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Abstract


The aim of the present study was to evaluate the effect of rye bran addition on the pelleting process of sage waste biomass, and the quality and energetic properties of fuel pellets. The pelleting process was conducted on an SS-4 test stand equipped with a P-300 pelletizer with flat die roller compactors. The addition of 20% rye bran reduced the pelletizer’s power/energy consumption from 3.75 kW/107 kWh t−1 (0% rye bran content) to 3.19 kW/91 kWh t−1, decreased physical and bulk density, and increased the pellet durability index (PDI). The higher heating value—HHV (19.39 MJ kg−1 at 10% humidity) and the lower heating value—LHV (18.17 MJ kg−1) of sage waste biomass indicate that this plant material is highly suitable for heat generation. The addition of 20% rye bran decreased HHV by 2.07% and LHV by 2.67%.
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1. Introduction


The depletion of fossil fuels necessitates the search for more innovative sources of energy. Renewable energy sources, including wind, solar radiation, and geothermal energy, are gaining increasing popularity. However, the use of biomass as a source of renewable energy has recently attracted the greatest attention. Various forms of biomass (wood waste, energy crops, grasses, straw) have been used as an energy source for many years. The suitability of biomass for energy generation has been confirmed by numerous research studies.



According to the International Renewable Energy Agency [1], bioenergy accounts for around three quarters of the world’s renewable energy consumption, of which more than half consists of traditional biomass use. The “Global Status Report” [2] estimates that biomass will continue to be the main source of renewable energy, with a share of nearly 60% by the year 2030. According to https://www.eia.gov [3], accessed on 2 June 2021, biomass provided about 4835 trillion British thermal units (TBtu), or about 4.8 quadrillion Btu and equal to about 5% of total U.S. primary energy consumption. Of that amount, about 2316 TBtu were from biofuels (mainly ethanol), 2087 TBtu were from wood and wood-derived biomass, and 431 TBtu were from the biomass in municipal solid wastes and sewage, animal manure, and agricultural byproducts. The amounts—in TBtu—and percentage shares of total U.S. biomass energy use by consuming sector in 2021 were: industrial—2313 TBtu—48%, transportation—1477 TBtu—31%, residential—464 TBtu—10%.



Cereal straw, mainly wheat straw, is widely used as feedstock for bioenergy generation. The suitability of compacted cereal straw for energy purposes was investigated by Azócar et al. [4], Obidziński [5], Serrano et al. [6], and other researchers. Wood waste, including sawdust, bark, and logging waste, can also be used as feedstock for energy production [7,8,9,10]. Other examples of biomass feedstocks include garden waste [11], food processing waste [12,13], and herbal waste.



According to Kobus et al. [14] and Kumar et al. [15], herbal waste is generated during harvesting, drying, transport and storage of herbal biomass. Plants that are broken down into very small fractions during these processes are not suitable for industrial processing and are regarded as waste. However, these fractions can still contain significant amounts of essential oils that are a rich source of many biologically active substances and fragrances [16,17].



Herbal waste can be converted to liquid fuel [14] and biogas [16,18,19]; it can be used in catalytic pyrolysis [20] and in the production of compost [21] and vermicompost [22,23]. Herbal and food wastes [24] can be used as feed additives [15,17,25], in the production of packaging [26], as organic substrates in cucumber production [27], or in the production of solid fuels [28,29].



Most herbal waste biomass is processed into feed additives. Kisworo et al. [30] analyzed the potency, physicochemical characteristics, and the content of secondary metabolites in solid herbal waste as a source of fiber and nutrients in ruminant diets. Zhuang et al. [31] found that diets where the forage component was replaced in 30% by fermented herbal tea residues induced changes in gut microbiota, delivered health benefits, and alleviated heat stress in beef cattle. Kowczyk-Sadowy et al. [32] evaluated the feed value of a mixture of pelletized couch grass rhizomes with 15%, 20%, and 25% addition of potato pulp. According to Teixeira et al. [33], Moringa oleifera leaf meal, which is widely available in many tropical countries, is also a good source of antioxidant compounds such as ascorbic acid, flavonoids, phenolics, and carotenoids. Kongmun et al. [34] reported that garlic is an effective alternative growth promoter in livestock production that improves the growth rate of animals, nutrient digestibility, and carcass traits. Lemongrass and peppermint are used as feed additives to improve the performance of beef and dairy cattle [35]. Menthol (Mentha arvensis) enhanced ileal protein and amino acid digestibility and improved feed efficiency in weaned piglets [36], whereas black paper improved the performance of broiler chickens [37].



Herbal waste can also be managed by composting [38,39,40]. According to Zhou et al. [41,42] and Greff et al. [43], co-composting with herbal wastes increases the rate at which organic matter (OM) is degraded by microorganisms and leads to the production of high-quality compost with antipathogenic properties. Greff et al. [43] investigated the influence of Cellulomonas favigena and Streptomyces viridosporus bacterial inoculants on the compostability of post-extraction lavender waste and found that lavender waste enhanced the composting process by extending the thermophilic phase, accelerating OM degradation, and increasing the viable counts of beneficial microorganisms. However, adverse effects were also observed.



In Poland, herbal plants are grown on an area of 25,000 ha [44]. Around 60 species of herbal plants are currently cultivated in these areas [45]. Sixteen species are in high demand in the processing sector and on the consumer market, and their production continues to increase. These include plantain, peppermint, savory, angelica, St. John’s wort, fennel, valerian, marjoram, sage, and milk thistle [46]. Depending on the properties of a given part of the plant (leaves, flowers, roots, fruit), they have different uses in pharmaceutical, food and, cosmetic industries. Some plant parts are not recyclable and are treated as waste which is either recycled or composted. Herbal production waste can be also used as feedstocks for agricultural biogas plants to produce energy and digestate which is a valuable agricultural fertilizer [47]. However, plant-based waste can be a more problematic substrate for biogas plants than animal manure. Plants containing cellulose and lignin are particularly difficult to degrade, and these compounds may decrease the effectiveness of anaerobic digestion in biogas plants [48].



Sage is a widely cultivated herbal plant, and waste biomass is produced mainly during harvest. Sage has antimicrobial and antioxidant properties, and it used in the production of pharmaceuticals and cosmetics [24,25,26]. Sage waste biomass, including straw and stems, has a high heating value [49] and can be processed into pellets [19,50].



In recent years, waste biomass has become a popular feedstock for heat generation. Gill et al. [51] studied the effect of moisture content and particle size distribution on the quality of rice straw pellets. Atabani et al. [52] produced and burned pellets made from spent coffee grounds and other waste biomass. Blancarte-Contreras [53] investigated the mechanical and energetic properties of pellets produced from agave fiber mixed with Pinus species sawdust in six different proportions. Chojnacki et al. [54] added wastes from the production of apple, carrot, and red beet juice to barley straw and examined their influence on the density, hardness, ash content, and calorific value of pellets. Kulokas et al. [55] investigated the properties of pellets produced from straw with the addition of buckwheat hulls. Carrillo-Parra et al. [56] produced pellets from a mixture of oil palm residues (at a ratio of 100:0, 80:20, 60:40, 40:60, 20:80, and 0:100) and pine sawdust, tested their physical and mechanical properties, and the impact of pine sawdust on the chemical composition of oil palm residue mixtures. Dołżyńska et al. [13] examined the properties of pellets containing plum biomass. Stolarski et al. [57] investigated the energetic properties of pellets made from Coppice willow and Virginia mallow biomass, and Stasiak et al. [8] analyzed the mechanical and combustion properties of pellets with different proportions of straw. Gonzalez et al. [58] pelletized garden waste (fallen leaves) with different moisture (10, 15 and 20 wt%) and glycerol (binder) content (0, 5, and 10 wt%) and examined the physical and thermochemical properties of the obtained pellets. Szyszlak-Bargłowicz et al. [59] analyzed the energy parameters of miscanthus biomass, copra cake, their blends, and the resulting pellets, as well as energy consumption during the pressure agglomeration process.



Bran is composed of the pericarp, the aleurone layer, and the seed coat, with an admixture of ground germ and endosperm [60]. Bran can be generally divided into two groups: light bran with a low content of the endosperm and a high content of the pericarp and the seed coat, and whole bran with a high content of the endosperm and a low content of the seed coat [60]. Bran accounts for 10% of rye grain, and it is separated during the milling process [61].



According to Kamal-Eldin et al. [62], rye bran contains 41–48% dietary fiber and 13–28% starch on a dry matter basis. The ash content of rye bran does not exceed 2.8%. Rye bran is also more abundant in protein (14–18%) than rye flour (5–16%) [63].



Due to its high content of dietary fiber, rye bran is used in the production of dietary supplements to stimulate peristalsis and decrease the energy density of the diet (by increasing and prolonging satiety) [64].



Rye bran is also an effective binder, and it is applied in granulation and compaction processes to decrease energy consumption and improve the quality of pelleted materials [65,66,67].



The aim of the present study was to determine the effect of rye bran addition (10% to 20%) on the pelletization of sage waste biomass and the quality of the obtained pellets (including their energetic properties). Ideally, the biofuel production process should be energy-efficient; therefore, an attempt was made to analyze the suitability of an easily available additive, i.e., food processing waste, for energy generation. The results of the study can be used to optimize the proportions of rye bran in pellets made from sage waste biomass, maintain desirable physical (mechanical) and energetic properties of pellets, and reduce energy consumption during pellet production.




2. Materials and Methods


2.1. Waste Biomass


Sage waste biomass comprising shredded stem and leaf residues (Figure 1a), and rye bran (Figure 1b) were used in this study. Sage straw waste was obtained from a private farm in Kruszyn, Warmian-Masurian Voivodeship; and rye bran was acquired from a mill in Romaszówka near Korycin in Podlaskie Voivodeship. Both voivodeships are located in north-eastern Poland.




2.2. Determination of Moisture Content


The moisture content of the tested raw materials and mixtures was determined using the RADWAG MA50/1. R moisture analyzer, according to standard [68]. Moisture content analyses were performed in the laboratory of the Department of Agri-Food Engineering and Environmental Management of the Faculty of Civil Engineering and Environmental Sciences at the Białystok University of Technology. Moisture content was determined in five replicates, each time by drying a sample of around 5 g at a temperature of 105 °C. The moisture content of the analyzed raw materials was determined as the average moisture content.




2.3. Determination of Particle Size Distribution


Biomass was shredded with a Bąk-H-8111 flail shredder equipped with a set of sieves with ϕ 4mm mesh size. The particle size distribution of the tested raw materials was determined using a MULTISERW-MOREK laboratory sieve, according to standard [69] and a previously described methodology [12]. Sieves with a mesh diameter of 8, 6, 4, 2, 1, 0.5, 0.25, 0.063 mm were used in the test. Shredded sage straw (100 g) was placed on the upper sieve (with the largest mesh diameter) and the machine was turned on for 5 min. The material remaining on the sieve was weighed on an OHAUS AX224M analytical balance.




2.4. Determination of Higher Heating Value and Lower Heating Value


The higher heating value (HHV) and the lower heating value (LHV) of the tested raw materials was determined according to standard [70] and a previously described methodology [12,13] in a KL 10Mn bomb calorimeter (Precyzja-Bit). The measurement is based on the complete combustion of the sample in a bomb calorimeter in the presence of oxygen and under increased pressure. The heat of combustion is determined by measuring the temperature increase in the calorimeter [71].



A pellet that was previously produced with a hand press was placed in the bomb calorimeter, and the ends of the ignition wire were wrapped around the electrodes. The calorimeter was closed, inflated, and pressurized with oxygen. The device was filled with water with a temperature that was 1 K lower than the temperature of water in the calorimeter jacket. The wires were properly attached and connected to the computer controlling the calorimeter, and the test was conducted.



The HHV Qsa of the tested pellet was determined in the laboratory and used to calculate the LHV by entering the content of hydrogen, moisture, ash, and sulfur into the calorimeter software. Hydrogen, ash, and sulfur content was determined in an elemental composition analysis of the tested raw materials, which is not presented in this paper. Hydrogen content was determined at 6.0% in rye bran and 4.5% in sage straw; ash content was determined at 3.78% in rye bran and 6.1% in sage straw; and sulfur content was determined at 0.33% in rye bran and 0.1% in sage straw. The calculations were performed using the formula provided in the instruction manual of the Precyzja-Bit KL 10Mn calorimeter (1):


   Q i a  =  Q s a  − 24.43    (  w + 8.94    H a   )   (     kJ   kg    − 1    )   



(1)




where:



   Q i a   —lower heating value (LHV) of samples with the specified moisture content,



W—moisture content of the sample (%),



Ha—hydrogen content of the sample (%),



24.43—coefficient that accounts for the heat of water vaporization at 25 °C in pellets with 1% water content,



8.94—coefficient that accounts for the stoichiometry of the hydrogen combustion reaction (quantitative changes).




2.5. Carbon and Nitrogen Content


The total content of organic carbon was determined by high-temperature decomposition with infrared detection in the Schimadzu TOC-L analyzer. A weighed sample of ground waste biomass was placed in a ceramic vessel and burned in the device. Total nitrogen content was determined by the Kjeldahl method in a Vapodest 50S device. A ground waste biomass sample of around 0.5 g was mineralized in concentrated sulfuric acid, and the resulting solution was distilled and titrated in the Vapodest 50S device.




2.6. Pellet Production


Pellets were produced in an SS-4 test stand equipped with a P-300 pelletizer with flat die roller compactors, according to a previously described methodology [12,13]. The stand is equipped with a vibrating conveyor that feeds the mixture into the pelletizer, and a Watt meter which measures the pelletizer’s energy consumption.



The bulk density of the sage straw and rye bran mixture in the pellet mill was determined with a 0.4 mm gap between the roller compactor and the die, at a mass flow rate of approx. 35 kg h−1 and a rotational speed of 280 rpm. Die openings had a diameter of 6 mm and a length of 28 mm.



The influence of rye bran addition (10%, 15%, and 20%) to sage straw on the energy consumption of the pellet mill, physical density and bulk density, and the pellet durability index (PDI) was determined in the SS-4 test stand.




2.7. Physical and Bulk Density


Physical density was determined by measuring the length of 10 cylindrical-shaped pellets with a caliper to the nearest 0.5 mm and by weighing the pellets on the OHAUS AX224M analytical balance. Physical density was calculated as the mass/volume ratio of 10 randomly selected pellets with the use of Equation (2). To determine the volume of pellets with a diameter of 6 mm, pellet length was measured with a caliper to the nearest 0.05 mm. Mass was determined by weighing pellets on the OHAUS AX224M analytical scale. The diameter of die openings was equal to pellet diameter (6 mm). Physical density was calculated according to formula (2):


   ρ g  =  m   V g     



(2)




where:



ρg—physical density of pellets (kg m−3),



m—pellet mass (kg),



Vg—pellet volume (m3).



The bulk density of pellets was determined according to standard [72] by filling a container with a known volume with pellets (the top surface was leveled). The container with the pellets was weighed using an OHAUS AX224M analytical balance which was tared before the measurement. Bulk density was defined as the ratio of pellet weight to container volume.




2.8. Strength Properties of Pellets


The PDI was calculated according to standard [73]. During the test, pellets were passed through a 5 mm sieve to remove fine fractions, and 100 g of the pellets remaining on the sieve were placed in the Holmen NHP 100 tester and tested for 60 s. After the test, pellets were passed through the same sieve. The pellets remaining on the sieve were weighed, and the PDI was calculated. Pellets were weighted on the OHAUS AX224M analytical balance.





3. Results and Discussion


3.1. Feedstock Characteristics


The particle size distribution of sage waste biomass is presented in Figure 2. Particles with a diameter of 0.5, 1, 2, and 4 mm accounted for 93.7% of sage waste biomass. The proportion of fine dust particles (with a diameter below 0.5 mm) was 4.6%, and the proportion of particles larger than 6 mm was determined at 1.4%. There are no standard requirements for the particle size distribution of compacted waste biomass. It is assumed that the size of compacted particles should not exceed ½ of the diameter of die openings. The particle size distribution of sage waste biomass was suitable for pellet production in a flat die pelletizer with 6 or 8 mm mesh size.



Numerous research studies have shown that the particle size distribution of compacted materials is one of the most important parameters which influence the physical properties of pellets and the course of the pelleting process. Harun and Afzal [74] reported that the density and durability of pellets made from different types of woody biomass and their blends increased with a decrease in the particle size of ground materials. Jacinto et al. [75] found that the ideal particle size distribution for pelleting lignocellulosic biomass in a pelletizer with a flat die press (identical to that used in the present study) was 80% of particles with a diameter of ≤3.15 mm, and minimum 5% of particles with a diameter larger than 3.15 mm. Pradhan et al. [76] investigated the effect of biomass (garden waste) milling size on the pelletization process and pellet quality, and found that specific energy consumption decreased from 141.2 to 100.2 kWh ton−1 when biomass milling size was reduced from coarse to fine. Stelte et al. [77] observed that a decrease in biomass particle size (from 2.8 mm to less than 0.5 mm) increased pelletizing pressure due to higher friction. In a study by Mani et al. [78], the density of wheat straw, barley straw, corn stover, and switchgrass pellets increased in most cases when milling size was reduced from 3.2 to 0.8 mm. Similar results were reported by Carone et al. [79] who found that the density and durability of pellets made from pruning residues increased at smaller mill screen sizes 4, 2, and 1 mm).



The HHV and the LHV of sage straw and rye bran are presented in Table 1 and Table 2, respectively. The moisture content analysis confirmed that sage straw was adequately prepared for pressure compaction. The average moisture content from five measurements was 10.1%. The average HHV of sage straw (with 10.1% moisture content) was 19.396 MJ kg−1, and the LHV of sage straw (with 10.1% moisture content) was 18.169 MJ kg−1. An increase in moisture content decreases both LHV and HHV, as demonstrated by the results in Table 1, where both parameters were higher in samples with 0% (dry matter) than 10% moisture content.



The energy parameters of rye bran were determined in samples with an average moisture content of 13.2%. The results are presented in Table 2. The average HHV of rye bran was 16.778 MJ kg−1, and the LHV of rye bran was 15.124 MJ kg−1.



Similar values of HHV and LHV were reported in the literature for other types of biomass. In the work of Jasinskas et al. [80], the lower calorific value of three cannabis varieties with a moisture content of 9.98% to 8.87%, were 17.37 MJ kg−1 and 16.93 MJ kg−1 DM, respectively. Miranda et al. [81] determined the lower calorific value of pelleted maize cobs at 15.68 MJ kg−1. In a study by Gageanu et al. [82], the lower calorific value of pellets produced from a mixture of wheat straw and corn cobs with a moisture content of 8.37% was determined at 16.24 MJ kg−1. According to Nakomcic-Smaragdakis et al. [83], apple pruning residues (14–15% moisture content) had a net calorific value of 14.15 MJ kg−1.



Based on the results presented in Table 1 and Table 2, formulas for converting the HHV and the LHV of sage waste biomass and rye bran depending on their moisture content were developed (3–6):




	
HHV of sage waste biomass:










   Q  s s   = − 0.2159    w s  + 21.555  



(3)







	
LHV of sage waste biomass:







    Q  i s   = − 0.2293    w s  + 20.465   



(4)





	
HHV of rye bran:







    Q  s b   = − 0.1960    w b  + 19.357   



(5)





	
LHV of sage waste biomass:








   Q  i b   = − 0.2023    w b  + 17.786  



(6)




where:



Qss, Qsb—HHV of sage straw and rye bran (MJ kg−1),



Qis, Qib—LHV of sage straw and rye bran (MJ kg−1),



ws, wb—moisture content of sage straw and rye bran (%).



The moisture content of the analyzed material is entered into the program to calculate the higher heating value (HHV) and the lower heating value (LHV). The program calculates HHV and LHV values for the determined moisture content and for dry weight with 0% moisture content. Therefore, the equations for calculating HHV and LHV are derived for the analyzed moisture content and for 0% moisture content.



Various formulas for calculating HHV/LHV have been proposed in the literature, depending on the parameters of the analyzed materials. The formulas applied in this study are based only on the moisture content of the examined materials.



The results presented in Table 3 were calculated based on HHV and LHV values that had been previously determined in pure samples of rye bran and sage waste biomass.



Formulas (3) to (6) were also used to calculate the HHV and LHV of sage straw pellets with different proportions of rye bran (15% moisture content). The results are presented in Table 3.



The results presented in Table 3 were calculated based on HHV and LHV values that had been previously determined in pure samples of rye bran and sage waste biomass. The obtained values show that rye bran had a minor influence on the HHV and LHV of the mixtures. These results indicate that the addition of rye bran only slightly reduced the energy values of the produced pellets. For example, 10% addition of rye bran to sage straw reduced the HHV and LHV by around 0.190 MJ kg−1 (approx. 1%).



Binder addition exerted similar effects on the HHV and LHV of the obtained pellets in other studies [5,84,85]. Gendek analyzed a mix of pine sawdust and pine cones, and found that the LHV ranged from 17.98 MJ kg−1 for pure pine sawdust [86] to 18.32 MJ kg−1 for crushed pine cones [7]. Similar values were noted in the present study.



El-Sayed and Khairy [87] pelletized powdered corn cob with 40% addition of wheat dust as a binder and found that binder addition increased the HHV of pellets. In the cited study, fixed carbon content was 18% in raw corn cobs and 8.3% in raw wheat dust, respectively, and it increased to 29% for corn cobs and 15.8% for wheat dust after pelleting. As a result, the HHV increased from 16.6 (MJ kg−1) to 24.92 (MJ kg−1) for corn cobs, and from 14.61 (MJ kg−1) to 25.35 (MJ kg−1) for wheat dust.



The nitrogen and total carbon content of rye bran and sage straw were determined in the last test, and the results are presented in Table 4.



For rye bran:



Hydrogen—6.0 ± 0.53 (based on the following results: 6.34, 6.27, 5.38);



Sulfur—0.33 ± 0.01 (based on the following results: 0.34, 0.33, 0.32);



Ash—3.78 ± 0.06 (based on the following results: 3.83, 3.71, 3.81).



The average total carbon content was 46.32% in rye bran and 34.92% in sage waste biomass, whereas the average nitrogen content was 2.45% in rye bran and 1.72% in sage. It should be noted that total carbon and nitrogen content was significantly higher in rye bran than in sage waste biomass.



The values noted in rye bran were similar to those reported by Čajová Kantová et al. [88] who analyzed spruce sawdust, spruce bark, and pine cones. In the cited study, carbon content was determined at 46.25–47.26%, hydrogen content—at 6.26–6.36%, and nitrogen content—at 0.24-0.32%. In the work of Zhang et al. [89], the carbon content of spruce-pine-fir sawdust reached 46.2%.




3.2. Pelletization Process and Pellet Characteristics


The effect of rye bran addition on the pelletization process of sage waste biomass and the quality (properties) of the obtained pellets is summarized in Table 5. Power/energy consumption from 3.75 kW/107 kWh t−1 (0% rye bran content) to 3.19 kW/91 kWh t−1.



3.2.1. Energy Consumption


The results of energy consumption measurements are presented in Figure 3. Energy consumption was highest during the pelletization of sage waste biomass without the additive. Energy consumption decreased linearly with a rise in rye bran content. The amount of energy required to pelletize sage straw with 20% rye bran addition was equivalent to 85% of energy consumption during the pelletization of pure sage straw.



The influence of rye bran zb on the energy consumption of the pellet mill Ng during the compaction of the sage straw and rye bran mixture in a flat die pelletizer was determined using Equation (7):


   N g  = − 0.187    z b  + 3.940  



(7)




where:



zb—rye bran content of the mixture (%).



The obtained results indicate that rye bran acts as a binder. The binding capacity of rye bran increased with a rise in rye bran content (the additive absorbed water present in the mixture). Rye bran had a lubricating effect on the surface of die openings in the pelletizer, thus reducing the resistance of the material passing through the openings and, consequently, decreasing the mill’s energy consumption (Figure 3). In other studies, binder addition to biomass also reduced energy consumption during the pelletization process. Szyszlak-Bargłowicz et al. [59] reported that 10%, 30%, and 50% addition of copra cake during the production of miscanthus biomass pellets significantly decreased energy consumption from 84.45 Wh kg−1 to 39.09 Wh kg−1. Garcia et al. [90] pelletized pine sawdust with eleven alternative residual biomasses in a pilot-scale pelletizer and observed that the addition of alternative biomass feedstocks to pine sawdust reduced energy consumption during industrial pelletization. Cui et al. [91] investigated the ability of a microalgae binder to improve the energy consumption and the physical and thermal properties of a novel pellet. They found that the addition of microalgae reduced energy consumption during pelletization by 23.5–40.4%. Tumuluru [92] found that the blending of woody and herbaceous biomass improved pellet quality and decreased energy consumption. The cited author pelletized pine and switchgrass biomass and reported a decrease in energy consumption when larger quantities of pine biomass were added to the mixture. An increase in the content of 2-inch pine residues decreased specific energy consumption to around 90 kWh ton−1, whereas an increase in the moisture content of the blend increased specific energy consumption.



Higher rye bran content induced a minor decrease in pellet density. Despite the above, an increase in rye bran content improved PDI values, thus decreasing energy consumption during pelletization and improving pelletization effectiveness.




3.2.2. Physical and Bulk Density of Pellets


An analysis of pellet density revealed that rye bran addition significantly had a significant effect on the physical density of pellets. The results of measurements are presented in Figure 4 and Table 5. The physical density of pellets decreased significantly with a rise in rye bran content (from 0% to 20%), from 1233.99 kg m−3 in pellets containing 0% rye bran to 1145.05 kg m−3 in pellets with 20% rye bran addition. The influence of rye bran content zb on the density ρ of the resulting pellets was calculated using Equation (8):


  ρ = − 28.240    z b  + 1257.900  



(8)







In other studies, the addition of a binder to compacted biomass also improved the physical properties of pellets. Emadi et al. [93] produced pellets from torrefied non-ground wheat and barley straw with the addition of low-density polyethylene (LDPE) (1, 3, 6 and 10%) as a binder, and found that 6% LDPE addition induced the greatest increase in the density of wheat (1.8%) and barley pellets (1.7%). The tensile strength of wheat and barley pellets increased by 280% and 253%, respectively, when 10% LDPE was added to the mixture. Cui et al. [91] reported that the addition microalgae binder to wood waste biomass increased the bulk density and mechanical strength of pellets by 9–36% and 0.7–1.6%, respectively. Souček and Jasinskas [94] pelletized flax stalks with the addition of potatoes as the binding agent. They observed that potatoes improved the mechanical properties of pellets and reduced carbon monoxide emissions. The addition of potatoes also increased specific weight (599.2 kg m−3 in pellets without potatoes and 1092.3 kg m−3 in pellets with potatoes) and significantly improved the mechanical strength of the pellets (4.39% in pellets without potatoes and 0.71% in pellets with potatoes).



Rye bran addition caused a similar improvement in the bulk density of pellets (Figure 5). Higher rye bran content induced a minor decrease in pellet density. Despite the above, an increase in rye bran content improved PDI values, thus decreasing energy consumption during pelletization and improving pelletization effectiveness. The influence of rye bran content zb on the bulk density ρb of the resulting pellets was calculated using Equation (9):


   ρ b  = − 27.156    z b  + 659.430  



(9)







Bulk density was highest at 626.24 kg m−3 in pellets composed solely of sage straw, and it decreased to 611.54 kg m−3 in pellets containing 10% rye bran and to 547.16 kg m−3 in pellets containing 20% rye bran. Bulk density was nearly 13% lower in pellets with 20% rye bran addition than in pellets made from sage straw alone. Bulk density decreased with a rise in rye bran content. The bulk density of pellets composed solely of sage straw was comparable to that of oak sawdust pellets (624.5 kg m−3), and the bulk density of pellets containing 15% rye bran was similar to pellets made from willow harvested over a one-year cycle (583.22 kg m−3) [57].




3.2.3. Pellet Durability Index


The PDI was highest at 98.14% in pellets with 15% rye bran addition (Figure 6). PDI values were similar in pellets composed solely of sage straw (97.17%) and pellets with 20% rye bran addition (97.01%). The evaluated parameter was markedly higher in pellets containing 10% rye bran (97.64%). An analysis of the Order 2 polynomial trendline revealed the highest PDI values in pellets with 10% and 15% rye bran content. The influence of higher rye bran content on PDI values was most effectively described by the Order 2 polynomial trendline. The coefficient of determination R2 was much lower when a linear trendline was used. The rapid decrease in PDI values in pellets containing more than 15% of rye bran could be attributed to a decrease in physical density. Pellets lose their cohesiveness when a certain physical density limit is exceeded.



The influence of rye bran zb on the PDI of pellets produced from sage waste biomass in a flat die pelletizer was determined using Equation (10):


   P  d i   = − 0.400    z b 2  + 2.002    z b  + 95.485  



(10)







Carrillo-Parra et al. [56] produced pellets from mixtures of oil palm residues and pine sawdust at ratios of 100:0, 80:20, 60:40, 40:60, 20:80, and 0:100, and found that the addition of pine sawdust improved selected mechanical properties of agro-pellets. According to Tumuluru [92], a higher content of pine in pelleted switchgrass blends increased PDI values. These results were confirmed by Brand and Jacinto [95] who reported that the pine wood with apple pruning mix used for pellet production reduced ash content, increased bulk density and energy density, and improved the quality of pellets. Espuelas et al. [96] analyzed the suitability of spent coffee grounds (SCG) for briquette production with xanthan and guar gums as binders and found that dry density was highest (0.819 g cm−3) in briquettes manufactured with 10% addition of xanthan (15% moisture content, compaction pressure—12 MPa). A combination involving 5% addition of xanthan (30% moisture content, compaction pressure—12 MPa) was most durable, with a mass loss of only 3.9%. However, binders exerted a different effect on the properties of biofuel pellets manufactured from yak manure by Liu et al. [97]. The tested binders did not positively affect the density or the diametral compressive strength of pellets.



In the present study, pellets with 15% rye bran content were characterized by a high PDI (98.14%) which was comparable to the values noted by Kraszkiewicz et al. [98] in pellets made from straw, grain mix (98.33%) or meadow hay (97.67%). In this study, the PDI values of pellets without rye bran or with 20% rye bran addition reached 97.17% and 97.01%, respectively, and were comparable with rye and wheat straw pellets.






4. Conclusions


In recent years, various waste biomass materials, including agricultural waste, garden waste, food industry waste, and herbal waste, have been used for heat generation. Sage straw, as a by-product of sage production, is one type of herbal waste biomass that can be used for this purpose.



In this study, sage straw with the addition of rye bran (10%, 15%, and 20%) was pelletized in the SS-4 test stand using a P-300 pelletizer with flat die roller compactors. The study demonstrated that rye bran addition had a significant effect on the pelletizer’s energy consumption, the quality of the obtained pellets (physical density, bulk density, PDI), and the HHV and LHV of pellets.



An increase in rye bran content decreased the pelletizer’s energy consumption and increased PDI values, but it exerted a negative impact on pellet quality (decrease in physical density and bulk density) and decreased the HHV and LHV of pellets. Pellets containing sage straw only were characterized by the highest LHV (17.023), but had a low PDI (97.17%); therefore, the addition of rye bran can improve the quality of the resulting product. Even small quantities of rye bran increase the mechanical strength of pellets and reduce the pelletizer’s energy consumption.
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Figure 1. Raw materials for the study: (a) sage waste biomass, (b) rye bran. 
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Figure 2. Particle size distribution of sage waste biomass. 






Figure 2. Particle size distribution of sage waste biomass.



[image: Materials 16 00058 g002]







[image: Materials 16 00058 g003] 





Figure 3. Energy consumption during the pelletization of sage waste biomass with different rye bran content. 
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Figure 4. Physical density of sage straw pellets with different rye bran content. 
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Figure 5. Bulk density of sage straw pellets with different rye bran content. 
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Figure 6. Durability index of sage straw pellets with different rye bran content. 
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Table 1. Higher heating value and lower heating value of sage straw.






Table 1. Higher heating value and lower heating value of sage straw.





	
No.

	
Moisture Content (%)

	
Higher Heating Value (MJ/kg)

	
Lower Heating Value (MJ/kg)




	
Wet Basis

	
Dry Basis

	
Wet Basis

	
Dry Basis






	
1

	
10.1

	
19.347

	
21.502

	
18.122

	
20.410




	
2

	
19.415

	
21.575

	
18.188

	
20.483




	
3

	
19.553

	
21.728

	
18.326

	
20.437




	
4

	
19.270

	
21.414

	
18.043

	
20.322




	
Average

	
10.1

	
19.396

	
21.554

	
18.169

	
20.413











 





Table 2. Higher heating value and lower heating value of rye bran.






Table 2. Higher heating value and lower heating value of rye bran.





	
No.

	
Moisture Content (%)

	
Higher Heating Value (MJ/kg)

	
Lower Heating Value (MJ/kg)




	
Wet Basis

	
Dry Basis

	
Wet Basis

	
Dry Basis






	
1

	
13.2

	
16.850

	
19.409

	
15.196

	
17.874




	
2

	
16.714

	
19.279

	
15.061

	
17.718




	
3

	
16.738

	
19.358

	
15.084

	
17.745




	
4

	
16.808

	
19.305

	
15.154

	
17.824




	
Average

	
13.2

	
16.778

	
19.320

	
15.124

	
17.790











 





Table 3. Higher heating value and lower heating value of sage straw pellets with different rye bran content.






Table 3. Higher heating value and lower heating value of sage straw pellets with different rye bran content.





	
Content of Rye Bran (%)

	
Higher Heating Value (MJ kg−1)

	
Lower Heating Value (MJ kg−1)




	
15% Moisture Content

	
15% Moisture Content






	
0

	
18.316

	
17.023




	
5

	
18.221

	
16.909




	
10

	
18.126

	
16.796




	
15

	
18.031

	
16.682




	
20

	
17.936

	
16.569











 





Table 4. Nitrogen and total carbon content of rye bran and sage straw.






Table 4. Nitrogen and total carbon content of rye bran and sage straw.





	
No.

	
Rye Bran

	
Sage Straw




	
Nitrogen (%)

	
Total Carbon (%)

	
Nitrogen (%)

	
Total Carbon (%)






	
1

	
2.41

	
46.33

	
1.79

	
35.23




	
2

	
2.45

	
46.33

	
1.75

	
34.34




	
3

	
2.48

	
46.30

	
1.83

	
35.20




	
Average

	
2.45

	
46.32

	
1.79

	
34.92




	
SD (%)

	
0.035

	
0.017

	
0.040

	
0.510











 





Table 5. The effect of rye bran addition on the pelletization process of sage waste biomass and the quality of the obtained pellets.






Table 5. The effect of rye bran addition on the pelletization process of sage waste biomass and the quality of the obtained pellets.





	Bran Content (%)
	Pelletizer’s Power/Energy Consumption (kW/kWh t−1)
	Physical Density (kg m−3)
	Bulk Density (kg m−3)
	PDI (%)





	0
	3.75/107
	1233.99
	626.24
	97.17



	10
	3.57/102
	1192.80
	611.54
	97.64



	15
	3.38/96
	1177.18
	583.22
	98.14



	20
	3.19/91
	1145.05
	545.16
	97.01
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