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Abstract

:

Influence of wastes generated during juice production: apple, carrot and red beet, added to barley straw, on density of pellet mass, pellet hardness, ash content and calorific value was assessed. Dry mass content of additives in the substrate to pellet production was: 0, 10, 20 and 30% of the mixture weight. The relative humidity of the raw material was: 17.0, 19.5 and 22%. Higher percentages of additives and higher moisture content in the raw materials increased the hardness and density of the pellet. The contents of natural polymers such as lignin, hemicellulose and cellulose were determined in primary materials used to prepare substrate and in pellet. Changes in the determination of these substances was observed as a result of the granulation process.
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1. Introduction


In connection with the depletion of fossil fuel resources, people are looking for renewable and biodegradable energy carriers that will not result in environmental pollution during their combustion. To this end, power engineers have been investigating different biological raw materials that could be used to produce different forms of fuel [1,2,3]. Apart from the already widely used waste wood, these include agricultural waste and food industry residues, which are characterized by traits that following minor energy expenses for their refinement or processing would enable their use as fuels [1,4,5].



The popularity of the energy pellet as biofuel has encouraged the research on the processing of solid waste biomass into this type of energy carrier. An energy pellet must meet specific quality requirements [6]. This is particularly important during transport and storage. Atmospheric factors, including very low temperatures, can have a negative effect on fuel durability parameters [7].



Straw of cereals and other crops is a byproduct of plant production. After deducting the demand for litter and feed for livestock and maintaining the necessary amount for plowing, excess remains can be alternatively used as the source of energy in power production.



Straw is a bulk material, which affects its costs of transport and storage. Straw pelletization aiming at reducing its volume has been already applied in the production of feeds with the use of straw, and this method is currently used in the production of solid fuel based on this raw material. Bulk material compacting technologies enable the obtaining fuel with low moisture content and uniform density on the basis of straw. Granulated straw can be used in household furnaces and boilers, as well as power plants and heat and power plants. For the production of pellets, straw from rye [8,9], wheat [2,8,10,11,12], barley [13], rice [14,15,16], rapeseed [8,17,18,19], corn [20,21] and even tobacco [22] can be used. The method of obtaining straw pellets with high hardness and resistance to crushing is to mix it with a binder prior to granulation [11,12]. There have been attempts to use a binder in the form of organic waste substances, such as: rapeseed oilcake, soybean and spelt hulls, paper sludge and wastewater treatment sludge [8,10,23,24,25]. What is more, straw has been mixed with the following binder types: wheat seed, wheat flour, fodder beet pulp and even chicken manure [9,12,26].



Apart from natural additives to the substrate having a positive influence on pellet hardness, the same effect has been searched by using other additives and methods. Glycerol added to rapeseed straw and its effect on the quality of pellet has been tested [17]. Binders such as crude glycerol, bentonite, lignosulfonate and softwood residue (wood residue) added to rye straw resulted in increased resistance and calorific value of pellet [11]. Apart from the improved pellet hardness and resistance to damage, additives can have a positive effect on other traits of the granulated biofuel. It has been determined that the addition of paper sludge to straw results in an increased ash melting point [10,23,24]. Addition of the sludge may decrease the pellet hardness variability caused by the biomass heterogeneity [25].



The method of pelletization resulting from machine construction, substrate moisture content and pelletization temperature, particle size and plant species are important factors that can affect the quality of the pellet produced from biomass, including straw [20]. These factors affect the bulk density, density, stability and hardness of pellets [9,26,27]. Granulation temperature with humidity and size of raw material particles turned out to be the most important factors affecting the quality of pellet [13,21,28,29,30]. The moisture content from 13% to 20% at granule formation temperature between 60–80 °C was found to be the optimum for rice straw [15]. Factors such as biological composition of granulated biomass, its moisture content and mechanical phenomena occurring during pressure agglomeration should affect the changes in biochemical structure of materials [31].



Pomace is the waste that forms after fruit and vegetable juice production. The simplest technologies, particularly those used for natural unclarified juices, comprise of material disintegration and juice pressing, for instance in centrifugal separators. These technologies are used in households and in small fruit and vegetable enterprises. Pomace constitutes biodegradable waste, which may pose a problem for processing plants. At present, different attempts are made at managing this waste, in different ways. For the production of apple juice, 75% of apple weight is used to produce juice, while 25% is a byproduct that is apple pomace. As a rule, apple pomace is disposed of, which results in environmental pollution [32]. Attempts have been made to use apple pomace as substrates for enzyme, protein, organic acid and polysaccharide production [33]. Furthermore, apple pomace can be used as an ingredient of granulated feeds for livestock [34,35,36].



There is an ongoing research on the use of pomace from carrot root for the production of human and animal food [37,38,39]. For energy purposes, it can be used as the raw material for bioethanol production and a co-substrate for biogas production [40,41]. Carrot root pomace, similar to apple pomace, can be also applied in cellulose production [42].



Due to its nutritional value, red beet root pomace can be used as ingredient for the production of foods and feeds for animals [43,44]. It can also be used for energy purposes in anaerobic fermentation systems [45].



The unprocessed pomace from juice production in small enterprises and home processing constitutes an issue, but when dried and added to straw, it can become a co-substrate for pellet production, which could be used as energy pellet or feeding pellet for livestock. The content of lignin, cellulose, protein or starch in the substrate can affect the process of pressure agglomeration. The original material enriched with such components undergoes easier compaction, and the obtained pellet is characterized by high stability as compared with raw material with high fiber content [46,47].



The study objective was to assess the addition of apple, carrot and red beet juice production waste to barley straw on the physical and chemical parameters of the obtained pellet, such as: hardness, calorific value, density and ash content, as well as cellulose content. Furthermore, an attempt was made at assessing the effect of hemicellulose and lignin contained in the substrates on the parameters of the produced pellet.




2. Materials and Methods


Post-harvest barley straw and pomace from apple fruit, carrot root and red beet root juice production were used to prepare material for the production of pellets. The pomace was the waste obtained in juice production in juice extractors. A general diagram of the entire process of preparing the raw materials for pellet production and the conducted research is shown in Figure 1.



Prior to the testing, relative moisture content of the raw materials was determined with the dry oven test. The moisture content determination was carried out in accordance with the PN-PN ISO 18134-1: 2015 2015-11 standard. Relative moisture content of the raw material was respectively: post-harvest barley straw—10.7%, apple pomace—73.9%, carrot pomace—67.3% and red beet pomace—65.5%. Sample drying was carried out at a temperature of 105 °C. Calculations were performed in accordance with the Formula (1):


   M  a d     =      m 2  −  m 3     m 2  −  m 1    · 100 ,  



(1)




where: Mad—relative moisture content (%), m1—empty vessel weight (g), m2—weight of vessel with sample before drying (g) and m3—weight of vessel with sample after drying (g).



After the determination of the preliminary moisture content, the pomace was dried for 48 h, in room temperature, in a drier with forced air circulation. After drying, the relative moisture content of apple pomace decreased to 11.9%, carrot pomace to 12.2% and red beet pomace to 15.8%. Subsequently, the materials were disintegrated: barley straw was disintegrated in a universal shredder, and pomace in a grinder mill. After the disintegration, the raw material particle size was, respectively: barley straw chaff 0.2–1.0 mm and pomace particles 0.1–0.3 mm. The size range of the raw materials particles resulted from the method of biomass preparation. Selection of the size of the straw particles was made on a shaker with sieves. The material was sieved through sieves with hole sizes of: 0.2, 0.315, 0.4, 0.5 and 1.0 mm. For the production of pellets this material was used, which passed through the sieve with the largest openings and remained on the sieve with the smallest holes. The size of the pomace particles resulted from the set degree of grinding them in the grinder mill.



The disintegrated raw materials were mixed by combining the disintegrated barley straw separately with: disintegrated apple, carrot and red beet root pomace. The prepared mixes contained: 10%, 20% and 30% contribution of pomace dry mass content, and, respectively, 90%, 80% and 70% barley straw dry mass. In addition, for comparative purposes, raw material with 100% content of barley straw was used as a control sample with 0% pomace addition. Subsequently, the prepared raw material groups: straw 100%, straw 90% + 10% pomace, straw 80% + 20% pomace and straw 70% + 30% pomace, were additionally divided into three equal groups so as to obtain three relative moisture contents by means of adding measured water volume: 17.0%, 19.5% and 22.0%. Water was introduced to the biomass by means of spraying and mixing with raw material. Thus, prepared groups of raw materials for pellet production were tightly packed into foil bags and placed for 24 h in a refrigerator, enabling the biomass to absorb the water in an equal manner.



Pellets from the prepared raw material samples were produced in a disc granulator with rotating matrix, presented in Figure 1. The granulator had motor power rating of 4 kW, and it was equipped with a matrix with 22 mm thickness and 148 mm diameter, with 100 openings suitable for the production of pellet with the diameter of 6 mm. The matrix rotational speed was 870 rpm, the diameter of rolls pressing the biomass to the matrix was 78 mm. The perimeter of the rolls had 5 mm teeth, arranged every 2 mm. The distance set between the roll surface and the matrix surface was 0.4 mm. The granulation process temperature was taken with optical thermometer by means of measuring the external temperature of the container with pressure rolls and the rotating matrix. The temperature was 65 °C throughout the granulation process. The appearance of the pellet produced from individual materials is presented in Figure 2.



After the production and before the measurements, the pellet samples were dried at the temperature of 105 °C in the ALPINA S-40 laboratory dryer to obtain zero water content. The granulate mass was checked every 30 min using a Radwag AS 160.X2 PLUS precision scales.



Pellet density was determined by means of calipers, measuring the length and diameter of 10 randomly selected pellets, the ends of which were first cut perpendicular to the side surface, so as to approximate the pellet shape to a cylinder. All prepared pellets were weighed in total, on the laboratory scales, with 0.0001 g accuracy. Each pellet volume was measured on the basis of the Formula (2). Pellet density was calculated as the ratio of the total weight to amount of pellet volumes, as seen in Formula (3).


   V i  = 0.25 · π ·  L i  ·  D i    2    ,  



(2)




where: Vi—volume of each pellet (cm3), Li—length of each pellet (cm) and Di—diameter of each pellet (cm).


  ρ =     ∑  1  10    V i   M  ,  



(3)




where: ρ—pellet mean density (g∙cm−3), and M—total weight for 10 randomly selected pellets (g).



Hardness of the produced pellet was analyzed using the Kahl hardness tester (K31750011, Reinbek, Germany). The measurements were done in 25 replicates for each content of all substrate ingredients and for all substrate moisture content values. With the use of the Kahl hardness tester, the value of tangential force to the pellet cross section [N] was measured at which the pellet was crushed.



The filtration bag method and the Ankom A200 apparatus (Ankom A200; ANKOM Technology) were used to determine the content of lignin, cellulose and hemicellulose in the primary products used to prepare the substrate as well as in the produced pellet. Determination of the content of neutral detergent fiber (NDF) was carried out with the use of the Van Soest method [48]. Determination of acid detergent fiber (ADF) and acid detergent lignin (ADL) were carried out in accordance with the norm presented in the paper [48]. Cellulose content was determined on the basis of the difference between ADF and ADL fractions, whereas hemicellulose content was determined from the difference between NDF and ADF fractions [48].



Pellet higher heating value (HHV) was determined according to PN-ISO 1928:2002 standard, using a Kl-12Mn bomb calorimeter. The measurements were done in two replicates.



Ash content determination was carried out in accordance with PN-EN ISO 18122:2016-01 standard. Ash content in the pellets was carried out in muffle kiln by Nobertherm. Ash content was determined by maintaining samples at the temperature of 600 °C, in oxygen atmosphere in open crucibles. This temperature was maintained for two hours. Subsequently, before weighing, the ash samples were cooled down to room temperature in desiccators. Ash content Ad was expressed in percent, relative to dry mass, and was calculated from the following formula:


   A  d     =        m 3  −  m 1     m 2  −  m 1    · 100  



(4)




where: m1—weight of empty crucible with cover (g), m2—weight of crucible with cover and material before combustion (g) and m3—weight of crucible with cover and material after combustion (g). The measurements were done in four replicates.




3. Results and Discussion


3.1. Pellet Density


Density values of the produced pellet were determined on samples collected from all pellet types, using Formulas (2)–(4). The relative moisture content values of the raw materials: 17.0, 19.5 and 22%, were also taken into account.



Results presented in Table 1 suggest increased pellet density with the increase of percentage share of pomace added to straw. Increase in the density can also be observed at higher moisture content values of the substrate. The heightening of pellet density, resulting from the raised proportion of additives in barley straw and from the going up moisture content of the raw material, proves that the additives and humidity improve the barley straw ability of compaction under pressure.




3.2. Pellet Hardness


Values of pellet hardness obtained via the Kahl hardness tester, along with the error in the form of standard deviation, are presented graphically in Figure 3, Figure 4 and Figure 5. Figure 3 presents values of hardness of the pellet with the contribution of apple pomace in the substrate, Figure 4 with red beet pomace in the substrate and Figure 5 with carrot pomace in the substrate. Results of the study of the impact of percentage contribution of pomace in the substrate composition and relative moisture content on the pellet hardness were subject to variance analysis.



Significance of impact of individual factors on pellet hardness was determined using multi-factor analysis of variance, at significance level of p ≤ 0.05. In order to analyze the impact of percent content of pomace in the substrate on the hardness of the obtained pellet, all measurement results, including results of the effect of substrate moisture content, were taken into account. Final results are presented in Table 2 and in Figure 6.



Zero pomace content means that the pellet was made solely on the basis of barley straw. Analysis of variance was used to determine the value of the lowest significant difference—LSD, which was 13.85 N. Considering the value of the lowest significant difference, Table 2 shows that even at 10% content of pomace in the substrate, independent of their type, a significant increase in pellet hardness occurred. The addition of only 10% dry mass of pomace to barley straw resulted in the increase of pellet hardness by 37% for apple pomace, by 117% for carrot pomace and by 126% for red beet pomace. Further increase of the contribution of pomace in the substrate did not result in such a marked increase of hardness, but it still resulted in a significant hardness increase. For relationship regression, equations were determined to explain the effect of percentage content of dry mass of each additive type in dry mass of substrate with barley straw on the hardness of pellet made on the basis of the substrate, expressed in Newtons (Figure 6). The effect of the percentage contribution of carrot pomace dry mass—x1 on the pellet hardness—is explained by Equation (5), with correlation coefficient R2 = 0.9235:


  y   =   9.2253  x 1  + 171.08 .  



(5)







The effect of the percentage contribution of red beet pomace dry mas—x2 on the pellet hardness—is explained by Equation (6), R2 = 0.9499:


   y    = − 0.4018  x 2    2  +   18.693  x 2  + 152.68 .  



(6)







The effect of the percentage contribution of apple pomace dry mass—x3 on the pellet—hardness is explained by Equation (7), R2 = 0.9913:


   y    =   7.2646   x 3   + 135.69 .  



(7)







Additionally, analysis of the effect of substrate relative moisture content on the hardness of the obtained pellet was also conducted. All measurement results were used for the calculations along with the results of percentage contribution of additives in the substrate. Influence of substrate relative moisture content on the obtained pellet hardness is presented in Figure 7.



Significant increase of pellet hardness depending on the increase of relative moisture content was determined in the pellet made only of straw and in the pellet with the contribution of apple and carrot pomace. The hardness of the pellet made of a mix of straw and red beet was not found to be significantly affected by the substrate moisture content. Despite the fact that in the studied substrate moisture content range no optimum value could be determined, these results are similar to the results obtained earlier for similar studies. The optimum substrate moisture content value, upon which the pellet quality depends, may be a function of the type of added binder. In the case of addition of wheat flour to rapeseed straw, the maximum pellet hardness was obtained at the substrate relative moisture content of 30.7% [18], while the use of wheat straw and disintegrated wheat seed produced the highest pellet hardness at a substrate moisture content value of 26.6%. [12]. According to [15], the optimum moisture content for the obtaining of the maximum straw pelletization hardness is 13–20%, but the range of optimum substrate moisture content affecting the pellet quality should be viewed from the standpoint of the type of biomass granulated and the granulator design.




3.3. Polymer Content


The determined content of natural polymers: lignin, hemicellulose and cellulose, in the primary materials used to prepared the substrate intended for pellet production is presented in Table 3. Subsequently, the same method was used to determine lignin, hemicellulose and cellulose content in the pellet produced on the basis of the substrate.



In order to determine the content of polymers, samples of pellet containing 70% dry mass of barley straw and 30% dry mass of additives and pellet made of 100% barley straw were used. Polymer content testing was performed on the pellet samples made solely of the substrate with relative moisture content of 22%. Table 4 presents the testing results.



The cellulose and hemicellulose contained in the plant cell wall may undergo depolymerization during pellet production. In high temperatures, lignin is subject to melting and may penetrate to the outer layers of the pellet, resulting in its sticking and creating a slippery coat [31]. Testing of lignin content in the straw revealed 10.1% of the compound, whereas in the pellet made of this material, the content of lignin was higher at 15.0%. It is suspected that this may be linked to the easier extraction of lignin from the pellet during the determination of polymer content, which is the process of pellet formation that is conducted in high temperature, which results in lignin dissolution and penetration to the outer layers of the pellet. Polysaccharide (such as cellulose) content affects the increase of pellet hardness. The highest cellulose content—19.1%—was observed in the pellet with 30% addition of carrot, the hardness of which was also highest—443.2 N.




3.4. Ash Content and Calorific Value


Ash content was determined on samples of pellet made of only barley straw and in pellet samples made of substrates with 30% content of the individual additives. The results are presented in Figure 8. In order to find out which of the barley straw additives influenced the ash content of the pellets, the least significant difference (LSD) value was counted, at level of significance p ≤ 0.05. The value of the least significant difference was 0.533. The significance increase was caused by the addition of carrot and red beet pomaces. There was no significant effect of the addition of apple pomace on the increase of ash content in the pellets.



Calorific value of the pellets with 0% and 30% content of individual additives has been determined in a bomb calorimeter. Values for individual substrates, with standard deviation from measurements, are presented in Figure 9.



The addition of pomace to straw resulted in a minor reduction of pellet calorific value in comparison to the value for the pellet made of straw only. The decrease in calorific value of pellets caused by a 30% addition of pomace did not exceed 7% in relation to the calorific value of pellets made from 100% barley straw. This can increase the fuel consumption in the boilers.



Increase of the ash content in fuel from barley straw can affect the operation of boilers, because of influences on the deposition of slag and ash in the furnace [49]. The addition of carrot pomace or red beet pomace to barley straw strongly increases the hardness of the pellet, but these additives also increase the mass of ash; therefore, they should be added to the straw in moderation. Moreover, the ash content in pellet from biomass not only depends on the type of additive, but also on its origin, type of contamination, harvest conditions and time of harvesting. In barley straw, the ash content may also depend on the size of the straw particles [50].





4. Conclusions


The addition of apple, carrot root and red beet root pomace in the range between 10–30% of dry mass to barley straw in the substrate used for pellet production resulted in increased density and hardness of the pellet. Increased hardness values were obtained already at 10% content of these substrates. The greatest increase of hardness, even in excess of 100%, was obtained from the mixture of straw with carrot and red beet pomace. Increase of pellet hardness and density was also obtained with the increase of relative moisture content of substrates to 22%, which is the upper humidity limit assumed for the study.



The pressure agglomeration process further affected the changes in the pellet material. Changes were observed when comparing values of the determined natural polymers, such as lignin, hemicellulose and cellulose, in the primary material used to produce the pellet, to the values of the same natural polymers in the produced pellet. Analysis of values of these polymers further allows a presumption that cellulose contained in the pellet affected the pellet hardness.



The addition of carrot root and red beet root pomace to barley straw resulted in increased mass of ash remaining after combustion of pellet made of such mixes. This is a disadvantage of using these types of pomace as a co-substrate for pellet production based on straw. Additions of pomace to barley straw further resulted in the reduced calorific value from the pellet made of these mixtures as compared with the calorific value obtained from pellet produced from straw only.
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Figure 1. The diagram of research. 
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Figure 2. View of pellets: 1—barley straw 100%, 2—barley straw with carrot pomace 30%, 3—barley straw with apple pomace 30%, and 4—barley straw with red beet pomace 30%. 
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Figure 3. Influence of the contribution of apple pomace in the mix with barley straw and mix moisture content on the hardness of the obtained pellet. 






Figure 3. Influence of the contribution of apple pomace in the mix with barley straw and mix moisture content on the hardness of the obtained pellet.



[image: Energies 14 00405 g003]







[image: Energies 14 00405 g004 550] 





Figure 4. Influence of the contribution of red beet pomace in the mix with barley straw and mix moisture content on the hardness of the obtained pellet. 
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Figure 5. Influence of the contribution of carrot pomace in the mix with barley straw and mix moisture content on the hardness of the obtained pellet. 
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Figure 6. Effect of the additive contribution in the mix with barley straw on the hardness of produced pellet. 
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Figure 7. Influence of raw material moisture content on the hardness of produced pellet. 
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Figure 8. Ash content depending on the type of pomace addition mixed with barley straw in the substrate (at 0% and 30% contribution of additives). 
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Figure 9. Values of Calorific Value depending on the composition of pellet from barley straw and from straw with addition of pomace (30% contribution of additives). 
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Table 1. Influence of substrate relative moisture content and substrate content on the density of obtained pellet.
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Relative Moisture Content (%)

	
Pellet Density (g∙cm−3)




	
Content of Barley Straw

	
Addition of Carrot Pomace

	
Addition of Red Beet Pomace

	
Addition of Applet Pomace




	
100%

	
10%

	
20%

	
30%

	
10%

	
20%

	
30%

	
10%

	
20%

	
30%






	
17.0

	
1.14

	
1.19

	
1.40

	
1.44

	
1.29

	
1.48

	
1.52

	
1.21

	
1.48

	
1.52




	
19.5

	
1.15

	
1.31

	
1.44

	
1.51

	
1.34

	
1.57

	
1.58

	
1.25

	
1.49

	
1.58




	
22.0

	
1.18

	
1.40

	
1.44

	
1.50

	
1.44

	
1.50

	
1.61

	
1.26

	
1.59

	
1.57











[image: Table] 





Table 2. Relationship between pellet hardness and the content of pomace addition to the substrate, Lowest Significant Difference (LSD) = 13.85 N, p < 0.05.
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Contents

	
Hardness (N)




	
(%)

	
Apple Pomace

	
Carrot Pomace

	
Red Beet Pomace






	
0

	
144.0

	
144.0

	
144.0




	
10

	
197.0

	
312.9

	
325.4




	
20

	
278.7

	
337.7

	
339.8




	
30

	
358.9

	
443.2

	
360.5
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Table 3. Lignin, hemicellulose and cellulose content determined in primary materials used to prepare the substrate.
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Materials for Substrate Production

	
Content [%]




	
Lignin

	
Hemicellulose

	
Cellulose






	
carrot pomace

	
5.1

	
±1.9

	
20.5

	
±1.2

	
12.4

	
±2.0




	
red beet pomace

	
6.9

	
±2.3

	
15.7

	
±0.6

	
14.6

	
±2.3




	
apple pomace

	
8.2

	
±2.5

	
4.0

	
±0.9

	
12.0

	
±2.5




	
straw

	
10.1

	
±1.6

	
28.4

	
±1.4

	
37.8

	
±1.5
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Table 4. Lignin, hemicellulose and cellulose content determined in pellets.
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Pellet

	
Content [%]




	
Lignin

	
Hemicellulose

	
Cellulose






	
straw 70% + carrot pom. 30%

	
13.2

	
±2.2

	
8.5

	
±0.7

	
19.1

	
±2.1




	
straw 70% + red beet pomace 30%

	
11.0

	
±2.2

	
16.2

	
±1.0

	
12.6

	
±2.1




	
straw 70% + apple pomace 30%

	
14.5

	
±0.3

	
10.4

	
±2.8

	
6.1

	
±0.5




	
straw 100%

	
15.0

	
±0.2

	
18.4

	
±0.9

	
14.3

	
±0.8
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