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Abstract

:

Energy production from coal combustion is responsible for nearly 40% of global CO2 emissions including SOx and NOx. This study aims to produce solid biomass fuels from oil-palm residues by torrefaction, having a high heating value (HHV) equivalent to fossil coals. The experiments were designed using Design Expert version 13 software to optimize the conditions affecting the fuel characteristics of the torrefied products. The statistical analysis suggested that the optimal conditions to achieve a high HHV and fixed carbon content while retaining the mass yield of biomass mainly depended on the temperature and torrefying time, while the size played a less important role in affecting the properties. The optimal conditions were observed to be at 283 °C (120 min) for EFBs, 301 °C (111 min) for PF, and 285 °C (120 min) for PKSs. The maximum HHV of 5229, 5969, and 5265 kcal/kg were achieved for the torrefied EFBs, PF, and PKSs, respectively. The energy efficiency of torrefied biomass was increased to 1.25–1.35. Ecoefficiency analysis suggested that torrefaction should be carried out at high temperatures with a short torrefying time. This low-cost bio-circular torrefied biomass showed promising fuel characteristics that could be potentially used as an alternative to coals.






Keywords:


bioenergy; waste-to-energy (WtE); energy-from-waste (EfW); bioenergy with carbon; torrefaction












1. Introduction


After the COVID-19 pandemic, global demand for coal, as a major source of cheap energy for industries, has been expected to rebound and drive an increase in global CO2 emissions [1]. According to reports, CO2 emissions from coal combustion increased by 1.6%, or 243 Mt, in 2022—a significant increase over the growth rate of the previous ten years—and hit a new record of over 15.5 Gt [2]. After rising by 5.4% and 1.9% in 2021 and 2022, respectively, global CO2 emissions grew by just 0.1% in 2023 to reach 35.8 Gt CO2. [3]. Due to the high energy demand, many countries, including Thailand, have relied on a mix of sources of fuel, including natural gas, coal, and petroleum oil, for electricity production to feed their growing economies. Coals are considered the primary choice for their good cost-effectiveness [4]. In Thailand, the nation’s substantial coal reserve of 2197 Mt is mostly in sub-bituminous and lignite classifications, distributed across regions [5]. Coal prices vary by region, mining method, and coal type. There are four main coal categories: lignite, sub-bituminous, bituminous, and anthracite, based on carbon content and heat energy. In 2022, average yearly sale prices per short ton of coal were approximately USD 80–USD 500 [6].



According to a study, emissions from coal combustion may decrease human lifespans by an average of 11 years [7]. These poisons include mercury, lead, cadmium, sulfur, and nitrate compounds which can impair brain function and pass through the nasal mucosa and into the lungs. Burning coal from power plants also poses a threat to public health. Additionally, it is the main source of CO2 emissions, a significant factor causing climate change. Nevertheless, the supply of fossil fuels, coal, natural gas, and nuclear power is currently decreasing. Thus, there has been a significant increase in renewable energy sources like wind, solar, biomass, and geothermal energy [8]. By using renewable non-fossil raw materials that are CO2-neutral in the production of energy, environmental goals can be met. Due to its potential to circulate CO2 in a closed-loop and renewable manner, biomass is a very viable raw material to be considered as one important source of renewable energy [9].



Palm oil, an essential worldwide product, is vital to Southeast Asia’s economy [10]. The world’s two biggest producers of palm oil are Malaysia and Indonesia [11]. However, Thailand ranks third in the world for producing palm oil. Of the vegetable oil consumed worldwide, palm oil supplies around 40% of the demand [12]. For this reason, the oil palm is regarded as one of the most significant crops for the production of vegetable oil. In the palm oil industry, fresh fruit bunches (FFBs) are transported to the crude palm oil (CPO) mill. In the process of extracting palm oil, various types of biomass wastes are generated, such as palm fibers (PFs), empty fruit bunches (EFBs), and palm kernel shells (PKSs). There are substantial amounts of EFBs from palm oil production, potentially leading to numerous pileups [13]. FFBs typically contain about 21% CPO, 22–23% EFBs, 13.5–15% PFs, and 5.5–7% PKSs [14]. A plentiful amount of solid biomass waste, consisting mainly of EFBs, PF, and PKSs, is generated after the palm oil extraction process. Approximately 1.8 t of solid biomass waste is produced for every ton of CPO extracted for a typical oil palm plant [15].



When compared to fossil fuel resources, raw biomass materials have some intrinsic disadvantages, such as low bulk density, high moisture content, hydrophilic character, and low calorific value (CV) [16]. One inferior characteristic is the high moisture content of raw biomass, which lowers processing efficiency and raises the price of fuel production. Biomass has a high moisture content leading to natural decay which causes the quality to deteriorate [17]. Torrefaction is one of the pretreatment procedures that have been suggested in the literature since it can improve biomass properties and increase its efficiency during thermal conversion [9]. As a thermal pretreatment method for improving the physical characteristics and chemical makeup of biomass for recycling, torrefaction is gaining popularity. Torrefaction is the process of gently heating biomass to a temperature in the range of 200–300 °C in an inert or oxygen-deficient environment. The raw biomass is transformed throughout the torrefaction process into a solid, homogenous product with a higher energy content and less moisture. Moisture and several volatile organic molecules evaporate from the biomass during torrefaction [18]. The main product is a solid substance known as torrefied biomass, biochar, or charcoal [19]. Wooden biomass loses moisture content during the torrefaction process, which takes place at temperatures of 200–300 °C, going from 30–60% to roughly 1–5%. The volatile matter content drops from 70–80% to roughly 55–65%. In addition, the amount of fixed carbon, which formerly ranged from 15 to 25%, now contains between 28 and 35% [20].



To produce torrefied biomass with improved calorific heating values, biomass residues such as PFs, EFBs, and PKSs were chosen as the feedstocks for the torrefaction process in this study. We thoroughly examined the variables that affected the fuel qualities of the torrefied samples, such as sample sizes, torrefying temperature and time, and biomass type. With the use of the Design Expert program, a methodical statistical and eco-efficiency analysis was conducted to determine the proper processing conditions for producing torrefied biomass products with the desired HHV, FC, and mass yield. To provide the best circumstances concerning energy and environmental considerations, energy efficiency and ecoefficiency were assessed.




2. Materials and Methods


2.1. Materials


PF, EFB, and PKS residues used in this study were obtained from Palm D Sri Nakhon, Ltd. Company, Hua Sai, Nakhon Si Thammarat, Thailand. The biomass was ground and sieved using the number 30 sieve with 0.5 mm aperture, number 20 sieve with 0.85 mm aperture, and number 18 sieve with 1.0 mm aperture according to ASTM E11 and the International ISO 565 scale [21]. The ground fibers that passed through were collected. This ground material was dried in a hot-air oven (Memmert, model UM-500; Schwabach, Germany) at 105 °C for 24 h, then kept in a desiccator (model RT-48C; Eureka Design Co., Ltd., Pathum Thani, Thailand) at room temperature (35 °C ± 3 °C) until used. The following chemicals for lignocellulosic content analysis were used: acetone (AR grade, 99.5% pure), sodium hydroxide (AR grade, 99% pure), and sulfuric acid (AR grade, 98% pure). All chemicals were purchased from RCI Labs (Bangkok, Thailand).




2.2. Preparation of High Energy-Density Biomass


For the torrefaction process, 100 g of dried biomass, as described above, was placed in the ceramic reactor with a closed lid. As illustrated in Figure 1, the reactor was placed in a furnace (model AAF11/3; Carbolite Gero Ltd., Parsons Lane, Hope, UK) in which the temperature was set to the desired processing torrefaction conditions (200, 250, 275, 300, and 350 °C). The torrefaction process underwent a constant processing temperature for a duration of studying torrefaction time (30, 75, and 120 min) and a heating rate (<40 °C/min). The samples were then removed from the oven and cooled to room temperature before being kept in a desiccator (model RT-48C; Eureka Design Co., Ltd., Pathum Thani, Thailand).




2.3. Characterization


2.3.1. Thermogravimetric Analysis (TGA)


TGA was used to investigate the thermal degradation of the lignocellulose components of the biomass samples. 10 g of EFB, PF, and PKS dried samples were examined in a TGA/GCMS. Weight loss as a function of temperature was recorded in a thermobalance (Perkin Elmer PYRIS 1 TGA, Watham, MA, USA) from 25 °C to 800 °C at 10 °C/min under a nitrogen atmosphere (20 mL/min).




2.3.2. Lignocellulose Analysis


Lignocellulose analysis is a crucial step in understanding the composition of the biomass, consisting of cellulose, lignin, and hemicellulose that collectively form the complex structure of lignocellulosic materials. 5 g of dried samples were put in 80 cm3 of acetone. The acetone extraction using a Soxhlet extractor (Foss SoxtecTM 2050, Hillerød, Denmark) was carried on at 90 °C for 1 h, followed by rinsing with the acetone for 30 min at room temperature. Consequently, the insoluble solids were collected and dried in a hot-air oven at 105 °C for 24 h, left to cool in a desiccator, and then weighed. The acetone-extractable contents E (%) of torrefied biomass were calculated using the following equation [22].


  E    ( % )  =  [    (  W 0  −  W 1  )    W 0     ]  × 100 %  



(1)




where W0 and W1 is the dry weight of torrefied biomass before and after extraction, respectively.



To calculate the hemicellulose content, 0.3 g of pre-extracted sample of torrefied biomass was put in a 15 cm3 test tube, then 3 cm3 of sodium hydroxide (0.5 mol dm−3) was added. The mixture was boiled at 80 °C for 3.5 h. The mixture was then cooled to room temperature and filtered (Whatman no. 1 filter paper) under vacuum. The solid residue was washed with distilled water until the pH of 7 of the wash was reached. The residue was then dried to a constant weight at 105 °C, cooled in a desiccator, and weighed. The hemicellulose content H (%) was determined as follows:


  H    ( % )  =  [    (  W 1  −  W 2  )    W 1     ]  × 100 %  



(2)




where W2 is the dry weight after the alkali treatment.



For lignin content calculation, 0.2 g of torrefied biomass was placed in a pre-weighed flask. Sulfuric acid (200 cm3, 720 g H2SO4 dm−3) was slowly poured into the flask at 30 °C for 1 h. Then, 56 cm3 of distilled water was added, and the mixture was autoclaved at 121 °C for 1 h. The resulting solution was filtered using Whatman papers and dried at 80 °C for 3 h. The acid-insoluble lignin content, L (%), of the sample was calculated as follows:


  L    ( % )  =  [    (  W 4  )    W 3     ]  × 100 %  



(3)




where W3 is the weight of the sample before treatment and W4 is the weight of the solids recovered after the above treatment.



Based on the acetone-extracted torrefied biomass, the cellulose content, C (%), was calculated from the previously obtained values as follows:


C (%) = 100 − H (%) − L (%)



(4)








2.3.3. Fourier Transform Infrared (FTIR) Analysis


FTIR spectra of the samples were analyzed to get a better understanding of the thermal process of the torrefaction that affects the chemical structure. For this, 1 g of dried sample was used to prepare a KBr disk for the test. The FTIR spectra of the samples were examined in an ATR-FTIR spectrometer (model Tensor 27; Bruker, Munich, Germany) under the wavelength range of 530–4000 cm−1.




2.3.4. Scanning Electron Microscopy (SEM)/EDX


An SEM (Model Merlin Compact, Carl Zeiss Co., Ltd., Bangkok, Thailand) was used to study the morphological structure, potentially conveying insights into how the torrefaction process influences the structural alterations of the biomass at varying temperatures. The images obtained from the SEM were analyzed with Micro Sun 2000/s image analysis software to gather data on the nanostructure of the torrefied biomass. The image analysis magnification was 10,000× at 5 kVs.




2.3.5. Production Yield Analysis


Energy yield reflects the energy conversion of the stored energy of the raw biomass to the retained energy of the sample after torrefaction. After torrefaction, mass loss occurs due to the thermal degradation process of the lignocellulose materials. As a result, energy-lean components are generated and left out from the biomass, while energy-high constituents remain within the material contributing to an increase in the energy density. Mass and energy yields and energy efficiency can be evaluated using Equations (5)–(7) [23].


  Mass   Yield    ( % )  =    mass   of   torrefied   biomass     mass   of   raw   biomass    × 100 %  



(5)






  Energy   Yield    ( % )  =    HHV   of   torrefied   biomass     HHV   of   raw   biomass    × % Mass   Yield  



(6)






   Energy   Efficiency =    Energy   yield     Mass   yield      =    HHV   of   torrefied   biomass     HHV   of   raw   biomass      



(7)




where HHV is the high heating value of the sample




2.3.6. Proximate Analysis


The proximate analysis was performed to determine moisture (ASTM E871), volatile matter (ASTM E872), ash (ASTM E1755), and fixed carbon contents of the samples. The moisture content (%), mass loss (%), ash content (AC) (%), volatile matter (VM) (%), and fixed carbon (FC) content (%) were calculated from Equations (8)–(12).


  Moisture   Content    ( MC )     ( % )  =    m  initial   −      m    final      m  initial     × 100 %  



(8)






  Mass   Loss    ( % )  =    m  initial   −      m    final      m  initial     × 100 %  



(9)






  Ash   Content    ( AC )     ( % )  =    m  ash   −      m    final      m  initial     × 100 %  



(10)






Volatile Matter (VM) (%) = Mass loss (%) − Moisture content (%)



(11)






Fixed Carbon (FC) (%) = 100 − VM (%) − AC (%) – MC (%)



(12)







Note here that the percentage of moisture content was measured at 105 °C while the percentage of mass loss was analyzed at various torrefying temperatures and times.




2.3.7. High Heating Value (HHV)


HHV was analyzed using a calorimeter: Bomb Calorimeter (model LECO AC500). Benzoic acid was first used to calibrate the bomb calorimeter. Then 1 g of dried sample was placed in the apparatus. The test was undertaken under an O2 environment. The length of the ignition wire was measured. The solution was then titrated with sodium carbonate solution (10.45 g/500 mL DI water) having methyl orange as the indicator until the color of the mixture changed from pink to pale orange. The amount of the titrant and the length of the wire used were input into the Tesco AC500 program to obtain the measured calorific value of the sample.





2.4. Ecoefficiency Analysis


Ecoefficiency is a comprehensive metric for evaluating the performance of product, process, and service (PPS) systems that consider environmental effects, resource utilization, and economic development [24]. Because it complies with the ISO 14045 standard for Environmental Management’s Ecoefficiency assessment of product systems [25], it can be a helpful tool in promoting sustainable development [26]. Ecoefficiency is defined as the ratio of a product’s or service’s value to its environmental impacts, which includes aspects such as energy, material, and water consumption, as well as greenhouse gasses and carbon dioxide emissions. The ecoefficiency value can be utilized as a guide for a thorough analysis that considers environmental and economic factors, offering a holistic perspective on sustainability. The conceptual equation for calculating ecoefficiency is represented as Equation (13) [27].


  Ecoefficiency =    Value   of   the   product  ,    process  ,    or   service     (  PPS  )     Environmental   impact   of   the   PPS     



(13)







The combination of sustainability and ecoefficiency ideas in this study required a modification of the ecoefficiency Equation (14). HHV was used to represent the PPS value in this context. The fixed operating costs were calculated using the cost of biomass and grinding biomass. The whole operational cost of the procedure for producing high energy density torrefied biomass, including chemical and electrical costs, was determined using the following equation:


  Ecoefficiency   ( HHV / Baht ) =    E d     E c     



(14)




where Ed is HHV, and Ec is the cost of high energy density torrefied biomass production.




2.5. Experimental Design


The design of experiments (DOE) method using the Design-Expert® program version 13 (Stat-Ease, Inc., Minneapolis, MN, USA) was performed to design the experimental runs by designating the range of affecting parameters. In this study, the range of three effecting parameters including torrefying temperature and time, and biomass size, as suggested by [28], were applied to the software. The responses of this study are triple parameters including the maximum HHV, % mass yield, and % FC. After running the Design Expert program, thirty runs of experiments were obtained for each type of biomass.





3. Results


3.1. Preparation of Torrefied Biomass


Torrefaction was conducted at the temperature range of 200 °C to 350 °C at a given duration time, and the physical appearance of the torrefied samples underwent noticeable changes. As seen in Figure 2, the original color of the raw material was in light shades, either brown, orange, or yellow. However, the material’s coloration changed to darker tones as the temperature of the torrefaction process increased. It went from light brown to deep brown to black in the end. Remarkably, leftover biomass from the processes of extracting palm oil showed a characteristic black color when it was torrefied at 350 °C, resembling fine coal. The color change was consistently noted in all types of materials that were examined.




3.2. Structure Analysis


3.2.1. Thermogravimetric Analysis (TGA)


TGA analysis was carried out to investigate the thermal decomposition of the biomass, in which the temperature was raised from room temperature to 700 °C at a heating rate of 10 °C/min under a N2 atmosphere. As depicted in Figure 3, the mass of EFBs, PF, and PKSs steadily decreased with the increasing temperature until it reached a certain temperature when a sharp reduction in sample mass was observed, indicating the decomposition temperature of the materials. The initial weight loss was caused by the elimination of moisture and volatile compounds. However, the major weight loss was mostly due to the devolatilization process and decomposition of hemicelluloses, cellulose, and lignin constituents [29]. The derivative mass loss (%) could reveal more details on the thermal degradation temperature of individual composing components [30]. From the results, two major decomposition temperatures could be determined at around the temperature of 277 °C and 363 °C for PFs, and 315 °C and 372 °C for EFBs. However, one broad single decomposition peak at around 380 °C was observed in the case of PKSs. Above the onset of the decomposition temperature, the thermal degradation of hemicellulose which contains mostly amorphous-like structures could take place at a certain rate at a given temperature. The decomposition caused by possible thermochemical reactions became more extensive with higher kinetics at higher temperatures. However, the thermal degradation of cellulose and lignin, having a higher degree of crystallinity, shows distinct decomposition temperatures depending on its corresponding type and crystalline structure. Typically, the thermal decompositions of hemicelluloses, cellulose, and lignin could take place under elevated temperatures in the range of 225–300 °C, 305–375 °C, and 250–500 °C, respectively [31]. At maximum torrefaction of 350 °C, devolatilization of hemicellulose was believed to occur at a high extent, giving by-products such as H2O, CO2, CO, and other trace amounts of organic compounds. On the other hand, the cellulose constituent decomposed more slowly at temperatures below 250 °C but became extensively decomposed under extreme torrefaction (290–300 °C) [32]. Raising the temperature greatly accelerated the rate of thermal degradation of hemicellulose and cellulose, but had less of an impact on lignin, whose degradation temperature is higher than 350 °C [29].




3.2.2. Lignocellulose Content Analysis


The oil palm biomass is considered a lignocellulosic material composed of cellulose, hemicellulose, and lignin components in which their simplified chemical structures are illustrated in Figure 4. Cellulose is a long linear polymer made by the polymerization of β-glucose molecules, providing rigidity and strength to plant cells by forming parallel-aligned microfibers being held together by hydrogen bridges [30], while hemicellulose is a xylose-based crosslinked polymer that forms a complex network of bonds, intersecting with both cellulose and lignin [33]. On the other hand, lignin is a phenolic-based compound linked together to form rigid 3D networks, providing plants with strength and resistance to decay [34]. Thus, hemicellulose is considered less stable against thermal treatment than cellulose and lignin, respectively [35].



Figure 5 shows the results of lignocellulosic content analysis for the torrefied EFB, PF, and PKS samples. After torrefaction, the lignocellulose compositions of all torrefied samples were shifted, indicating that thermochemical reactions occurred to some extent. When compared to the untreated samples, the hemicellulose content of torrefied samples treated at 350 °C significantly decreased by approximately 75% for EFBs, 65% for PF, and 64% for PKSs, respectively. Similar trends were also observed in the cellulose compositions, although the decline in values was less pronounced. After being treated at 350 °C, the cellulose compositions decreased by about 32% for EFBs, 39% for PF, and 14% for PKSs. On the other hand, lignin compositions of all torrefied samples were observed to be increased by approximately 50–100%, possibly due to the formation of pseudo-lignin-like compounds [36]. Hemicellulose showed the highest percentage reduction compared to cellulose and lignin, indicating that the material was thermally degraded and transformed into other light hydrocarbon species at a higher conversion than the cellulose and lignin constituents. The amorphous cellulose degrades at a slower rate against hemicellulose decomposition due to a higher degree of polymerization [37]. The thermal degradation temperature of hemicelluloses is low because of the short chains between the bond and amorphous structure while the thermal cracking of cellulose is difficult due to its long chains and crystalline structure [38].




3.2.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


Several studies suggest that torrefaction can significantly alter the physical and chemical properties of biomass, improving its characteristics for use as a fuel [18]. Following torrefaction, the biomass’s characteristics have changed significantly, mostly as a result of the physical removal of moisture and modifications to its chemical structure brought about by thermochemical breakdowns [23]. The FTIR analysis was performed to investigate those mentioned alterations. Figure 6 shows the FTIR spectra of the EFB, PF, and PKS samples before and after being torrefied at 350 °C for 120 min. When compared with the samples before treatment, the main unique FTIR spectra characteristics of the torrefied biomass, the indication of the chemical changes that occur during the torrefaction process, involved the reduction in hydroxyl groups. The FTIR spectra showed a reduction in the peaks corresponding to hydroxyl groups (e.g., O-H stretching at around 3200–3400 cm−1), indicating the removal of moisture and volatile compounds. The peak reduced drastically and disappeared with increasing torrefaction temperature due to partial dehydration and carbohydrate decomposition with the increasing severity of torrefaction conditions [39]. In addition, a decrease in hemicellulose content was observed from a notable decrease in the absorption bands associated with hemicellulose, which is consistent with lignocellulose analysis results showing the reduction in hemicellulose content after being torrefied. The band at around 1730 cm−1 in both precursors and torrefied biomass samples could be attributed to the carbonyl stretching (C=O) of acetyl, carboxylic acid, aldehyde, or ketone groups in hemicellulose [40]. The peak at around 1730 cm−1 was eliminated owing to the complete decomposition of the carbonyl groups in hemicellulose present in the torrefied biomass samples. This shows that the breaking down of long-chain polysaccharides and the breakdown of hemicellulose in the investigated samples resulted in a chemical change. [41]. Furthermore, cellulose decomposition was also taking place to some degree of extent in which the peaks associated with cellulose components weakened (1630–900 cm−1), particularly at high torrefying temperatures [42]. Finally, the lignin structure was also influenced by the torrefaction process. Modifications in the lignin structure were reflected by alterations in the aromatic skeletal vibrations and C-H deformation in the FTIR spectra. The ether and C–C linkages of lignin in the torrefied biomass which consists of higher energy than other bonding show an increase in heating value and energy density after torrefaction [43].




3.2.4. SEM and EDX Analysis


SEM results can reveal the surface morphology of the biomass, showing changes in texture and structure due to the torrefaction process. Figure 7 shows the SEM images of the biomass (EFBs, PF, and PKSs) before and after torrefaction at temperatures of 200–350 °C. After torrefaction, a certain degree of damage to the fractured surface consisting of connected cell walls in the tubular porous structure was observed. The pore size and volume of the pores noticeably increased due to the thermochemical degradation of lignocellulose components occurring during the torrefying process.



Coupled with SEM, the elemental compositions of the samples were measured with energy-dispersive X-ray spectroscopy (EDX). The amount of carbon (C) and oxygen (O), which are the main components of the hydrocarbon lignocellulose, in terms of the atomic O/C ratio was investigated. Changes in the O/C composition ratio, as a result of in situ thermochemical reactions taking place in torrefaction, would directly affect the fuel properties of the biomass [44]. The preferred O/C ratios for the torrefied biomass for solid fuel applications should be in the range of 0.1–0.7, with comparable values of 0.38 to 0.91 for the fossil coal [23]. Figure 8 illustrates the effects of temperature and torrefying time on the atomic O/C ratio of the EFBs, PFs, and PKSs samples, compared to those of pristine materials. Torrefaction temperature greatly affected the degradation of the lignocellulosic biomass compounds into volatile compounds, as discussed earlier. The O/C ratios of the samples decreased by only about 6% for EFBs, 3% for PFs, and 6% for PKSs after being torrefied at 200 °C for 120 min. However, when the temperature was increased to 350 °C, the values significantly decreased by approximately 75% for EFBs, 65% for PFs, and 70% for PKSs, indicating drastic composition changes of the materials as the result of greater extent in the thermochemical degradation process. The torrefying time also influenced the degree of degradation conversion, resulting in the shifts in the O/C ratio toward the lower values with increasing time. At the same torrefying temperature (350 °C), the O/C ratio reduced by approximately 51% for EFBs, 42% for PFs, and 38% for PKSs when the duration was increased from 30 to 120 min.





3.3. Characterization Analysis


3.3.1. Production Yield Analysis


The production yield of the torrefied biomass can be measured in terms of the mass yield of the products, calculated from Equation (5). Figure 9 shows the effect of temperature on the mass yield (%) of the torrefied samples. During the ongoing torrefaction, the decomposition of lignocellulosic structures of the biomass due to in situ thermochemical reactions took place to some degree. Besides the torrefied biomass consisting primarily of high fixed carbon constituents, smaller hydrocarbon molecules (i.e., gaseous and liquid) were simultaneously generated as by-products, particularly at higher temperatures [45]. The decrease in mass after torrefaction is linked to the removal of moisture content and the thermal decomposition of hemicellulose, cellulose, and lignin [46]. The extent and type of component that decomposes thermally in biomass during torrefaction is dependent on the severity of torrefaction. These alterations in chemical structure and compositions of the biomass occurring during the torrefaction should also strongly affect the calorific heating values of the torrefied materials, reflecting the energy efficiency values defined in Equation (6). The energy efficiency of the torrefied biomass can be measured in terms of the overall restored HHV of the samples compared to those of the raw materials before being processed, as shown in Equation (7). Figure 9 also illustrates the energy efficiency values of the samples, prepared from various temperatures. The energy density in terms of the energy efficiency of the torrefied products increased with increasing torrefying temperature, while the mass yield decreased with increasing torrefying temperature. The results were in good agreement with the other study [47]. Thus, from an economic point of view, optimal temperatures should be taken into consideration for large-scale production to achieve not only the desired energy efficiency but also a high mass yield of the torrefied products.




3.3.2. Proximate Analysis


The ash content (AC) can be considered as a loss for the torrefaction process. The ash content of the torrefied biomass varies mostly depending on the types of biomass, and processing conditions (e.g., temperature and time) of the torrefaction process. As shown in Figure 10, the measured AC in the samples ranged from 1.01% to 17.13%, depending on the type of biomass and processing conditions. With the temperature of the torrefaction process rising, the AC was probably going to rise linearly as the amount of lignocellulose degradation brought on by thermochemical reactions happened [48]. From the results, the torrefied PKSs showed the lowest ash concentrations ranging from 1.01% at 105 °C to 13.58% at 350 °C, whereas the EFBs samples gave higher values of AC varying from 3.43% at 105 °C to 17.13% at 350 °C. Lignin is more stable against temperature changes than hemicellulose and cellulose constituents [35]. Thus, the torrefied EFBs exhibited the largest change in AC increase over the range of increasing temperature, particularly at higher temperatures (e.g., 350 °C), compared to the PFs and PKSs, respectively.



Figure 11a depicts the effect of the temperature of the fixed carbon (% FC) content of the torrefied biomass in which the amount of FC increases with the temperature of the torrefaction process. The FC contents increase with the increasing temperature, caused by the reduction in the volatile matter (% VM) content together with the possible thermochemical changes in lignocellulose constituents, as discussed earlier [49]. As the torrefaction proceeded, the drying period was likely to take place at the beginning stage in which the free moisture was likely to diffuse out of the biomass sample. Simultaneously, the heat was transferred towards the inside of the matrix causing the rise in temperature inside the matrix. The volatile matter was then changed into a gaseous state depending on its volatility and was able to transport to the outer shells, resulting in a reduction in the VM content. The higher the torrefaction temperature, the lower the VM values of the torrefied samples that were observed, as seen in Figure 11b. The loss of volatile matter, primarily consisting of light hydrocarbons and small molecules with hydrogen and oxygen, was responsible for the increase in the fixed carbon content of the torrefied samples. At a given condition, most of the fixed carbons in the biomass remain while the volatile matter is removed [45]. As the temperature increased, the higher FC but lower VM content of the torrefied samples were obtained. High FC samples would exhibit high calorific values. On the other hand, solid fuels with high VM content would have good burning characteristics (e.g., ease of burning). Thus, the torrefaction should be carried out at the optimal temperature at which the torrefied product with high heating value and good VM content can be achieved.




3.3.3. High Heating Value (HHV) Analysis


Figure 12 shows the energy density in terms of the ratio of HHV of the torrefied biomass prepared at different conditions within the range of torrefaction temperature (200–350 °C) and HHV of raw biomass. The HHV of the biomass can be significantly improved because of dehydration and carbonization taking place in torrefaction, particularly at higher temperatures with long duration time [38]. Compared with dried biomass, the HHV of the torrefied EFBs increased from 3998 kcal/kg to 6086 kcal/kg after torrefaction at 350 °C. Similarly, the HHV increased from 4445 kcal/kg to 6483 kcal/kg for PFs, and from 4384 kcal/kg to 6283 kcal/kg for PKSs. In this study, the HHV of all torrefied samples prepared at a temperature above 300 °C surpassed the average HHV of fossil coals (4700–5500 kcal/kg) [50].





3.4. Design Expert Program


3.4.1. Experimental Design and Statistical Analysis


Model statistics for HHV, % mass yield, and % FC of EFBs, PFs, and PKSs are listed in Table 1. The predicted R2 of HHV, % mass yield, and % FC of EFBs, PFs, and PKSs, were in reasonable agreement with the adjusted R2. This model can be used to navigate the design space.



Table 1 presents the design matrix and the corresponding results of RSM experiments conducted to determine the effects of three independent variables: torrefying temperature (°C), torrefying time (min), and biomass size (mm). By performing multiple regression analysis on the experimental data, the predicted linear and 2FI equation response of HHV, % mass yield, and % FC can be expressed using Equations (15)–(23) in terms of coded values:


HHVEFB = 7218.90 − 13.65A − 4.63B − 5543.61C + 0.041AB + 0.031AC − 0.056BC + 0.041A2 − 0.009B2 + 3447.18C2



(15)






HHVPF = 3878.32 + 4.89A + 1.15B –2161.19C + 0.029AB − 0.034AC –0.139BC + 0.007A2 − 0.018B2 + 1339.40C2



(16)






HHVPKS = 2322.61 + 12.996A + 1.87B − 1109.33C + 0.02AB -0.553AC + 0.50BC -0.007A2 − 0.017B2 + 717.90C2



(17)






%Mass yieldEFB = −45.22 + 0.81A + 0.19B + 151.35C − 0.002AB + 0.019AC + 0.048BC − 0.002A2 + 0.0006B2 − 97.16C2



(18)






%Mass yieldPF = −19.01 + 0.743A + 0.222B + 116.02C − 0.002AB + 0.08AC + 0.015BC − 0.0019A2 + 0.0004B2 − 84.12C2



(19)






%Mass yieldPKS = −42.44 + 1.07A + 0.22B + 72.23C − 0.002AB + 0.018AC − 0.0044BC − 0.002A2 + 0.0008B2 − 46.49C2



(20)






%FCEFB = 39.91 − 0.165A − 0.051B − 20.73C + 0.0006AB − 0.0024AC − 0.0001BC + 0.0004A2 − 0.0004B2 + 13.03C2



(21)






%FCPF = 3.81 − 0.052A + 0.10B + 10.76C + 0.0003AB − 0.0237AC − 0.0375BC + 0.0003A2 − 0.0006B2 − 1.94C2



(22)






%FCPKS = 20.65 − 0.079A − 0.024B − 2.99C + 0.0004AB + 0.0007AC − 0.0118BC + 0.0003A2 − 0.0002B2 + 1.96C2



(23)







The suggested model’s dependability was confirmed by a comparison of the experimental with the outcomes of the mathematical model data. An analysis of the experimental results and the data from the mathematical model validates the reliability of the proposed model. Figure 13 unequivocally shows that the outcomes of the mathematical model and the experimental data coincide extremely well. As a result, the suggested models are regarded as appropriate.



This study clarified the effects of temperature, length of torrefaction, and biomass size on the properties of torrefied biomass, including HHV, mass yield, and % FC. Three-dimensional RSM plots and contour plots showing the simultaneous effects of several factors on all triple-respondents are shown in Figure 14.



To evaluate the relationship and suitability of the mathematical model, an analysis of variance (ANOVA) was performed on the model equations, lack of fit values, determination of the coefficient of determination (R2), and adjusted R2 values. Table 2, Table 3 and Table 4 summarize the results of the ANOVA analysis for EFBs, PF, and PKSs, respectively.




3.4.2. Optimal Conditions


The investigation into optimal conditions for producing torrefied biomass was conducted by utilizing the response optimizer function within the statistical package. The optimal condition was determined based on the maximization of the HHV, % mass yield, and % FC, simultaneously. The results indicate that the optimal conditions for producing high-quality torrefied biomass from EFBs were achieved at 282.48 °C, 120 min torrefying time, and biomass size of 1 mm. At these conditions, the desirable high values of HHV, % mass yield, and % FC (5228.96 kcal/kg, 70.26%, and 23.35%, respectively) were achieved, as seen in Figure 15a, while the most suitable condition for producing torrefied biomass from PF was at 301.53 °C, 111.67 min, and 0.79 mm biomass, resulting in 5968.77 kcal/kg, 63.52%, and 27.58% of HHV, % mass yield, and % FC, respectively (Figure 15b). For PKSs, the optimal condition was at 285.22 °C, 120 min, and biomass size of 0.77 mm, yielding HHV, % mass yield, and % FC of 5625 kcal/kg, 75.62%, and 25.89%, respectively (Figure 15c).




3.4.3. Confirmation of Conditional Optimizations


To validate the model equations for predicting triple response values, experiments were performed on the suitable torrefaction process. The accuracy of the CCD-derived model in predicting HHV, % FC, and % mass yield was validated by the correlation between the predicted and experimental values. To verify the models as indicated in Table 5, six experiments were conducted for four levels of torrefying conditions (higher, center, lower, and ideal from the predictive model). The reliability of the model was validated by the ratio between the predicted values and the actual experimental values. The ratios ranged from 0.9 to 1.0 indicating that they were well within the acceptable deviation threshold (less than 10%).





3.5. Ecoefficiency Analysis


Figure 16 shows the relationship between the ecoefficiency of torrefied biomass and torrefied conditions. Ecoefficiency values and temperature exhibit a direct variation relationship, while eco-efficiency and time have a reverse variation relationship. It was discovered that time and temperature are important model factors, but size has no bearing on the ecoefficiency value. Since ecoefficiency was calculated using fixed and operating costs, the ecoefficiency decreased with the length of the torrefied period. Figure 17 illustrates the effect of torrefying time on HHV and ecoefficiency altogether. Based on the data, it was concluded that 75 min was the ideal length for the torrefaction to obtain significantly high HHV and ecoefficiency values. With a fixed torrefying period of 75 min, it was found that the temperature of 350 °C provided the maximum HHV and ecoefficiency for all three types of biomass, as depicted in Figure 18. Though the optimum conditions suggested from the DE optimization for EFBs, PF, and PKSs (280 °C, 120 min, size 1.0 mm for EFBs, 300 °C, 111 min, size 0.79 mm for PF, and 285 °C, time 121 min, size 0.77 mm for PKSs) were different from that of the ecoefficiency analysis, (350 °C and 75 min), the optimal conditions from both analyses were in agreeable ranges yielding the desirable HHV, % FC, % mass yield, and ecoefficiency.





4. Conclusions


In bioenergy applications, the torrefied oil palm biomass (EFBs, PF, and PKSs) has demonstrated enhanced qualities that may make it a viable solid fuel alternative to coal. After torrefaction, HHV and the energy efficiency values of the biomass considerably increased; however, mass loss inevitably occurred due to thermochemical conversions of its lignocellulose components. The results show that temperature has the highest impact on the desired high HHV and energy efficiency of the torrefied oil palm biomass, followed by the residence time, and particle size, respectively. The three-parameter optimization suggested that temperatures in the range of 282–300 °C with a torrefying time of about 110–120 min were optimal for the torrefaction of EFBs, PFs, and PKSs. At optimal conditions, enhanced torrefied products with high HHV (5220–5970 kcal/kg), high energy efficiency (1.25–1.35), and acceptable mass yield (63–75%) could be achieved. To reduce the necessary energy expenses for heating while keeping the desired high HHV and energy density of the products, the ecoefficiency analysis recommended that the torrefaction process be carried out for a shorter time (e.g., 75 min). In summary, the properties of torrefied oil palm biomass have demonstrated remarkable promise and are comparable to or superior to those of fossil coal. The design and operation for the scale-up production, which might yield the improved qualities of the torrefied biomass at reasonable costs, may benefit from the optimal operating conditions resulting from this study.
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Figure 1. Equipment set-up for the torrefaction process. 
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Figure 2. The physical appearance in color changes of the torrefied samples at different temperatures. 
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Figure 3. TGA results of the (a) PF, (b) EFB, and (c) PKS samples. 






Figure 3. TGA results of the (a) PF, (b) EFB, and (c) PKS samples.



[image: Energies 17 02192 g003]







[image: Energies 17 02192 g004] 





Figure 4. Simplified chemical structure of (a) cellulose, (b) hemicellulose, and (c) lignin. 
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Figure 5. Lignocellulose analysis results of samples: (a) EFB, (b) PF, and (c) PKS. 
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Figure 6. FTIR transmittance spectra of the torrefied EFBs, PFs, and PKSs. 
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Figure 7. SEM results of the samples: (a) EFBs, (b) PFs, and (c) PKSs before torrefaction, and (d) EFBs, (e) PFs, and (f) PKSs after torrefaction at 350 °C for 120 min. 
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Figure 8. Atomic O/C ratio of EFB, PF, and PKS torrefied samples. 
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Figure 9. The effect of temperature on mass yield (%) of the torrefied biomass. 
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Figure 10. Ash contents (%) in the raw and torrefied biomass. 
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Figure 11. Fixed carbon (% FC) (a) and volatile matter (% VM) (b) in the torrefied biomass. 
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Figure 12. The high heating value (HHV) of torrefied biomass. 
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Figure 13. The relationship between experimental values (actual) and predicted values (predicted) of HHV (a–c), % mass yield (d–f), and % FC (g–i) for EFBs, PFs, and PKSs, respectively. 
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Figure 14. 3D response surface methodology (RSM) plots and contour plots displaying the impact of the different factors HHV (a–c), % mass yield (d–f), and % FC (g–i) on the EFBs, PFs, and PKSs, respectively, during the torrefaction process. 
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Figure 15. Desirability ramps of optimal conditions for (a) EFBs, (b) PF, and (c) PKSs. 
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Figure 16. Effect of temperature, time, and size on ecoefficiency values of the torrefied biomass; (a) EFBs, (b) PFs, and (c) PKSs. 
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Figure 17. Effect of time on ecoefficiency and HHV values of the torrefied biomass; (a) EFBs, (b) PFs, and (c) PKSs. 
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Figure 18. Effect of temperature on the ecoefficiency and HHV values of the torrefied biomass at a fixed torrefying time of 75 min; (a) EFBs, (b) PFs, and (c) PKSs. 
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Table 1. Experimental design and results for respond surface methodology (RSM) for the torrefaction process.
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Run

	
A:

Temp (°C)

	
B:

Time (min)

	
C:

Size (mm)

	
Empty Palm Fruit Bunch

	
Palm Fiber

	
Palm Kernel Shell




	
HHV (kcal/kg)

	
Mass Yield (%)

	
Fixed Carbon (%)

	
HHV (kcal/kg)

	
Mass Yield (%)

	
Fixed Carbon (%)

	
HHV (kcal/kg)

	
Mass Yield (%)

	
Fixed Carbon (%)






	
Raw1

	
-

	
-

	
0.60

	
3997 ± 15

	
-

	
9.29 ± 1.22

	
4445 ± 27

	
-

	
11.13 ± 0.52

	
4364 ± 36

	
-

	
14.58 ± 0.52




	
Raw2

	
-

	
-

	
0.85

	
3969 ± 43

	
-

	
10.1 ± 0.48

	
4423 ± 49

	
-

	
10.88 ± 0.48

	
4345 ± 55

	
-

	
14.39 ± 0.36




	
Raw3

	
-

	
-

	
1.00

	
3950 ± 62

	
-

	
12.25 ± 0.42

	
4416 ± 56

	
-

	
11.39 ± 0.39

	
4342 ± 58

	
-

	
14.5 ± 0.42




	
1

	
200

	
30

	
0.85

	
4209 ± 16

	
97.12 ± 0.48

	
15.96 ± 0.23

	
4588 ± 20

	
97.36 ± 0.21

	
14.76 ± 0.22

	
4395 ± 21

	
99.13 ± 0.17

	
16.98 ± 0.43




	
2

	
200

	
75

	
0.60

	
4269 ± 20

	
93.42 ± 0.33

	
16.61 ± 0.15

	
4752 ± 21

	
95.32 ± 0.33

	
15.69 ± 0.23

	
4497 ± 17

	
97.57 ± 0.21

	
17.25 ± 0.32




	
3

	
200

	
75

	
1.00

	
4259 ± 10

	
94.41 ± 0.29

	
16.56 ± 0.16

	
4738 ± 17

	
95.42 ± 0.21

	
15.51 ± 0.19

	
4476 ± 22

	
98.14 ± 0.34

	
17.11 ± 0.29




	
4

	
200

	
120

	
0.85

	
4316 ± 23

	
94.32 ± 0.21

	
17.03 ± 0.10

	
4878 ± 20

	
93.9 ± 0.17

	
15.63 ± 0.16

	
4726 ± 19

	
96.16 ± 0.45

	
18.09 ± 0.22




	
5

	
250

	
30

	
0.60

	
4276 ± 45

	
91.41 ± 0.39

	
16.95 ± 0.13

	
4804 ± 35

	
94.15 ± 0.43

	
15.66 ± 0.11

	
4704 ± 33

	
97.22 ± 0.23

	
17.71 ± 0.19




	
6

	
250

	
30

	
1.00

	
4261 ± 42

	
92.28 ± 0.33

	
16.72 ± 0.16

	
4788 ± 27

	
95.07 ± 0.54

	
15.22 ± 0.14

	
4673 ± 27

	
98.04 ± 0.19

	
17.67 ± 0.13




	
7

	
250

	
75

	
0.85

	
4378 ± 18

	
89.98 ± 0.09

	
17.98 ± 0.06

	
5092 ± 25

	
93.12 ± 0.16

	
19.77 ± 0.15

	
4976 ± 2

	
97.08 ± 0.03

	
19.82 ± 0.09




	
8

	
250

	
75

	
0.85

	
4350 ± 10

	
89.77 ± 0.12

	
17.9 ± 0.14

	
5064 ± 2

	
92.93 ± 0.03

	
19.53 ± 0.09

	
4972 ± 5

	
96.99 ± 0.06

	
19.98 ± 0.07




	
9

	
250

	
75

	
0.85

	
4340 ± 20

	
90.02 ± 0.13

	
18.11 ± 0.07

	
5054 ± 10

	
93.04 ± 0.08

	
19.66 ± 0.04

	
4980 ± 2

	
97.14 ± 0.09

	
19.91 ± 0.00




	
10

	
250

	
75

	
0.85

	
4364 ± 5

	
89.89 ± 0.00

	
18.06 ± 0.02

	
5076 ± 10

	
92.89 ± 0.07

	
19.62 ± 0.00

	
4984 ± 6

	
97.07 ± 0.02

	
19.88 ± 0.03




	
11

	
250

	
75

	
0.85

	
4371 ± 11

	
89.80 ± 0.09

	
18.17 ± 0.06

	
5045 ± 21

	
92.81 ± 0.15

	
19.50 ± 0.12

	
4978 ± 0

	
96.97 ± 0.08

	
19.96 ± 0.05




	
12

	
250

	
120

	
0.60

	
4740 ± 19

	
84.23 ± 0.19

	
19.22 ± 0.17

	
5319 ± 15

	
88.99 ± 0.23

	
20.96 ± 0.19

	
5319 ± 19

	
95.85 ± 0.14

	
20.65 ± 0.14




	
13

	
250

	
120

	
1.00

	
4733 ± 16

	
86.40 ± 0.23

	
18.93 ± 0.15

	
5302 ± 13

	
89.47 ± 0.31

	
19.51 ± 0.21

	
5307 ± 16

	
96.13 ± 0.26

	
20.2 ± 0.17




	
14

	
275

	
30

	
0.60

	
4714 ± 23

	
87.05 ± 0.23

	
18.37 ± 0.21

	
5264 ± 20

	
87.02 ± 0.28

	
19.45 ± 0.17

	
5188 ± 21

	
94.241 ± 0.42

	
19.91 ± 0.21




	
15

	
275

	
30

	
1.00

	
4709 ± 23

	
87.94 ± 0.32

	
18.12 ± 0.19

	
5254 ± 19

	
88.12 ± 0.27

	
19.43 ± 0.22

	
5161 ± 17

	
95.12 ± 0.39

	
19.8 ± 0.19




	
16

	
275

	
75

	
0.85

	
4788 ± 21

	
82.03 ± 0.03

	
20.97 ± 0.04

	
5521 ± 5

	
83.84 ± 0.12

	
21.14 ± 0.43

	
5359 ± 4

	
84.45 ± 0.05

	
22.56 ± 0.17




	
17

	
275

	
75

	
0.85

	
4792 ± 16

	
81.87 ± 0.13

	
21.07 ± 0.06

	
5538 ± 16

	
83.97 ± 0.25

	
21.5 ± 0.07

	
5362 ± 7

	
84.39 ± 0.01

	
22.73 ± 0.00




	
18

	
275

	
75

	
0.85

	
4830 ± 21

	
81.90 ± 0.10

	
20.89 ± 0.12

	
5533 ± 11

	
83.04 ± 0.68

	
21.37 ± 0.20

	
5355 ± 0

	
84.44 ± 0.04

	
22.81 ± 0.08




	
19

	
275

	
75

	
0.85

	
4807 ± 5

	
82.13 ± 0.13

	
20.99 ± 0.02

	
5502 ± 20

	
83.9 ± 0.18

	
21.56 ± 0.01

	
5350 ± 5

	
84.33 ± 0.07

	
22.77 ± 0.04




	
20

	
275

	
75

	
0.85

	
4823 ± 15

	
82.10 ± 0.10

	
21.13 ± 0.12

	
5516 ± 5

	
83.87 ± 0.15

	
22.26 ± 0.31

	
5348 ± 7

	
84.4 ± 0.00

	
22.76 ± 0.03




	
21

	
275

	
120

	
0.60

	
5054 ± 10

	
68.28 ± 0.19

	
23.1 ± 0.16

	
5873 ± 10

	
71.97 ± 0.21

	
25.6 ± 0.33

	
5469 ± 10

	
74.08 ± 0.18

	
25.79 ± 0.21




	
22

	
275

	
120

	
1.00

	
5040 ± 13

	
70.7 ± 0.25

	
22.89 ± 0.20

	
5854 ± 17

	
74.23 ± 0.19

	
23.89 ± 0.26

	
5459 ± 15

	
75.18 ± 0.26

	
25.24 ± 0.17




	
23

	
300

	
30

	
0.85

	
5026 ± 10

	
65.28 ± 0.37

	
22.79 ± 0.15

	
5628 ± 23

	
67.2 ± 0.11

	
25.13 ± 0.27

	
5435 ± 20

	
70.51 ± 0.22

	
25.98 ± 0.16




	
24

	
300

	
75

	
0.60

	
5671 ± 10

	
57.43 ± 0.30

	
24.67 ± 0.17

	
5790 ± 19

	
59.75 ± 0.10

	
28.86 ± 0.19

	
5626 ± 17

	
66.12 ± 0.32

	
27.99 ± 0.22




	
25

	
300

	
75

	
1.00

	
5659 ± 14

	
60.05 ± 0.22

	
24.43 ± 0.23

	
5778 ± 15

	
62.2 ± 0.13

	
28.49 ± 0.11

	
5567 ± 25

	
67.68 ± 0.43

	
27.86 ± 0.19




	
26

	
300

	
120

	
0.85

	
5711 ± 19

	
52.89 ± 0.17

	
27.58 ± 0.26

	
6107 ± 16

	
55.26 ± 0.21

	
30.52 ± 0.17

	
5754 ± 20

	
59.87 ± 0.18

	
29.63 ± 0.23




	
27

	
350

	
30

	
0.85

	
5676 ± 35

	
47.89 ± 0.19

	
26.11 ± 0.19

	
6066 ± 35

	
50.26 ± 0.19

	
30.95 ± 0.15

	
5719 ± 45

	
46.18 ± 0.55

	
29.61 ± 0.22




	
28

	
350

	
75

	
0.60

	
5942 ± 29

	
39.63 ± 0.29

	
29.96 ± 0.22

	
6373 ± 10

	
41.01 ± 0.22

	
32.35 ± 0.21

	
6102 ± 15

	
42.99 ± 0.25

	
30.9 ± 0.14




	
29

	
350

	
75

	
1.00

	
5935 ± 33

	
44.33 ± 0.33

	
29.72 ± 0.10

	
6354 ± 19

	
43.22 ± 0.18

	
31.16 ± 0.13

	
6056 ± 45

	
44.33 ± 0.16

	
30.76 ± 0.10




	
30

	
350

	
120

	
0.85

	
6085 ± 20

	
36.52 ± 0.24

	
31.98 ± 0.16

	
6483 ± 27

	
38.25 ± 0.31

	
33.09 ± 0.14

	
6283 ± 36

	
39.05 ± 0.20

	
32.72 ± 0.09











 





Table 2. Analysis of variance (ANOVA) for HHV, % FC, and % mass yield of EFB.






Table 2. Analysis of variance (ANOVA) for HHV, % FC, and % mass yield of EFB.





	
Source

	

	
HHV

	
% FC

	
% Mass Yield




	
df

	
SS

	
F-Value

	
p-Value

	
SS

	
F-Value

	
p-Value

	
SS

	
F-Value

	
p-Value






	
Model

	
9

	
9.23 × 106

	
22.61

	
<0.0001

	
527.22

	
77.33

	
<0.0001

	
6.38 × 106

	
68.80

	
<0.0001




	
A-Temp

	
1

	
7.87 × 106

	
173.52

	
<0.0001

	
425.55

	
561.78

	
<0.0001

	
5.68 × 106

	
551.71

	
<0.0001




	
B-Time

	
1

	
7.81 × 105

	
17.21

	
0.00

	
64.88

	
85.64

	
<0.0001

	
8.44 × 105

	
81.96

	
<0.0001




	
C-Size

	
1

	
3.16 × 102

	
0.01

	
0.93

	
0.17

	
0.22

	
0.64

	
3.14 × 103

	
0.31

	
0.59




	
AB

	
1

	
1.03 × 105

	
2.28

	
0.15

	
18.83

	
24.86

	
<0.0001

	
2.69 × 104

	
2.61

	
0.12




	
AC

	
1

	
9.91 × 10−1

	
0.00

	
1.00

	
0.0059

	
0.01

	
0.93

	
3.19 × 102

	
0.03

	
0.86




	
BC

	
1

	
2.00 × 10

	
0.00

	
0.99

	
0.00

	
0.00

	
1.00

	
1.62 × 102

	
0.02

	
0.90




	
A2

	
1

	
2.77 × 105

	
6.11

	
0.02

	
24.91

	
32.88

	
<0.0001

	
9.03 × 103

	
0.88

	
0.36




	
B2

	
1

	
2.38 × 103

	
0.05

	
0.82

	
3.70

	
4.88

	
0.04

	
8.39 × 103

	
0.81

	
0.38




	
C2

	
1

	
1.36 × 105

	
2.99

	
0.10

	
1.94

	
2.56

	
0.13

	
5.89 × 103

	
0.57

	
0.46




	
Residual

	
20

	
9.08 × 105

	

	

	
15.15

	

	

	
2.06 × 105

	

	




	
Lack of Fit

	
11

	
6.40 × 105

	
1.95

	
0.16

	
9.89

	
1.54

	
0.26

	
1.50 × 105

	
2.19

	
0.12




	
Pure Error

	
9

	
2.68 × 105

	

	

	
5.26

	

	

	
5.60 × 104

	

	




	
Cor Total

	
29

	
1.01 × 107

	

	

	
542.37

	

	

	
6.59 × 106

	

	




	
R2

	
9

	

	

	
0.91

	

	

	
0.97

	

	

	
0.97




	
Adjusted R2

	
1

	

	

	
0.87

	

	

	
0.96

	

	

	
0.95




	
Predicted R2

	
1

	

	

	
0.76

	

	

	
0.92

	

	

	
0.91











 





Table 3. Analysis of variance (ANOVA) for HHV, % FC, and % mass yield of PF.






Table 3. Analysis of variance (ANOVA) for HHV, % FC, and % mass yield of PF.





	
Source

	

	
HHV

	
% FC

	
% Mass Yield




	
df

	
SS

	
F-Value

	
p-Value

	
SS

	
F-Value

	
p-Value

	
SS

	
F-Value

	
p-Value






	
Model

	
9

	
7.6 × 106

	
44.88

	
<0.0001

	
891.10

	
23.91

	
<0.0001

	
9749.78

	
30.60

	
<0.0001




	
A-Temp

	
1

	
6.5 × 106

	
349.42

	
<0.0001

	
748.42

	
180.74

	
<0.0001

	
7963.06

	
224.94

	
<0.0001




	
B-Time

	
1

	
1.1 × 106

	
60.26

	
<0.0001

	
117.93

	
28.48

	
<0.0001

	
712.61

	
20.13

	
0.00




	
C-Size

	
1

	
8.0 × 102

	
0.04

	
0.84

	
1.54

	
0.37

	
0.55

	
11.92

	
0.34

	
0.57




	
AB

	
1

	
5.2 × 104

	
2.80

	
0.11

	
5.42

	
1.31

	
0.27

	
161.75

	
4.57

	
0.05




	
AC

	
1

	
1.2 × 10

	
0.00

	
0.99

	
0.58

	
0.14

	
0.71

	
6.73

	
0.19

	
0.67




	
BC

	
1

	
1.3 × 101

	
0.00

	
0.98

	
0.91

	
0.22

	
0.64

	
0.14

	
0.00

	
0.95




	
A2

	
1

	
7.8 × 103

	
0.42

	
0.53

	
14.98

	
3.62

	
0.07

	
624.34

	
17.64

	
0.00




	
B2

	
1

	
9.7 × 103

	
0.52

	
0.48

	
9.95

	
2.40

	
0.14

	
3.70

	
0.10

	
0.75




	
C2

	
1

	
2.0 × 104

	
1.09

	
0.31

	
0.04

	
0.01

	
0.92

	
80.80

	
2.28

	
0.15




	
Residual

	
20

	
3.7 × 105

	

	

	
82.82

	

	

	
708.02

	

	




	
Lack of Fit

	
11

	
2.8 × 105

	
2.30

	
0.11

	
58.81

	
2.00

	
0.15

	
519.92

	
2.26

	
0.12




	
Pure Error

	
9

	
9.8 × 104

	

	

	
24.01

	

	

	
188.10

	

	




	
Cor Total

	
29

	
7.9 × 106

	

	

	
973.92

	

	

	
10,458

	

	




	
R2

	
9

	

	

	
0.95

	

	

	
0.92

	

	

	




	
Adjusted R2

	
1

	

	

	
0.93

	

	

	
0.88

	

	

	




	
Predicted R2

	
1

	

	

	
0.86

	

	

	
0.74

	

	

	











 





Table 4. Analysis of variance (ANOVA) for HHV, % FC, and % mass yield of PKS.






Table 4. Analysis of variance (ANOVA) for HHV, % FC, and % mass yield of PKS.





	
Source

	

	
HHV

	
% FC

	
% Mass Yield




	
df

	
SS

	
F-Value

	
p-Value

	
SS

	
F-Value

	
p-Value

	
SS

	
F-Value

	
p-Value






	
Model

	
9

	
6.38 × 106

	
68.80

	
<0.0001

	
624.35

	
30.37

	
<0.0001

	
9881.98

	
29.860

	
<0.0001




	
A-Temp

	
1

	
5.68 × 106

	
551.71

	
<0.0001

	
536.53

	
234.92

	
<0.0001

	
7771.10

	
211.330

	
<0.0001




	
B-Time

	
1

	
8.44 × 105

	
81.96

	
<0.0001

	
71.61

	
31.35

	
<0.0001

	
633.90

	
17.240

	
0.00




	
C-Size

	
1

	
3.14 × 103

	
0.31

	
0.59

	
0.17

	
0.08

	
0.79

	
3.21

	
0.087

	
0.77




	
AB

	
1

	
2.69 × 104

	
2.61

	
0.12

	
10.91

	
4.78

	
0.04

	
192.43

	
5.230

	
0.03




	
AC

	
1

	
3.19 × 102

	
0.03

	
0.86

	
0.00

	
0.00

	
0.99

	
0.3292

	
0.009

	
0.93




	
BC

	
1

	
1.62 × 102

	
0.02

	
0.90

	
0.09

	
0.04

	
0.84

	
0.0128

	
0.000

	
0.99




	
A2

	
1

	
9.03 × 103

	
0.88

	
0.36

	
11.64

	
5.10

	
0.04

	
965.88

	
26.270

	
<0.0001




	
B2

	
1

	
8.39 × 103

	
0.81

	
0.38

	
1.36

	
0.60

	
0.45

	
17.99

	
0.489

	
0.49




	
C2

	
1

	
5.89 × 103

	
0.57

	
0.46

	
0.04

	
0.02

	
0.89

	
24.68

	
0.671

	
0.42




	
Residual

	
20

	
2.06 × 105

	

	

	
45.68

	

	

	
735.43

	

	




	
Lack of Fit

	
11

	
1.50 × 105

	
2.19

	
0.12

	
29.89

	
1.55

	
0.26

	
439.43

	
1.210

	
0.39




	
Pure Error

	
9

	
5.60 × 104

	

	

	
15.79

	

	

	
296.00

	

	




	
Cor Total

	
29

	
6.59 × 106

	

	

	
670.03

	

	

	
10,617

	

	




	
R2

	
9

	

	

	
0.97

	

	

	
0.93

	
0.93

	

	
0.93




	
Adjusted R2

	
1

	

	

	
0.93

	

	

	
0.88

	

	

	




	
Predicted R2

	
1

	

	

	
0.86

	

	

	
0.74

	

	

	











 





Table 5. Verification of predicted values and repeated experimental values of torrefying conditions for EFBs, PF, and PKSs, respectively.






Table 5. Verification of predicted values and repeated experimental values of torrefying conditions for EFBs, PF, and PKSs, respectively.





	
Run

	
Conditions

	
Predicted

	
Experiment

	
The Ratio between Experimental and Predicted Values




	
A: Temp (°C)

	
B: Time (min)

	
C: Size (mm)

	
HHV (kcal/kg)

	
Mass Yield (%)

	
FC (%)

	
HHV (kcal/kg)

	
Mass Yield

(%)

	
FC

(%)

	
HHV (kcal/kg)

	
Mass Yield (%)

	
FC (%)






	
(5a) EFB




	
1

	
350

	
120

	
0.85

	
6257

	
33.59

	
32.65

	
6176 ± 55

	
32.47 ± 0.60

	
29.49 ± 0.30

	
0.99

	
0.99

	
0.90




	
2

	
350

	
75

	
0.6

	
6034

	
39.93

	
30.01

	
5965 ± 40

	
38.02 ± 0.58

	
29.63 ± 0.53

	
0.99

	
0.95

	
0.99




	
3

	
350

	
75

	
1

	
6025

	
42.38

	
29.72

	
5959 ± 40

	
39.81 ± 0.49

	
28.98 ± 0.59

	
0.99

	
0.94

	
0.98




	
4

	
275

	
120

	
0.6

	
5135

	
70.77

	
22.70

	
5080 ± 35

	
69.75 ± 1.10

	
20.89 ± 0.46

	
0.99

	
0.99

	
0.92




	
5

	
275

	
30

	
0.6

	
4658

	
85.66

	
18.37

	
4690 ± 25

	
79.78 ± 1.32

	
18.48 ± 0.35

	
1.00

	
0.93

	
1.00




	
6

	
200

	
120

	
0.85

	
4199

	
97.28

	
15.84

	
4185 ± 30

	
92.3 ± 1.22

	
15.93 ± 0.23

	
1.00

	
0.95

	
1.00




	
(5b) PF




	
1

	
350

	
120

	
0.85

	
6638

	
31.17

	
35.18

	
6437 ± 55

	
31.11 ± 0.30

	
34.76 ± 0.48

	
0.97

	
1.00

	
0.99




	
2

	
350

	
75

	
0.6

	
6351

	
37.26

	
33.31

	
6278 ± 30

	
38.16 ± 0.29

	
32.14 ± 0.27

	
0.99

	
1.00

	
0.96




	
3

	
350

	
75

	
1

	
6335

	
41.52

	
31.93

	
6239 ± 15

	
42.33 ± 0.48

	
30.89 ± 0.32

	
0.98

	
1.00

	
0.97




	
4

	
275

	
120

	
0.6

	
5751

	
71.06

	
24.68

	
5723 ± 30

	
69.87 ± 0.52

	
24.78 ± 0.16

	
1.00

	
0.98

	
1.00




	
5

	
275

	
30

	
0.6

	
5177

	
85.68

	
18.16

	
5162 ± 25

	
82.16 ± 1.19

	
17.66 ± 0.29

	
1.00

	
0.96

	
0.97




	
6

	
200

	
120

	
0.85

	
4818

	
98.17

	
16.02

	
4758 ± 20

	
97.42 ± 1.20

	
14.96 ± 0.33

	
0.99

	
0.99

	
0.93




	
(5c) PKS




	
1

	
350

	
120

	
0.85

	
6294

	
33.18

	
34.87

	
6253 ± 25

	
32.43 ± 0.29

	
33.67 ± 0.15

	
0.99

	
0.98

	
0.97




	
2

	
350

	
75

	
0.6

	
6066

	
41.68

	
31.83

	
6054 ± 20

	
39.59 ± 0.15

	
31.36 ± 0.35

	
1.00

	
0.95

	
0.98




	
3

	
350

	
75

	
1

	
6019

	
43.18

	
31.63

	
6002 ± 25

	
39.96 ± 0.30

	
30.95 ± 0.30

	
1.00

	
0.93

	
0.98




	
4

	
275

	
120

	
0.6

	
5551

	
78.29

	
24.95

	
5435 ± 45

	
77.84 ± 0.63

	
24.61 ± 0.10

	
0.98

	
0.99

	
0.99




	
5

	
275

	
30

	
0.6

	
5065

	
91.76

	
20.18

	
5069 ± 39

	
86.67 ± 0.48

	
19.96 ± 0.15

	
1.00

	
0.94

	
0.96




	
6

	
200

	
120

	
0.85

	
4644

	
99.94

	
17.31

	
4647 ± 20

	
96.45 ± 0.52

	
17.67 ± 0.20

	
1.00

	
0.97

	
0.99
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