the lowest, with a mean of 0.046% DM (Figure 2e). The chlorine content of triticale and wheat straws was 37% and 107% higher, respectively. An even higher Cl content was found in corn and oat straws (by 409 and 467%, respectively). The highest chlorine content was found in rapeseed straw (0.342% DM), which was 643% higher than rye straw. It was also found for the Cl content that there were considerable differences between the study years within the straw types (Table 5). The Cl content was significantly positively correlated with the ash (0.58), S (0.62) and moisture (0.38) contents and negatively correlated with FC, VM, HHV, LHV, C and H levels (Table 4). The Cl content of rapeseed straw, as determined in an earlier study [37], was also high (0.42% DM), but the same Cl content was also determined in rye straw, and it was 0.20% DM in wheat straw. A similar relationship between the higher Cl content of rye straw compared with wheat straw was also demonstrated in a different study [45]. The Cl content of corn straw (0.115% DM) and oat straw (0.230% DM) [40] was lower compared with these straw types in the current study.




3.3. General Characteristics of Straw as Solid Biofuel


Great diversity concerning S and Cl contents between the types of straw and study years was also confirmed by the very high coefficient of variation for the two parameters (99.7% and 77.6%, respectively) (Table 6). In the case of the Cl content, the span (minimum–maximum) was very large and ranged from 0.009% to 0.476% DM, whereas in the case of S, it was 0.029–0.438% DM. An equally large dispersion of the results was observed for the moisture content of 75.0%, and this attribute ranged from 9.06% to 51.42%. The mean variability of 21–34% was determined for LHV, N and ash contents, and the mean values for these attributes were 13.76 MJ kg−1, 0.88% DM and 4.87%, respectively. The LHV ranged from 7.39 to 16.13 GJ Mg−1, the N content ranged from 0.49% to 1.44% DM, and the ash content ranged from 2.31% to 9.47% DM. For such straw parameters as H, C, FC content, VM and HHV, a low variation level was observed (coefficient of variation < 10%). The highest consistency of results for these parameters was found for HHV (coefficient of variation 1.82%).



Additionally, a cluster analysis based on the values of all the attributes under study showed that the ash content, N, S and Cl, made up one cluster, both at the cut-off of 2/3 Dmax and 1/3 Dmax. (Figure 3b). The second cluster included the other seven parameters under study at a cut-off of 2/3 Dmax. With increased analysis accuracy, the cluster was divided into two at the cut-off of 1/3 Dmax. One included MC and VM, and the other FC, HHV, LHV, C and H. It was found that three main clusters were formed at the cut-off of 2/3 Dmax for the straw types under study (Figure 3a). Rye and triticale straw made up their own cluster. Another independent cluster included corn straw. The other three straw types (oat, wheat, rapeseed) comprised a third separate cluster. With increased analysis accuracy, five clusters were identified at the cut-off of 1/3 Dmax. Only rye and triticale straws comprised one cluster, indicating their similar properties. The other four straw types (corn, oat, wheat, rapeseed) comprised four clusters.





4. Conclusions


Apart from various applications, straw is also used as a solid biofuel for energy generation. This study analyzed the thermophysical properties and elemental composition of six types of straw obtained during three consecutive years. The results are important from the scientific and practical perspectives as they show the potential effectiveness and rationality of various straw types used for energy purposes, mainly as a solid biofuel for generating heat and electricity. The results obtained from this analysis showed that rye straw was the most valuable solid biofuel because of its beneficial thermophysical properties and elemental composition. Its characteristics included a low moisture content, a low S content, the lowest ash, N, Cl contents and the highest LHV. Triticale straw had similar properties, classifying it into the same cluster as rye straw. Wheat straw was assigned into a separate cluster but can also be a good energy feedstock. Oat straw was slightly less attractive, especially because of its lower C content, lower HHV and LHV and high Cl content compared with the straw of the other cereal species harvested in summer. Obtaining corn straw for these purposes in late autumn in the northeast of Poland is impractical due to its high moisture content, low LHV and high Cl content. The properties of rapeseed straw were not sufficiently encouraging for its use as a solid biofuel due to its high Cl, S, N and ash contents. Moreover, it was demonstrated that the sulfur, chlorine and moisture contents of the six straw types under study were highly variable during the three years of the study.



The above results provide important new information about the wide variation in the properties of straw (especially corn and rapeseed) harvested in the northeastern region of Poland. This information is of considerable practical importance since data on the variability of the quality of different cereal and rapeseed straw types is important for farmers, logistics firms and end users generating energy from this solid biofuel. Bioenergy installations are adapted to use various solid biofuels effectively and properly. However, knowledge of the thermophysical characteristics and elemental composition of various types of straw obtained as agricultural production residue can facilitate the organization of a bioenergy installation supply with the optimum solid biofuel in the form of straw. Finally, future research should include aspects related to determining the energy intensity and costs (including external environmental costs) of harvesting and logistics of different types of straw used as energy feedstock.
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Figure 1. Thermophysical characteristics of the straw types under study, mean values of the three harvest years. (a) Moisture content; (b) ash content; (c) fixed carbon content; (d) volatile matter content; (e) higher heating value; (f) lower heating value; a, b, c, d, e, denote homogeneous groups for the straw type, separately for each attribute; error bars denote standard deviation. 
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Figure 2. Elemental composition of the straw types under study, mean values of the three harvest years. (a) Carbon content; (b) hydrogen content; (c) nitrogen content; (d) sulfur content; (e) chlorine content; a, b, c, d, denote homogeneous groups for the straw type, separately for each attribute; error bars denote standard deviation. 
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Figure 3. The dendrogram of a hierarchical cluster analysis showing the similarities between the straw types under study (a) and their thermophysical and elemental characteristics (b). The red vertical line marks the Sneath criterion (2/3 Dmax) and (1/3 Dmax). D—linage distance; Dmax—maximum linage distance. 






Figure 3. The dendrogram of a hierarchical cluster analysis showing the similarities between the straw types under study (a) and their thermophysical and elemental characteristics (b). The red vertical line marks the Sneath criterion (2/3 Dmax) and (1/3 Dmax). D—linage distance; Dmax—maximum linage distance.



[image: Energies 17 01243 g003]







 





Table 1. Fertilization levels for the crop species under study.
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	Crop

Species
	Nitrogen

(kg ha−1)
	Phosphorus

(kg ha−1)
	Potassium

(kg ha−1)
	Sulfur

(kg ha−1)
	Cattle Manure

(kg ha−1)



	Rye
	90.0
	50.0
	80.0
	-
	-



	Oat
	100.0
	50.0
	80.0
	-
	-



	Triticale
	150.0
	50.0
	80.0
	-
	-



	Wheat
	200.0
	60.0
	110.0
	-
	-



	Corn
	165.0
	70.0
	105.0
	-
	30,000



	Rapeseed
	220.0
	80.0
	160.0
	48.0
	-










 





Table 2. Analysis of variance (ANOVA)—p values for the studied attributes.
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	Source of Variation
	MC
	Ash
	FC
	VM
	HHV
	LHV
	C a





	Straw type (A)
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *



	Harvest year (B)
	<0.001 *
	0.023
	<0.001 *
	0.143
	0.166
	<0.001 *
	<0.001 *



	A × B
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *
	<0.001 *







* Significant values (p < 0.05); a for the rest attributes: H, N, S and Cl content—p < 0.001.













 





Table 3. Thermophysical characteristics of the straw types under study in three consecutive harvest years.
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	Straw Type and

Harvest Year
	MC

(%)
	Ash

(% DM)
	FC

(% DM)
	VM

(% DM)
	HHV

(GJ Mg−1 DM)
	LHV

(GJ Mg−1)





	Rye 2020
	10.38 ± 0.23 d
	2.68 ± 0.04 d
	20.21 ± 0.31 ab
	77.11 ± 0.26 a
	19.06 ± 0.17 a
	15.79 ± 0.09 a



	Rye 2021
	11.55 ± 0.59 d
	3.15 ± 0.07 d
	20.72 ± 0.26 ab
	76.14 ± 0.31 ab
	18.93 ± 0.15 ab
	15.34 ± 0.03 ab



	Rye 2022
	9.72 ± 1.07 d
	2.32 ± 0.01 d
	20.88 ± 0.18 a
	76.80 ± 0.18 a
	19.11 ± 0.03 a
	16.00 ± 0.19 a



	Oat 2020
	12.27 ± 1.18 cd
	5.60 ± 0.46 b
	19.44 ± 0.27 b
	74.96 ± 0.72 b
	18.52 ± 0.07 bc
	14.98 ± 0.39 b



	Oat 2021
	11.68 ± 0.57 d
	6.40 ± 0.14 b
	19.65 ± 0.11 b
	73.96 ± 0.24 bc
	18.63 ± 0.23 bc
	15.20 ± 0.33 ab



	Oat 2022
	12.85 ± 0.05 cd
	4.97 ± 0.01 bc
	20.66 ± 0.17 ab
	74.37 ± 0.17 bc
	18.77 ± 0.05 b
	15.13 ± 0.06 b



	Triticale 2020
	10.38 ± 0.16 d
	3.65 ± 0.14 c
	19.64 ± 0.52 b
	76.72 ± 0.65 a
	18.83 ± 0.16 ab
	15.47 ± 0.13 a



	Triticale 2021
	10.90 ± 0.80 d
	3.83 ± 0.07 c
	19.69 ± 0.37 b
	76.48 ± 0.33 ab
	18.94 ± 0.11 ab
	15.54 ± 0.18 a



	Triticale 2022
	10.47 ± 0.56 d
	3.91 ± 0.01 c
	20.88 ± 0.05 a
	75.21 ± 0.04 b
	18.71 ± 0.04 b
	15.52 ± 0.07 a



	Wheat 2020
	12.43 ± 0.10 cd
	5.18 ± 0.02 bc
	20.07 ± 0.07 ab
	74.75 ± 0.07 b
	18.84 ± 0.10 ab
	15.18 ± 0.07 ab



	Wheat 2021
	10.59 ± 1.10 d
	4.52 ± 0.20 bc
	20.39 ± 0.05 ab
	75.09 ± 0.22 b
	18.73 ± 0.06 b
	15.34 ± 0.22 ab



	Wheat 2022
	10.11 ± 0.57 d
	6.82 ± 0.04 b
	20.34 ± 0.02 ab
	72.83 ± 0.02 c
	18.40 ± 0.01 bc
	15.36 ± 0.10 a



	Corn 2020
	49.07 ± 0.81 a
	4.35 ± 1.29 bc
	19.30 ± 0.19 bc
	76.35 ± 1.33 ab
	18.20 ± 0.05 c
	7.53 ± 0.17 f



	Corn 2021
	49.36 ± 0.94 a
	4.27 ± 0.13 c
	18.99 ± 0.23 c
	76.74 ± 0.25 a
	18.30 ± 0.08 c
	7.59 ± 0.15 f



	Corn 2022
	48.32 ± 2.69 a
	4.16 ± 0.02 c
	19.27 ± 0.07 bc
	76.57 ± 0.06 a
	18.51 ± 0.20 bc
	7.88 ± 0.43 f



	Rapeseed 2020
	17.82 ± 0.24 c
	7.56 ± 0.14 a
	19.95 ± 0.70 b
	72.48 ± 0.58 c
	17.97 ± 0.01 c
	13.41 ± 0.07 d



	Rapeseed 2021
	25.09 ± 1.06 b
	8.32 ± 1.01 a
	17.97 ± 0.29 d
	73.71 ± 1.04 bc
	18.09 ± 0.22 c
	12.14 ± 0.13 e



	Rapeseed 2022
	15.25 ± 1.84 cd
	5.95 ± 0.07 b
	19.35 ± 0.07 bc
	74.69 ± 0.14 b
	18.41 ± 0.03 bc
	14.35 ± 0.37 c



	Mean 2020
	18.72 ± 14.21 B
	4.84 ± 1.66 AB
	19.77 ± 0.48 B
	75.40 ± 1.72
	18.57 ± 0.40
	13.73 ± 2.96 B



	Mean 2021
	19.86 ± 14.57 A
	5.08 ± 1.84 A
	19.57 ± 0.95 B
	75.35 ± 1.29
	18.60 ± 0.35
	13.53 ± 2.99 C



	Mean 2022
	17.78 ± 14.24 C
	4.69 ± 1.50 B
	20.23 ± 0.70 A
	75.08 ± 1.39
	18.65 ± 0.27
	14.04 ± 2.89 A







A,B,C homogenous groups for the harvest year separately for each attribute; a,b,c,d,e,f homogenous groups for the straw type and harvest year interaction separately for each attribute; no letters denote no significant differences; ± standard deviation.













 





Table 4. Pearson correlation coefficients for the studied attributes.






Table 4. Pearson correlation coefficients for the studied attributes.



















	Feature
	MC
	FC
	VM
	Ash
	HHV
	LHV
	C
	H
	N
	S
	Cl





	MC (%)
	1.00
	
	
	
	
	
	
	
	
	
	



	FC (% DM)
	−0.54 *
	1.00
	
	
	
	
	
	
	
	
	



	VM (% DM)
	0.26
	0.00
	1.00
	
	
	
	
	
	
	
	



	Ash (% DM)
	0.03
	−0.47 *
	−0.88 *
	1.00
	
	
	
	
	
	
	



	HHV (MJ kg−1 DM)
	−0.52 *
	0.59 *
	0.51 *
	−0.72 *
	1.00
	
	
	
	
	
	



	LHV (MJ kg−1)
	−1.00 *
	0.57 *
	−0.20
	−0.09
	0.58 *
	1.00
	
	
	
	
	



	C (% DM)
	−0.41 *
	0.37 *
	0.28 *
	−0.42 *
	0.49 *
	0.42 *
	1.00
	
	
	
	



	H (% DM)
	−0.22
	0.19
	0.33 *
	−0.38 *
	0.35 *
	0.22
	0.78 *
	1.00
	
	
	



	N (% DM)
	0.08
	−0.44 *
	−0.45 *
	0.60 *
	−0.50 *
	−0.13
	−0.20
	−0.01
	1.00
	
	



	S (% DM)
	−0.02
	−0.60 *
	−0.51 *
	0.73 *
	−0.53 *
	−0.03
	−0.37 *
	−0.31 *
	0.39 *
	1.00
	



	Cl (% DM)
	0.38 *
	−0.54 *
	−0.37 *
	0.58 *
	−0.62 *
	−0.41 *
	−0.45 *
	−0.51 *
	0.24
	0.62 *
	1.00







* Significant values (p < 0.05).













 





Table 5. Elemental composition of the straw types under study in three consecutive harvest years.
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	Straw Type and

Harvest Year
	C

(% DM)
	H

(% DM)
	N

(% DM)
	S

(% DM)
	Cl

(% DM)





	Rye 2020
	48.65 ± 0.47 a
	5.72 ± 0.09 ab
	0.53 ± 0.03 d
	0.057 ± 0.001 e
	0.056 ± 0.005 cd



	Rye 2021
	48.40 ± 0.85 a
	6.26 ± 0.13 a
	0.60 ± 0.01 d
	0.037 ± 0.003 e
	0.034 ± 0.005 d



	Rye 2022
	46.76 ± 0.04 b
	5.53 ± 0.02 bc
	0.50 ± 0,01 d
	0.030 ± 0.001 e
	0.050 ± 0.017 d



	Oat 2020
	48.51 ± 0.29 a
	5.47 ± 0.55 bc
	0.96 ± 0.06 b
	0.111 ± 0.022 cd
	0.376 ± 0.105 a



	Oat 2021
	43.43 ± 0.55 c
	5.44 ± 0.09 bc
	1.32 ± 0.07 a
	0.081 ± 0.007 d
	0.082 ± 0.003 c



	Oat 2022
	44.57 ± 0.05 bc
	5.22 ± 0.06 bc
	0.71 ± 0.10 cd
	0.056 ± 0.004 e
	0.326 ± 0.020 ab



	Triticale 2020
	49.70 ± 0.83 a
	6.32 ± 0.12 a
	0.85 ± 0.04 bc
	0.037 ± 0.010 e
	0.024 ± 0.013 d



	Triticale 2021
	46.73 ± 2.92 b
	5.87 ± 0.41 ab
	0.85 ± 0.03 bc
	0.043 ± 0.006 e
	0.022 ± 0.007 d



	Triticale 2022
	45.20 ± 0.22 bc
	5.36 ± 0.02 bc
	0.72 ± 0.01 cd
	0.056 ± 0.001 e
	0.145 ± 0.007 bc



	Wheat 2020
	49.21 ± 0.39 a
	5.72 ± 0.02 ab
	0.60 ± 0.02 d
	0.073 ± 0.003 de
	0.163 ± 0.010 bc



	Wheat 2021
	49.67 ± 0.97 a
	6.29 ± 0.20 a
	1.42 ± 0.02 a
	0.039 ± 0.004 e
	0.029 ± 0.003 d



	Wheat 2022
	44.45 ± 0.25 bc
	5.11 ± 0.03 c
	0.87 ± 0.01 bc
	0.114 ± 0.007 cd
	0.092 ± 0.006 c



	Corn 2020
	47.30 ± 0.93 ab
	5.80 ± 0.16 ab
	0.99 ± 0.06 b
	0.037 ± 0.002 e
	0.243 ± 0.025 b



	Corn 2021
	42.95 ± 0.24 d
	5.22 ± 0.09 bc
	0.88 ± 0.07 bc
	0.040 ± 0.004 e
	0.227 ± 0.012 b



	Corn 2022
	43.09 ± 0.37 c
	5.33 ± 0.01 bc
	0.74 ± 0.01 cd
	0.043 ± 0.004 e
	0.233 ± 0.007 b



	Rapeseed 2020
	45.70 ± 0.31 bc
	5.61 ± 0.18 bc
	0.97 ± 0.02 b
	0.133 ± 0.019 c
	0.233 ± 0.023 b



	Rapeseed 2021
	43.41 ± 0.51 c
	5.40 ± 0.44 bc
	1.18 ± 0.15 ab
	0.394 ± 0.052 a
	0.425 ± 0.045 a



	Rapeseed 2022
	43.91 ± 0.45 c
	5.12 ± 0.01 c
	1.14 ± 0.01 ab
	0.205 ± 0.004 b
	0.367 ± 0.012 a



	Mean 2020
	48.18 ± 1.46 A
	5.77 ± 0.35 A
	0.82 ± 0.19 B
	0.075 ± 0.039 B
	0.182 ± 0.128 A



	Mean 2021
	45.77 ± 2.95 B
	5.75 ± 0.49 A
	1.04 ± 0.30 A
	0.106 ± 0.135 A
	0.136 ± 0.152 B



	Mean 2022
	44.66 ± 1.19 C
	5.28 ± 0.15 B
	0.78 ± 0.20 B
	0.084 ± 0.062 B
	0.202 ± 0.121 A







A,B,C homogenous groups for the harvest year separately for each attribute; a,b,c,d,e homogenous groups for the straw type and harvest year interaction separately