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Abstract

:

The purpose of the biomass torrefaction and pelletizing processes is to increase its energy properties, be environmentally friendly, decrease shipping costs, and make handling easier. The objective of the present work is to evaluate the density, internal density variation by X-ray densitometry, moisture content, water absorption, and compression force of torrefied biomass pellets of five wood species (Cupressus lusitanica, Dipterix panamensis, Gmelina arborea, Tectona grandis, and Vochysia ferruginea) under three torrefaction temperature conditions (light, middle, and severe) and three torrefaction times (8, 10, and 12 min). The results showed that the bulk density of the pellets was 0.90–1.30 g/cm3. The density variation of the pellets was higher with torrefaction at 250 °C. The moisture content decreased with increasing torrefaction temperature from 3% to 1%. Water absorption was lower in the pellets torrefied at 250 °C. The compression force was lower in the pellets torrefied at 250 °C with approximate loads of 700 N. Based on the above results, it was concluded that pellets made with biomass torrefied at 200 °C have better energy properties and evaluated properties. According to these results, pellets fabricated with the torrefied biomass of tropical species can be used in stove, gas, and hydrogen production because the pellet presents adequate characteristics.
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1. Introduction


Massive utilization of energy in recent years has become a worldwide phenomenon, with fossil fuel consumption being the main source of energy [1]. However, this is a costly source of energy, and the environmental issues the process carries with it cannot be ignored [2]. As a result, research on new forms of energy has been conducted that promotes the development of new sustainable technologies using renewable raw material [3]. Biomass can be considered one of those new and renewable products [4].



Lignocellulosic biomass is one of the renewable sources with a greater capacity for energy production; it can be obtained from residuals from various agricultural and forest industries [5,6]. However, biomass presents a series of disadvantages that make it difficult to use as a source of energy: its moisture content, hygroscopic nature, low energetic density, and storage difficulties, among others [7,8]. For this reason, various processes have been implemented to improve the natural characteristics of the biomass [8].



Torrefaction is one of the treatments for improving biomass conditions [9], which enhances its physical characteristics, such as moisture absorption, and increases its calorific potential [10]. The process consists of the application of low temperature, ranging from 200 to 300 °C in an oxygen-free environment, to prevent biomass material from burning due to oxygen flammability [11]. Although each type of biomass has its own torrefaction temperature ranges, some authors have determined three torrefaction temperature categories for species from temperate climates mainly: light torrefaction, with temperatures ranging from 200 to 235 °C; middle torrefaction, with temperatures ranging from 235 to 275 °C; and severe torrefaction, with temperatures ranging from 275 to 300 °C [12]. The torrefaction process parameters are similar to those used in the roasting of coffee beans. The products of the torrefaction process are solid, liquid, and non-condensable gas. The main product of the torrefaction process is the solid, which is called torrefied biomass [10]. Proskurina et al. [9] indicate that: (i) torrefied biomass presents lower ash content and is more environmentally friendly than fossil fuel from the perspective of net greenhouse gas emissions; (ii) these characteristics make torrefied biomass promising not only for final applications but also from a logistical point of view; and (iii) the high-energy density of torrefied biomass decreases shipping costs and makes handling easier.



Once torrefied, the biomass can be densified by manufacturing pellets or briquettes [13]. To produce pellets, the biomass is pressed mechanically to compress the wood’s cell structure and make it denser [14,15,16]. Thus, the energy density increases considerably, the moisture content decreases, and transport and storage costs are reduced [17].



Despite all of the positive characteristics of densification (pelletization), biomass in the form of pellets shows certain unfavourable conditions, including low mechanical and compaction resistance, which leads to problems related to handling and durability [18].



Both techniques, torrefaction and pelletization, have been combined for several years to improve biomass processing and performance [14]. It has been demonstrated that pelletized torrefied biomass is less prone to moisture absorption [14]. However, pellets manufactured with torrefied biomass are more difficult to compress, and therefore the energy consumption needed in the process is higher [19]. In addition, the densities and mechanical strengths are lower compared to pellets manufactured with untorrefied biomass [14]. Various techniques have been used to evaluate the quality of pellets that provide information as to their internal structure. Among those techniques are X-rays [20] and compression force [21,22].



On the other hand, woody biomass presents suitable conditions as source of energy [23], while torrefaction can increase its energy efficiency [24]. However, not enough information is available yet on the behaviour of tropical woods—either from plantations or from natural forests—regarding torrefaction [25,26].



Specifically in Costa Rica, the utilization of biomass as a source of energy started several years ago [27], including pellet utilization [28]. Among the major species used for biomass are Cupressus lusitanica, Dipteryx panamensis, Gmelina arborea, Tectona grandis, and Vochysia ferruginea [26]. These tree species are produced in timber forest plantations, and their wastes are used for pellet production [22,25]. Nonetheless, studies on bioenergy production showing the energy potential of these species or the likelihood of increasing that potential are scarce [25,26].



Given the above conditions, the present study aims to evaluate pellet production from the torrefied biomass of five potential woody biomass species (C. lusitanica, D. panamensis, G. arborea, T. grandis, and V. ferruginea) under three temperature conditions (light, middle, and severe) and torrefaction times. The evaluation takes into account density, internal variation of the density by X-ray densitometry, humidity after pelletizing, water absorption, and compression force. This study will increase the biomass energy efficiency of five tropical species through torrefaction, and so this process can be used to increase the economic value of the plantations of these species. Additionally, the best conditions of temperature and time of torrefaction will be established for a torrefaction process with the highest energy efficiency.




2. Results


2.1. Pellet Appearance with Torrefied Biomass


Biomass torrefaction at different temperatures is shown clearly in the pellet colour (Figure 1). Lightly torrefied pellets (200 °C during 8 min (200-8), 200 °C during 10 min (200-10), and 200 °C during 12 min (200-12)) show a natural colour almost identical to that of nontorrefied biomass (Figure 1a). The pellet colour at the middle torrefaction temperature (225 °C during 8 min (225-8), 225 °C during 10 min (225-10), and 200 °C during 12 min (225-12)) turns darker than lightly torrefied biomass, taking a greyish shade (Figure 1b). Finally, pellets under the severe torrefaction temperature (250 °C during 8 min (250-8), 250 °C during 10 min (250-10), and 250 °C during 12 min (250-12)) present a charcoal-like black colour (Figure 1c).




2.2. Pellet Density


The pellet density, Dpellet, of the five species torrefied varied between 0.90 g/cm3 and 1.30 g/cm3 (Figure 2a–e). Although the pellets manufactured from C. lusitanica biomass showed differences in the values of Dpellet, this parameter is statistically different only in biomass torrefied at 200-12 (Figure 2a). D. panamensis pellets showed no statistical differences in the Dpellet of biomass torrefied at the various torrefaction temperatures and times (Figure 2b). In G. arborea pellets, the Dpellet increases when manufactured with biomass torrefied at 250-8 and 250-10, showing statistical differences with pellets torrefied under other conditions (Figure 2c). T. grandis biomass pellets presented a significant increment in the Dpellet when manufactured with biomass torrefied at 250-12 (Figure 2d). The pellets manufactured with V. ferruginea biomass under torrefaction conditions of 225-10 and 250-8 presented a significant diminution in the Dpellet, while pellets manufactured with biomass torrefied at 250-8 and 250-12 showed a significant increase in the Dpellet (Figure 2e).



As for the density variation in longitudinal direction measured by coefficient of variation in longitudinal direction (CVlong), pellets manufactured with C. lusitanica biomass showed greater statistical CVlong with biomass torrefied at 225-12 and 250-12 (Table 1). The remaining torrefaction conditions were statistically similar. The pellets made with biomass from D. panamensis and T. grandis showed no statistical differences in CVlong between the various biomass torrefaction conditions (Table 1). On the other hand, the CVlong of the pellets made with torrefied biomass from G. arborea at 225-8 and 250-12 presented statistical differences greater than with the rest of the conditions. As for the remaining torrefaction conditions, the CVlong showed no statistical differences between the various types of torrefied biomass (Table 1). Regarding biomass from V. ferruginea, the pellets manufactured with biomass torrefied at 225 °C and the three times tested showed the highest statistically significant CVlong, followed by pellets with biomass torrefied at 200 °C and 250 °C and 8 and 10 min. The statistically lower CVlong was observed in pellets from biomass at 250-12 (Table 1).



The density variation profiles (Figure 3) show the behaviour of CVlong. Three variation patterns were observed in each species: (1) a first pattern showing a low variation of the density, normally corresponding to pellets manufactured with lightly torrefied biomass at 200 °C and the three times (Figure 4a–e); (2) a second pattern showing mean density variation, generally corresponding to pellets manufactured at 225 °C (Figure 4a–e); and (3) the last pattern characterized by a high variation of the pellet density. In this last case, irregularities were observed all along the pellet (areas of high and low density very close to each other). This pattern of variation was observed in pellets manufactured with biomass torrefied at 250 °C (Figure 3a–e).




2.3. Moisture Content and Moisture Absorption


The pellet moisture content (MCpellet), of biomass pellets from C. lusitanica torrefied at 200-8, 200-10, and 250-8 were statistically different from the rest of the pellets torrefied under the other conditions (Table 1). As for D. panamensis, the MCpellet of pellets manufactured with biomass torrefied at 200-8 and 200-10 presented significant differences, followed by pellets at 200-12, which also were statistically different (Table 1). The highest MCpellet in G. arborea was observed in pellets manufactured with biomass torrefied at 200 °C and the three times, and 225-10, with the latter being statistically different from those manufactured with biomass at 225-8, 225-12, 250-10, and 250-12. On the other hand, the statistically lower MCpellet was observed in pellets manufactured with biomass torrefied at 250-8 (Table 1). As for T. grandis, the pellets manufactured with biomass torrefied at 200-8 and 200-10 presented similar statistical behaviour, followed by another group of pellets from biomass torrefied at 200-12, 225 °C for the three times, and 250-10. Meanwhile, the pellets from biomass at 250-8 and 250-12 presented an MCpellet statistically lower (Table 1). As for pellets manufactured with biomass from V. ferruginea, those torrefied at 200 °C and the three times, 250-10, and 250-12 showed statistically similar behaviour. The other conditions showed statistically similar behaviour, although differing from the previous (Table 1).



The values of the parameter percentage of water absorption, Wabs, of pellets with different types of torrefied biomass were in a range of 6% and 13% (Table 1). Three groups may be made according to the previous value: a first group with statistically higher values of Wabs, consisting of pellets manufactured with biomass torrefied at 200-8, 200-10, 225-10, 225-12, and 250-8; a second group with pellets from biomass torrefied at 200-12 and 225-8, and a third group including biomass torrefied at 250-10 and 250-12 (Table 1). As for D. panamensis concerning Wabs, the pellets manufactured with biomass torrefied at 225-8 were statistically different. Likewise, the pellets with biomass torrefied at 250-12 showed the lowest Wabs (Table 1). As regards to G. arborea pellets, those manufactured under the condition of 225-8 showed the highest Wabs being statistically different, followed by pellets manufactured with biomass under 250-10 and 250-12, which also showed statistical differences, with the lowest statistical values of Wabs (Table 1). T. grandis pellets from biomass at 200-10 and 250-10 were statistically different, showing low values of Wabs; however, the statistically lower value of Wabs was observed with biomass torrefied under the condition 250-12 (Table 1). Meanwhile, V. ferruginea pellets manufactured with biomass torrefied at 225-8 presented statistically higher values of Wabs; the pellets with biomass torrefied at 250-8 presented statistically lower values of Wabs, and the remaining conditions do not present statistical differences (Table 1).




2.4. Compression Force


The compression force, Cforce, of pellets from torrefied biomass showed irregular behaviour in all species. C. lusitanica biomass pellets under conditions of 200-8, 250-8, and 250-10 showed the highest Cforce, while pellets under conditions of 225 °C with all times and 250-12 showed statistically lower values of Cforce (Table 1, Figure 5a). As for D. panamensis torrefied biomass, pellets under 225 °C for the three times presented the lowest Cforce and were statistically different from the conditions at 200 and 250 °C. This situation was also observed in G. arborea, where pellets torrefied at 200 and 250 °C for the three times presented differences, while pellets manufactured with biomass torrefied at 225 °C for the three times showed statistically lower values of Cforce (Table 1). With T. grandis, the pellets presenting greater Cforce were torrefied at 225-8 and those at 250 °C for the three torrefaction times, were statistically different with respect to pellets that supported lower Cforce (Table 1). In the case of V. ferruginea, the pellets under conditions of 200-10, 200-12, and 250-8 presented the highest and statistically different values of Cforce, while the pellets with the statistically lowest values of Cforce were torrefied at 225-8 and 225-12 (Table 1). Cforce variation with the deformation of the pellet during the compression test reflects the previous behaviour of the compression force at the different torrefaction temperatures of the different species. The load-deformation curve of pellets manufactured with biomass torrefied at 250 °C presents low load values and little deformation in all of the species, while pellets made with biomass torrefied at 200 °C and 225 °C, especially under conditions of 250-8, 250-10, and 250-12, present high load value and high deformation (Figure 4a–e).




2.5. Effect of Different Properties of Pellets Made with Torrefied Biomass


Table 2 presents the Pearson correlation matrix of the different variables evaluated in each of the five species studied. The Dpellet parameter of the different torrefied biomasses had a significant negative effect on the CVlong of the five species, with the torrefied biomass of V. ferruginea showing a higher correlation coefficient (Table 2). The Dpellet parameter is positively and significantly correlated in D. panamensis, G. arborea, and T. grandis (Table 2). The relationship between Dpellet and Wabs was positive and significant in G. arborea and negative in V. ferruginea (Table 2). As regards to the relationship between Dpellet and MCpellet, it affects the five species studied, with a positive correlation in V. ferruginea, whereas in the other four species this correlation is negative (Table 2).



As for CVlong, it was negatively correlated to Cforce in pellets manufactured with the torrefied biomass of C. lusitanica and V. ferruginea, with the latter species showing a higher correlation coefficient (Table 2). CVlong was affected positively and significantly in D. panamensis and V. ferruginea, while negatively in T. grandis biomass (Table 2). The correlation between CVlong and MCpellet was significant and negative in biomass from D. panamensis and V. ferruginea, where the first species shows a greater correlation coefficient (Table 2).



The Wabs affected Cforce negatively in four of the five species studied, with G. arborea as the only one unaffected by this parameter. The biomass of D. panamensis presented the highest correlation coefficient between these two variables (Table 2). In the case of MCpellet, Cforce was statistically affected in the biomass of C. lusitanica, G. arborea, and V. ferruginea, showing a positive correlation and a negative correlation in the case of T. grandis biomass (Table 2). Finally, the relationship between Wabs and MCpellet was only statistically significant in the biomass of V. ferruginea (Table 2).





3. Discussion


3.1. Appearance of Pellet with Torrefied Biomass


Torrefaction caused a change in pellet colour in all species and temperature conditions studied. This change occurs because the increase in the torrefaction temperature causes a chemical change in the polymers that compose the biomass, especially the lignin, so that the pellet becomes darker and its surface loses gloss and softness [29]. This change in colour increases with increasing torrefaction temperature [30], tending to a darker colour. Severe (250-8, 250-10, and 250-12) biomass torrefaction temperature, therefore, causes a darker colour in the pellets (Figure 1). This color change with the increasing of temperature agrees with the color change occurred in pellets fabricated with Japanese cedar [31] and branches of birch and spruce [32].




3.2. Pellet Density


The Dpellet in nontorrefied biomass is positively correlated to the density of the wood of each species [21]. Therefore, torrefied biomass of species with low density, such as G. arborea, present low Dpellet. In contrast, the torrefied biomass of high-density species such as D. panamensis show higher Dpellet values (Figure 2).



In relation to pellet manufacturing with torrefied biomass, Dpellet increases with increasing biomass torrefaction temperature [24], due to the fact that during this thermal process and the application of forces to compress the biomass, water and chemical compounds with low melting points are lost, since they act as binding agents when softened at 100 °C [33], and thus produce increased Dpellet [25]. Again, the increasing of bulk density with torrefaction temperature agrees with the results found by Mišljenović et al. [32] for pellets fabricated with biomass torrefied with branches of birch and spruce and pellets fabricated with biomass of Olea uropaea [34].



This behaviour could be observed in the present work in some types of torrefied biomass pellets from wood species such as G. arborea (Figure 2c), T. grandis (Figure 3d), and V. ferruginea (Figure 2e), where Dpellet increased with torrefaction temperature and time, especially in severe torrefaction temperatures (250-8, 250-10, and 250-12). However, this behaviour is not evident in C. lusitanica (Figure 3a) or D. panamensis (Figure 2b), where Dpellet is uniform, even in light and severe torrefaction conditions, for in the five types of biomass there is little change in the Dpellet (Figure 2a–e).



The variability of the Dpellet between the different species and torrefaction conditions can be solved by conditioning the torrefied biomass and the pellet itself to moisture content (MC) between 3.5% and 10.5% [35,36]. The correlation that was found between Dpellet and MCpellet (Table 2) confirms the importance of the MC in the Dpellet (decrease of Dpellet with the increase of MCpellet), so that by achieving uniform MCs, we can decrease the density variability.



Another important aspect in the present work is that Dpellet values are higher than those reported for biomass pellets without torrefaction [21,25]. This increase in Dpellet occurs through the use of compression temperatures between 70 °C and 280 °C, as there is an improvement in the compaction of the material, causing the pellets to have higher densities than pellets made with nontorrefied biomass [14,24,37]. However, increasing the Dpellet, either by temperature or Cforce [14,24], requires higher energy consumption for pellet manufacture [35], so its implementation requires financial assessment [38].



CVlong is related to several factors, including the nature of the biomass fibre, the particle size, the MC of the particles, the temperature of the particles, the compression speed, the size and shape of the pellet, and the temperature of compression [39]. Although these factors were not studied in the present work (Table 2), we can infer some results of CVlong from the nature of the biomass fibre, which is different among the species. Woods that have thicker cell walls produce few internal variations of Dpellet and vice versa [40,41]. Here, we verified that species such as D. panamensis and T. grandis (Table 1) show uniform CVlong, whereas thinner cell wall species, such as C. lusitanica, G. arborea, and V. ferruginea, present higher CVlong (Table 1).



It was also observed that the CVlong of the torrefied biomass pellets of all of the species present greater irregularities in the pellets elaborated with biomass torrefied at 250 °C (Figure 4a–e). Such behaviour is because, given the properties of the roasted material, at high temperatures (middle and severe torrefaction) a severe structural and chemical degradation of the material occurs [12], which is a reason why the material is more structurally unstable and presents greater difficulties in compression [12], which is reflected in the density variations (Figure 4a–e).



The most significant correlation occurred between Dpellet and CVlong in the five species. This is a negative relationship (Table 2), which means that the smaller the Dpellet, the greater the variation of density because compaction was not uniform [12,25]. Also, as indicated, a better compaction was observed in pellets made with torrefied biomass in the light temperature condition, since the lowest CVlong (Figure 1a–e) was observed under this condition.




3.3. Moisture Content and Moisture Absorption


MCpellet and Wabs are parameters of high interest, since pellets with low hygroscopicity and that are highly resistant to water can reduce the costs of handling, transport, and storage, prolonging pellet life [12]. Torrefaction increases the hydrophobicity of the material by removing the hydroxyl groups as the biomass decomposes with temperature [42]. Biomass with low values of MC and Wabs has the potential to make torrefied biomass pellets. In the species studied, MCpellet decreased when the torrefaction temperature increased, especially in torrefaction at 250 °C, which presented lower MCpellet in all species (Table 1); this torrefaction condition, therefore, could have potential in pellet manufacturing. The decreasing of water absortion with torrefaction temperature agrees with the results found by Rudolfsson et al. [43] for pellets fabricated with biomass torrefied with scots pine and pellets fabricated with torrefied sawdust [33].



Dpellet was strongly negatively correlated with the MCpellet (Table 2), especially in the torrefied biomas of C. lusitanica, D. panamensis, G arborea, and T. grandis, which means that as the Dpellet decreases, the MCpellet increases (Table 2). This is so because porosity among the particles is greater in pellets with low density, allowing the ingress of moisture [19].



The values of Wabs in the pellets decrease with increasing torrefaction temperature, especially in biomass torrefied at 250 °C (Table 1). This occurs because during torrefaction, the thermal decomposition of the biomass occurs and large voids are formed in the cell wall that reduce their size at the time of densification, decreasing Wabs through the pores as a result [43]. Other authors explain that higher Wabs occurs because the component of biomass that has a greater capacity for moisture absorption is hemicellulose, while lignin shows low moisture absorption tendency [44]. Thus, at the time of an application of thermal treatment to the material, such as torrefaction, degradation occurs in a high percentage of hemicellulose together with an increase in the proportion of lignin, which is the most difficult component to degrade thermally [12]. Thus, torrefaction enhances the hydrophobicity of the material [44], with low Wabs in pellets after severe torrefaction (Table 1).



The effect of Dpellet on Wabs was irregular in the different species (Table 2), having no effect regarding C. lusitanica, D. panamensis, and T. grandis, while showing effects in G. arborea and V. ferruginea. In the first species it affected positively, and it affected negatively in the second, indicating that Wabs is more related to other parameters of the biomass, such as its chemical modification, which determines the capacity to absorb moisture.




3.4. Compression Force


It has been demonstrated that pellets manufactured with torrefied biomass show lower Cforce [45]. This behaviour was observed in the five types of biomass in the present study (Table 1). This diminution occurs because during torrefaction, as commented on above, the decomposition of hemicellulose, lignin, and extractives such as proteins, starches, and carbon hydrates occurs, which reduces the amount of hydrogen and solid bridges among particles, leaving spaces between the pores [34]. As a result, during the test for compression force, these pores or spaces promote particle movement, with the resulting lower Cforce [46]. The effect of temperature of torrefaction on Cforce disagrees with the results obtained by Carone et al. [33] for pellets fabricated with the biomass of Olea uropaea.



Cforce is also influenced by the MCpellet, since the latter plays an important role at the time of pelletization. Moisture attracts the adjacent particles [46]. Such behaviour was observed in this study, for MCpellet decreases with increasing torrefaction temperatures (Table 1); the decrease of MCpellet leads to a decrease of hydrogen bonds and weakens the pelletization [34], thus reducing the Cforce.



Although the above explanations can be applied to the difference in Cforce, there is a tendency in Cforce to diminish with torrefied biomass, especially under the condition 250-12 (Table 1). However, in some species, such as D. panamensis, G. arborea, and V. ferruginea, middle torrefied biomass produces pellets with middle to low Cforce, which increases again at 250 °C. However, there are manufacturing factors intervening here, such as the relationship between this mechanical property with the Dpellet and the CVlong (Table 2).



The Cforce correlates with Dpellet, Wabs, and MCpellet (Table 2). The Cforce in the torrefied biomass of D. panamenis, G. arborea, and T. grandis showed positive correlation (Table 2). This situation was to be expected [21], where the greater the density, the greater is Cforce, due to the greater compaction [46].



It appears that pellets with Cforce show the highest values of Wabs (Table 2). This is because pellets with high density show greater particle compaction, and therefore less cavities for the ingress of moisture are available, and the pellet’s capacity for water absorption is reduced [46].



Lastly, Cforce and MCpellet were positively correlated in the torrefied biomass of C. lusitanica, G. arborea, and V. ferruginea (Table 2), indicating that pellets with high values of MC show high Cforce. However, this effect is produced by torrefied biomass at low temperatures (225 °C), where pellets with low density and high moisture are produced (Table 1), with a resulting collinearity among the variables produced by the temperature of torrefaction.




3.5. Optimal Conditions for the Biomass Torrefaction of Reforestation Species


The previous analyses indicate that pellets manufactured with biomass torrefied at 250 °C, or severe torrefaction, present undesirable characteristics: low Dpellet (Figure 2a–e), greater pellet CVlong (Figure 3a–e), and lower Cforce (Table 1), which are inadequate for energy production from torrefied biomass. Conversely, pellets manufactured with biomass torrefied at 200 °C showed optimal characteristics and conditions to be used for energy generation, such as adequate density values (Figure 2a–e), slight variations of density in longitudinal direction (Figure 3a–e), and high values of Cforce (Table 1, Figure 4a–e).



The appropriate conditions of pellets with torrefied biomass in the light condition in this study are consistent with previous works that indicate that the optimal torrefaction temperatures for pre-treating the biomass are light or lower than 235 °C [47]. In addition, this study agrees in that it is not recommended to use severe torrefaction as pre-treatment, since strong material degradation is caused [12,48]. Light torrefaction causes a significant degradation of hemicellulose, but its effect on cellulose and lignin is slight, with no severe degradation of the biomass [48].



On the other hand, Chen et al. [48] and Nunes et al. [49] indicate that hardwood species endure high torrefaction temperatures, while softwood species do not. This behaviour could be observed in the species in this work, where D. panamensis and T. grandis, with high density, present better behaviour with torrefaction, while C. lusitanica and G. arborea, low density woods, are more prone to early degradation (Table 1); therefore, lower torrefaction temperatures should be used with both.



Finally, the results found in this study were derived from pilot advice adapted to a universal testing machine (Figure 5). However, pellet properties had been determined for similar advice used by Mani et al. [50], Rhen et al. [51], and Carone et al. [33]; they had demonstrated the reproduction of the conditions of the industrial process of pellet fabrication, and they can be implemented in an industrial application [52,53].





4. Materials and Methods


4.1. Provenance and Characteristics of the Material


Woody waste biomass of C. lusitanica, D. panamensis, G. arborea, T. grandis, and V. ferruginea from fast growth plantations in different sites in Costa Rica was used. The age of the plantations ranged between 8 and 14 years. The details of provenance of the material is available in Moya et al. [26]. Sawdust from all of the species was collected directly from the sawing process, conditioned to 12% moisture content, and then sieved. After sieving, sawdust particles were used in a proportion of 70% of 450–1000 μm and 30% of 200–425 μm.




4.2. Torrefaction Process


Approximately 500 grams sawdust was taken from each species, and then the material was divided to apply three different times of exposure to torrefaction (8, 10, and 12 min), and three different temperatures (200, 225, and 250 °C), resulting in nine treatments per species. Thus, the torrefaction conditions per species were: 200 °C during 8 min (200-8), 200 °C during 10 min (200-10), 200 °C during 12 min (200-12), 225 °C during 8 min (225-8), 225 °C during 10 min (200-10), 225 °C during 12 min (200-12), 250 °C during 8 min (250-8), 250 °C during 10 min (250-10), and 250 °C during 12 min (250-12). The Thermolyne Furnace 48,000 was used for torrefaction, and was sealed to control the airflow. Every 4–5 min, the air was freed using a stopcock to stop the oxygen from coming in and thus to prevent material ignition at the time the torrefaction process was being conducted [25].




4.3. Pelletizing Process


The torrefied material was pelletized using a pellet device utilized in a universal testing machine of 1TON brand JBA, model 855. The attachment consists of a 6 mm diameter stem and a plunger that compresses the biomass; the pellets’ temperature and pressure were controlled during manufacturing (Figure 5). Pellets were manufactured using 1.09 g of the torrefied material that was placed in the stem of the attachment, and then compressed at a speed of 60 m/min. The biomass was compressed to obtain pellets approximately 2.5 cm long and then left for a period of 2 min at a temperature of 180 °C. Finally, the pellets were extracted from the machine. Fifty-six pellets (6 pellets × 3 temperatures × 3 times) were prepared for each of the species.




4.4. Pellet Density and Variation by X-ray Densitometry


Four hours after manufacturing, the pellets’ length, diameter, and weight were measured to calculate the pellet density (Dpellet) using the mass-volume ratio of the pellet. Following this, the internal variation of Dpellet was calculated by means of X-ray densitometry in the longitudinal direction. For this, an X-ray Quintek Messurement Systems Inc (Knoxville, TN, USA) scanner model QTRS-01X was used. The exposure conditions used were 7 KV tension in the tube and density readings during 1 s every 40 μm. The procedure to determine the density variation in longitudinal direction (CVlong) is presented in detail in Tenorio et al. [21], and consists of finding the coefficient of variation of all the density readings realized every 40 μm.




4.5. Water Absorption Percentage, Moisture Content, and Compression Force of the Pellets


The 25 mm long pellets were cut in half to extract two samples each 12.5 mm long. One sample was used to measure the percentage of water absorption (Wabs) and the pellet moisture content (MCpellet). The second sample was used to measure the compression force (Cforce). For Wabs determination, half of the pellet was placed in a desiccator with a saturated solution of potassium nitrate at 22 °C (21% in equilibrium moisture content) for 8 days to obtain constant weight. The details of this procedure are available in Tenorio et al. [22]. The samples were weighed before and after being placed in the desiccator. Equation (1) was used to determine Wabs. For MCpellet determination, after absorption the pellet was placed into an oven at 103 °C for 24 h and was then weighed. The MCpellet was determined by means of Equation (2).


   M o i s t u r e   a b s o r p t i o n    ( % )  =   w e i g h t   a t   21 %  ( g )  − i n i t i a l   w e i g h t  ( g )    i n i t i a l   w e i g h t    ( g )    × 100   



(1)






   M o i s t u r e   c o n t e n t    ( % )  =   w e i g h t   a f t e r   p e l l e t i n g    ( g )  − w e i g h t   o v e r   d r i e d    ( g )    w i e i g h t   a f t e r   p e l l e t i n g    ( g )    × 100   



(2)







For Cforce determination, a first adjustment was made for all of the pellet samples to have a standard length of 12.5 mm. This test was performed in the lateral direction of the pellet according to the methodology proposed by Aarseth and Prestlokken [54]. In this test, the compression load was applied at a speed of 0.2 mm/s and the maximum load reached by the pellet previous to failure is reported.




4.6. Statistical Analysis


A descriptive analysis (mean, standard deviation, maximum and minimum values) for the variables Dpellet, CVlong, Wabs, and Cforce was performed. Additionally, compliance of these variables with the assumptions of normality and homoscedasticity of variance was verified. Then, an ANOVA variance analysis was performed to verify the existence of significant differences between means of the variables (p < 0.05). The ANOVA model was established considering two independent non-random sources of variation (temperature and time, both at three levels) and the variables were measured as dependent variables. Lastly, the Tukey test was applied to determine the statistical differences between the means. The X-ray density values provided by the equipment were used to construct the density profiles in a longitudinal direction to establish the patterns of variation of Dpellet.
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Figure 1. Torrefied pellets at different temperatures and times of five types of biomass from woody tropical species: (a) light torrefaction; (b) Middle torrefaction; (c) Severe torrefaction. 
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Figure 2. Density of pellets torrefied at different temperatures and times of five types of biomass from woody tropical species: (a) Cupressus lusitanica; (b) Dipteryx panamensis; (c) Gmelina arborea; (d) Tectona grandis; (e) Vochysia ferruginea. 
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Figure 3. Density variation profiles in longitudinal direction of pellets torrefied at different temperatures and times of five types of biomass from woody tropical species: (a) density variation in Cupressus lusitanica; (b) density variation in Dipteryx panamensis; (c) density variation in Gmelina arborea; (d) density variation in Tectona grandis; (e) density variation in Vochysia ferruginea. 
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Figure 4. Compression force variation in relation to the deformation of pellets torrefied at different temperatures and times for five types of biomass from woody tropical species: (a) compression force in Cupressus lusitanica; (b) compression force in Dipteryx panamensis; (c) compression force in Gmelina arborea; (d) compression force in Tectona grandis; (e) compression force in Vochysia ferruginea. 
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Figure 5. Universal test machine (a) and the pellet device built for pellet manufacturing (b). 
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Table 1. Moisture content, moisture absorption, and compression force of pellets torrefied at different temperatures and times for five types of biomass from woody tropical species.
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Species

	
Temperature (°C)

	
Time (minutes)

	
Moisture Content (%)

	
Moisture Absorption (%)

	
Compression Force (N)

	
Density Variation (%)






	
Cupressus lusitanica

	
200

	
8

	
2.71 A

	
12.15 A

	
929.09 A

	
4.25 A




	
10

	
3.44 A

	
12.46 A

	
609.21 B

	
4.67 A




	
12

	
1.28 B

	
17.92 B

	
323.20 C

	
4.59 A




	
225

	
8

	
1.65 B

	
16.32 B

	
416.83 C

	
5.09 A




	
10

	
1.56 B

	
12.22 A

	
379.01 C

	
5.25 A




	
12

	
0.90 B

	
11.58 A

	
370.91 C

	
6.42 B




	
250

	
8

	
3.14 A

	
10.34 A

	
752.48 A

	
4.31 A




	
10

	
0.96 B

	
9.75 C

	
819.17 A

	
4.70 A




	
12

	
1.73 B

	
7.31 C

	
672.33 B

	
6.99 B




	
Dipteryx panamensis

	
200

	
8

	
5.05 A

	
10.08 A

	
757.92 A

	
3.81 A




	
10

	
5.08 A

	
9.22 A

	
702.55 A

	
2.84 A




	
12

	
1.82 B

	
9.41 A

	
804.96 A

	
3.00 A




	
225

	
8

	
1.19 C

	
11.76 B

	
341.63 B

	
3.35 A




	
10

	
1.19 C

	
10.89 A

	
407.86 B

	
4.03 A




	
12

	
0.73 C

	
10.55 A

	
409.95 B

	
3.49 A




	
250

	
8

	
0.67 C

	
11.15 A

	
832.50 A

	
3.77 A




	
10

	
0.41 C

	
9.28 A

	
840.95 A

	
4.47 A




	
12

	
0.43 C

	
7.19 C

	
682.79 A

	
4.66 A




	
Gmelina arborea

	
200

	
8

	
4.19 A

	
11.84 A

	
579.62 A

	
4.08 A




	
10

	
5.51 A

	
11.17 A

	
497.68 A

	
5.18 A




	
12

	
3.98 A

	
11.51 A

	
582.56 A

	
3.42 A




	
225

	
8

	
2.69 B

	
13.15 B

	
191.78 B

	
9.10 B




	
10

	
5.23 A

	
11.44 A

	
187.77 B

	
3.22 A




	
12

	
2.02 B

	
11.82 A

	
164.57 B

	
3.74 A




	
250

	
8

	
0.92 C

	
12.09 A

	
394.78 C

	
4.72 A




	
10

	
2.35 B

	
10.62 C

	
457.50 C

	
4.85 A




	
12

	
2.71 B

	
8.19 D

	
332.06 C

	
7.71 B




	
Tectona grandis

	
200

	
8

	
3.93 A

	
11.32 A

	
296.59 A

	
3.64 A




	
10

	
4.64 A

	
9.41 B

	
268.53 A

	
3.14 A




	
12

	
1.68 B

	
11.98 A

	
250.78 A

	
3.18 A




	
225

	
8

	
2.15 B

	
10.45 A

	
620.32 B

	
3.35 A




	
10

	
1.27 B

	
10.12 A

	
344.14 A

	
3.92 A




	
12

	
1.24 B

	
10.74 A

	
428.75 A

	
3.56 A




	
250

	
8

	
0.61 C

	
9.82 A

	
597.15 B

	
3.62 A




	
10

	
2.25 B

	
8.94 B

	
506.88 B

	
3.99 A




	
12

	
1.18 C

	
7.21 C

	
589.91 B

	
3.49 A




	
Vochysia ferruginea

	
200

	
8

	
3.09 A

	
9.82 A

	
1052.41 A

	
8.24 A




	
10

	
3.68 A

	
9.82 A

	
1468.97 B

	
8.26 A




	
12

	
4.21 A

	
9.69 A

	
1434.28 B

	
9.33 A




	
225

	
8

	
0.87 B

	
13.02 B

	
623.97 C

	
10.57 B




	
10

	
0.49 B

	
11.26 A

	
850.87 A

	
12.55 B




	
12

	
0.70 B

	
9.92 A

	
730.27 C

	
11.18 B




	
250

	
8

	
0.60 B

	
9.46 A

	
1388.33 B

	
6.74 A




	
10

	
2.18 A

	
10.30 A

	
1162.28 A

	
6.68 A




	
12

	
3.08 A

	
6.97 C

	
867.46 A

	
2.11 C
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Table 2. Correlation matrix of the evaluated variables of torrefied pellets at different temperatures and times for five types of biomass from woody tropical species.
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Cupressus Lusitanica




	
Variables

	
Density

	
Coefficient of Variation

	
Compression Force

	
Moisture Absorption

	
Moisture Content




	
Density

	
1.00

	
-

	
-

	
-

	
-




	
Coefficient of variation

	
−0.32 **

	
1.00

	
-

	
-

	
-




	
Compression force

	
0.04 NS

	
−0.19 *

	
1.00

	
-

	
-




	
Moisture absorption

	
0.14 NS

	
0.04 NS

	
−0.33 **

	
1.00

	
-




	
Moisture content

	
−0.16 *

	
−0.08 NS

	
0.27 *

	
−0.14 NS

	
1.00




	
Dipteryx Panamensis




	
Variables

	
Density

	
Coefficient of Variation

	
Compression Force

	
Moisture Absorption

	
Moisture Content




	
Density

	
1.00

	
-

	
-

	
-

	
-




	
Coefficient of variation

	
−0.18 *

	
1.00

	
-

	
-

	
-




	
Compression force

	
0.21 *

	
0.13 NS

	
1.00

	
-

	
-




	
Moisture absorption

	
−0.07 NS

	
−0.38 **

	
−0.45 **

	
1.00

	
-




	
Moisture content

	
−0.17 *

	
−0.31 **

	
0.15 NS

	
0.04 NS

	
1.00




	
Gmelina Arborea




	
Variables

	
Density

	
Coefficient of Variation

	
Compression Force

	
Moisture Absorption

	
Moisture Content




	
Density

	
1.00

	
-

	
-

	
-

	
-




	
Coefficient of variation

	
−0.21 *

	
1.00

	
-

	
-

	
-




	
Compression force

	
0.17 *

	
−0.10 NS

	
1.00

	
-

	
-




	
Moisture absorption

	
0.18 *

	
−0.10 NS

	
−0.06 NS

	
1.00

	
-




	
Moisture content

	
−0.42 **

	
1.10 NS

	
0.42 **

	
−0.15 NS

	
1.00




	
Tectona Grandis




	
Variables

	
Density

	
Coefficient of Variation

	
Compression Force

	
Moisture Absorption

	
Moisture Content




	
Density

	
1.00

	
-

	
-

	
-

	
-




	
Coefficient of variation

	
−0.29 *

	
1.00

	
-

	
-

	
-




	
Compression force

	
0.16 *

	
−0.03 NS

	
1.00

	
-

	
-




	
Moisture absorption

	
−0.01 NS

	
−0.16 *

	
−0.19 *

	
1.00

	
-




	
Moisture content

	
−0.27 *

	
0.00 NS

	
−0.28 *

	
0.09 NS

	
1.00




	
Vochysia Ferruginea




	
Variables

	
Density

	
Coefficient of Variation

	
Compression Force

	
Moisture Absorption

	
Moisture Content




	
Density

	
1.00

	
-

	
-

	
-

	
-




	
Coefficient of variation

	
−0.55 **

	
1.00

	
-

	
-

	
-




	
Compression force

	
−0.03 NS

	
−0.23 *

	
1.00

	
-

	
-




	
Moisture absorption

	
−0.37 **

	
0.39 **

	
−0.24 *

	
1.00

	
-




	
Moisture content

	
0.32 **

	
−0.26 *

	
0.32 **

	
−0.19 *

	
1.00








Note: * significance at 95%, ** significance at 99%, NS significance not present.
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