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Abstract

:

In this study, wood sawdust as waste residue from wood processing mills was pretreated using torrefaction to improve fuel properties and densified to facilitate transportation. Sawdust was torrefied in a fixed bed reactor using inside temperatures (IT) of 230, 260 and 290 °C for 15, 30 and 45 min, residence time. Due to the low calorific value of the treatments, the outside temperature (OT) of the fixed bed reactor was used instead for a fixed duration of 45 min, which resulted in an increase in energy value by 40% for the most severe conditions. The mechanical strength of the pellets was enhanced by adding 20% binder (steam-treated spruce sawdust) to biochar, which improved the pellet tensile strength by 50%. Liquid by-products from the torrefaction process contained furfural and acetic acid, which can be separated for commercial uses. Thermochemical analysis showed better fuel properties of OT torrefied samples such as high fixed carbon (52%), low volatiles (41%) and lower oxygen contents (27%) compared to IT torrefied samples (18, 77 and 43%, respectively). Low moisture uptake of torrefied pellets compared to raw pellets, along with other attributes such as renewability, make them competent substitutes to fossil-based energy carriers such as coal.
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1. Introduction


Due to a rising worldwide demand to gradually phase out fossil fuels and become carbon neutral by 2050 [1], renewable energy sources such as biomass are becoming increasingly important [2]. Provincial governments in Canada have introduced laws requiring coal-fired power plants to shut down to curb greenhouse gas emissions [3]. The Ontario government, for instance, was the first in North America to phase out coal-fired electricity generation plants [4]. Atikokan Generating Station, with a capacity of 205 MW, is currently the top bioenergy plant in North America, and utilizes only biomass as feedstock [3].



Biomass is a renewable, consistent, highly accessible (especially in Canada) and desirable fuel source [5] that has growth potential and can be utilized at a moderate thermo-ecologic cost [6,7]. Woody biomass is seen to be carbon neutral, as the carbon released in the course of combustion was captured throughout its growth [6,8]. Biomass usage for energy generation has expanded in many countries with the target of reducing global warming, improving employment and ensuring a reliable energy supply [9].



Nevertheless, the frequent use of biomass is primarily based on the economic production of biobased fuels and energy carriers compared to conventional fossil fuels. Biomass derived from forest residues are complicated fuels, as most thermal conversion processes tolerate very strict fuel quality, which is difficult to meet with biomass sources. A range of small particle sizes is needed to co-fire in gasifiers and coal-fired power plants. Woody biomass is fibrous and tenacious, which makes grinding difficult and costly. One of the obstacles to the large-scale application of biomass is the poor grindability of biomass feedstock. Additionally, other properties (e.g., high moisture content, bulkiness, and low energy value) of raw biomass are not desirable in terms of storage, handling, decomposition, and energy density [10].



Pelletization increases the bulk density of wood wastes from 40–200 kg/m3 to 600–1400 kg/m3 [11], which has been commonly implemented in wood pellet mills [12]. Wood pellets as an effective type of biomass for storage and transportation contain high energy density, which is 4 to 10 times that of wood wastes [13]. As a sustainable energy source, wood pellets emit an equivalent or a smaller amount of greenhouse gases in comparison to coal and other fossil fuels [13]. The potential production of wood pellets in Canada is estimated at 20–30 Mt per year, which can result in CO2 emissions decrease by 20–70 Mt annually [13]. The large portion of wood pellets utilized in North America is currently used only for home heating and cooking purposes. Considering the present high fuel prices, wood pellets have the potential of replacing natural gas and heating oil for district heating and power production [13].



When huge volumes of wood pellets are kept in silos or containers for long periods, some incidents such as self-ignition burning and accidental fire may occur [14]. Torrefaction of the wood may offer solutions to address the biological and thermal decomposition of wood pellets during storage. Torrefaction is the thermal treatment of biomass in an inert atmosphere and at relatively low temperatures (between 200 and 300 °C). Although mechanical structures are weakened via torrefaction, roughly 90% of the chemical energy is still retained [15]. The ultimate focus of torrefaction in biofuel processing is to maximize the energy density of wood residues while reducing their water absorbency [12]. Along with producing high-quality biofuels, torrefaction can be implemented in pyrolysis treatment as well [16,17,18]. Torrefaction produces liquid and gaseous by-products in addition to solid biochars [19].



Torrefied wood pellets have over 30% higher calorific value, 40% more bulk density, and over 80% more bulk energy density than typical wood pellets, which will substantially reduce the costs of long-range transportation. Canada is already a large producer and supplier of wood pellets to the world, and due to its huge forest resources and strategic position, it can become the world’s top wood pellet producer in the near future. As a result, torrefaction may be ideal for Canadian wood pellets to be shipped to overseas markets [13]. Due to their hydrophobicity and high energy value, torrefied bio-pellets are considered to be perfect for thermal power stations replacing coal [13]. Koukios reported in his work that energy values are more than 20 GJ/m3 for torrefied softwood, olive kernels and straw [20]. According to Bergman et al. [21], torrefied wood pellets contain a low heating value (LHV) of 20.4–22.7 GJ/t, bulk densities of 750–850 kg/m3 and bulk energy densities of 14.9–18.4 GJ/m3. Another work by Wang et al. [4] showed that the grinding energy for torrefied pellets is half of that required for grinding non-treated pellets.



Torrefaction improves biomass grindability, calorific value and hydrophobicity; however, it makes densifying torrefied material into pellets more challenging. Subsequently, pellets have a lower mass density and low durability [21]. Based on the results of Li et al. [22], following torrefaction and densification of wood sawdust, the severity of torrefaction treatment increased the hardness and decreased the moisture uptake of pellets. As a solution, Peng et al. [12] showed that torrefied pellet characteristics can be enhanced by raising die temperature and adding moisture to torrefied wood sawdust, although densifying torrefied samples into pellets still requires more energy.



Other issues of torrefied sawdust with reactive small particles are the dust handling hazards like fire and explosion [23]. Hence, densification using additives such as lignin, starch, moisture, and glycerin have been introduced to bind the particles together along with improving torrefied pellet properties. Wu looked into using lignosulphonate and starch as binders for pelletizing torrefied sawdust made from southern pine at 300 °C [24]. In another work by Malory, starch was used as an additive for enhancing features of torrefied bio-pellets [25]. The commonly used binders including lignin and starch can improve particle adhesion forces; however, they are costly, and starch is a food ingredient [15]. This research explored the optimal thermal conditions for torrefaction of wood sawdust in an inert atmosphere while intending to improve the calorific value and physical and mechanical properties of torrefied sawdust for producing solid biofuel pellets. Furthermore, the thermochemical properties of torrefied woody biomass for energy generation pathways have been evaluated. In this study, steam-treated spruce sawdust as a cheap and non-food-based binder was introduced to the densification step after torrefaction of wood sawdust in a batch torrefaction unit (BTU).




2. Materials and Methods


The pretreatment and processing of wood sawdust were performed as per Figure 1 and details are explained in subsequent sections. As the wood sawdust had very fine and dry particles (mostly less than 1 mm), it did not need to be ground or dried. Hence, much energy was saved through the preprocessing of wood sawdust.



2.1. Feedstock Preparation


A batch of mixed sawdust was collected from the sawmill yard of the NorSask Forest Products LP (Meadow Lake, SK, USA) and was subjected to the torrefaction process. The moisture content of sawdust was around 8% and after screening with appropriate sieves for removing irregular particles, they were ready for the pretreatment step. The particle size analysis was carried out according to EN 15149-2 standard for solid biofuels [26,27,28]. The measurement procedure of bulk and particle densities was described in Adapa et al.’s previous study [29]. The bulk densities of raw and torrefied samples were calculated considering the mass and volume of a standard cylindrical steel container with half-litre volume (SWA951, Superior Scale Co. Ltd., Winnipeg, MB, Canada). For determining the bulk density of known mass samples, they were filled in the gas multi pycnometer (QuantaChrome, Boynton Beach, FL, USA) and the volume of the sample was estimated.




2.2. Torrefaction Process


The setup for the batch torrefaction of biomass in a (22 mm diameter) reactor that is suitable for fine particle feedstocks like sawdust is shown in Figure 2. This unit can hold up to 100 mL (10–11 g) of wood sawdust for each batch. It was heated by a 1 kW tube furnace and several heating tapes, operating up to 325 °C. Temperature was measured by a thermocouple in the centre of the biomass within the reactor. Nitrogen was fed from the bottom and flow was controlled by a mass flow controller, which could be set up to 500 mL/min; however, for consistent nitrogen flow to the chamber, it was fixed at 21 mL/min. The energy consumption was measured by a Kill A Watt® device, which could monitor the power usage during the process. This unit was preheated to the desired temperature and then the biomass was loaded from the top (while the unit was hot) and subsequently restarted. For recovery of the condensed liquor from the torrefaction process, the exhaust gas was passed through 60 mL glass jars suspended in a saline/ice bath. The exhaust gas from the reactor flowed through two stages of these condensers. To recover the solid product after the experiment, the apparatus was completely disassembled and then the reactor turned upside down and the material unloaded. For the second experiment, the OT indicating furnace temperature was used for comparing torrefied samples at two sets of recorded temperature and their variance during residence time.



For evaluating the degree of torrefaction, a severity factor which is a function of torrefaction temperature and residence time was estimated [31]. Equation (1) describes the severity factor for torrefaction treatment.





   R 0  = log    ∫  exp  [    T − 100   14.75    ]  dt  



(1)




where R0 specifies the severity of the treatment, T is the torrefaction temperature (°C), and t is the residence time (min).




2.3. Densification


For biomass densification, water is regarded as a natural binder and lubricant [23]. Before pelletization, biochar was kept in sealed plastic bags and conditioned with a predetermined amount of water to reach an equilibrium moisture content of 10% during 72 hrs cold storage (4 °C) in the fridge. Then it was mixed with or without binders such as steam-treated sawdust at various proportions (10 and 20%). An Instron universal machine (Model 3366R4848 Instron Corp., Norwood, MA, USA) was used for single pelleting from torrefied and non-torrefied materials. Based on the results of Li and Liu [32], and Liu et al. [33], the optimum compression pressure for densifying sawdust was between 100–138 MPa, hence in this study, the compaction pressure was set at 110 MPa. The glass transition temperature (Tg) of lignin for wet conditioned biomass (8–10% moisture content) is in the range of 60–100 °C [34]. In the current study, the die temperature was fixed at 95 °C for simulating commercial pelleting conditions. One important factor for producing a durable pellet is the holding time of materials inside the die that should be taken to account [23]. After compressing the materials using the preset pressure (110 MPa), they were retained for 1 min to prevent the spring-back effect of wood particles [35,36], then the pellets were ejected and cooled for quality measurements. Hence, pellet properties such as pellet density, dimensional stability and tensile strength were determined according to the pertinent standards [35]. Biochar properties like bulk density, ash content, and energy value were included as attributes to find optimized conditions of torrefied material.



2.3.1. Pellet Density and Dimensional Stability


The unit pellet density was calculated from the mass and volume of single pellets. The diameter and length of an individual pellet were measured using a digital calliper to calculate its volume. More than six single pellets were selected for pellet density measurement, and average values were presented [21]. The relaxed density of pellets after 14 days from their formation was compared with immediate density and then using the pellets volumes, dimensional stability was determined according to Equation (2):


   Dimensional   Stability  =     Vol   14     –      Vol   0      Vol  0    × 100  %     



(2)




where Vol0 is the volume of pellets immediately after pelleting (mm3) and Vol14 is the volume of pellets after 14 days (mm3).




2.3.2. Tensile Strength


In order to determine the tensile strength of one pellet, it was cut to a thickness of 2–2.5 mm. Then a compression force that moves against the sides of pellets was applied to make them break into two halves. This was the ideal tensile fracture for pellets according to Fell and Newton [37,38], and other fracture modes which were not cracked symmetrically in parallel to loading force were ignored [35]. For every test, data from force displacement charts were collected for estimating the applied stress and strain in pellets [39]. According to Gilvari and co-workers [39], the stress–strain behaviours of pellets could be influenced by different origins, pretreatment and densification processes [39]. The breaking force was saved for calculating the tensile strength of the pellet. Overall, ten replicates were performed for estimating tensile strength, which was calculated based on Equation (3):


   σ x  =   2 F    π dl     



(3)




where  F  is the breaking load (N), d is the diameter (m) of specimens, and l is the thickness (m) of the specimens [21].





2.4. Statistical Analysis


A quadradic surface model was used to predict the data for seven different responses using two factors of time and temperature change during the torrefaction experiment. The chosen design was central composite design (CCD) for optimizing the experiment runs. The code levels of CCD for the torrefaction experiment are presented in Table 1.



The quadratic equation [Equation (4)] was suggested to fit the resultant data, which calculated the impact of independent variables on the total responses. The response variables (y) as given in Equation (4), included bulk density (kg/m3), particle density (kg/m3), ash content (%), HHV (MJ/kg), pellets density (kg/m3), tensile strength (MPa) and dimensional stability (%).


   y n  =  β 0  +    ∑   i = 1  2    β i   X i  +    ∑   i = 1  2     β ii    X i 2  +   ∑   i = 1  2       ∑   j = i + 1  2     β ij    X i   X j  +  ε     (  n = 1 ,   2 ,   3 ,   4 ,   5 ,   6 ,   7  )   



(4)








2.5. Sample Analysis and the Mass and Energy Yields


The particle size analysis of treated and raw sawdust along with normal distribution indices (Skewness, Shapiro–Wilk, and Kurtosis) were carried out according to pertinent standards mentioned here [26,40]. The neutral detergent fibre (NDF) and acid detergent fibre (ADF) and lignin amount of torrefied and non-torrefied samples were determined according to the fibre analysis methods (ANKOM methods 5, 6 and 8) in a previous Valdez et al. study [41]. The cellulose amount was determined by subtraction of lignin from ADF. Hemicellulose content was estimated from the difference between ADF and NDF [36]. The thermal analysis of the raw and torrefied samples was conducted by using Q500 equipment (TA instruments, New Castle, DE 19720, USA). Around 15 mg of each sample was heated at 10 °C/min from the ambient temperature to 600 °C and the change in weight was recorded to produce the thermal gravimetric analysis (TGA) curve. Proximate analysis of samples (volatile matter, and ash content) was carried out by the following methods presented in ASTM D3175-20 and ASTM D3174-12 respectively [42,43,44]. The fixed carbon was estimated by their difference. The amounts of carbon, nitrogen, hydrogen and sulphur in the torrefied and non-torrefied samples were determined using a Vario EL cube CHNS elemental analyser (Elementar Americas, Inc., Ronkonkoma, NY, USA), while the oxygen content was assessed by the difference between total mass and mass of N, S, C, H and ash [45]. The heating values of torrefied and non-torrefied pellets were evaluated using a bomb calorimeter (Parr Instrument Company, Moline, IL, USA) according to ASTM D5865-19 [46]. The mass and energy yields of torrefied samples were calculated according to Equations (5) and (6):


   Mass   Yield     ( % )  =    Mass   of   product     Mass   of   raw   biomass    × 100    



(5)






   Energy   Yield     ( % )  =  Mass   Yield     HHV   of   product     HHV   of   raw   biomass     



(6)








2.6. Liquor Analysis and GC/MS


The pH of each torrefied liquor was measured using a pH meter and reported in the results. For a detailed analysis of thermal degradation and by-products of torrefied or pyrolysis samples, gas chromatography-mass spectrophotometer (GC-MS) has been utilized in recent studies [19,47,48,49,50]. The condensed liquor products were assessed using a GC-MS system equipped with a TRACETM 1310 gas chromatograph and a TSQ Duo Triple Quadrupole mass spectrometer (Thermo ScientificTM, Waltham, MA, USA). The samples were diluted five times with acetone and filtered with a 0.2-micron PTFE membrane to reach a 0.2 μL volume for injection. GC column was a Thermo Scientific TG-SQC 15.0 m × 0.25 mm I.D. × 0.25 μm film capillary column. The oven temperature was regulated as follows: (1) 40 °C for 15 min; (2) from 40 to 70 °C at a heating rate of 2 °C min−1; and (3) the capillary column was kept at 70 °C for 15 min; (4) from 70 to 100 °C at a heating rate of 2 °C min−1; and (5) the capillary column was kept at 100 °C for 15 min; (6) from 100 to 200 °C at a heating rate of 5 °C min−1; and (7) the capillary column was kept at 200 °C for about 5 min. The inlet temperature was 300 °C and the total GC run took 100 min. Helium at a flow rate of 1.2 mL min−1 was utilized as the carrier gas. For this study, the existence of volatile components was confirmed if it showed a higher matching rate (hit 1 out of 3) according to the MS database. Data were acquired using the timed-SRM mode, processed and reported using Thermo ScientificTM ChromelonTM 7 Chromatography Data System software, version 7.2.2.6890.




2.7. Moisture Uptake


Around one gram of each sample (biochar or pellet) was subjected to a humidity of 90% at a temperature of 30 °C for more than 72 h. The humidity chamber (Espec SH-641 benchtop chamber, ESPEC Corp., Osaka, Japan) was used for the moisture adsorption test. After weight measurements, they were dried in an oven at 104 °C for 24 h. Finally, the weight difference between humidified and oven-dried samples was presented as the percentage of dried material.





3. Results and Discussion


3.1. Design Parameters


In their study, Peng et al. [12,51] indicated that torrefied sawdust with 70–80 wt.% biochar yield was successfully densified into pellets by preconditioning the samples to 10% moisture and heating the die to a temperature of 170–230 °C, in the absence of any binders [15]. However, in this study, the die temperature was fixed as low as 95 °C analogous to industrial pelleting settings- while adding 10% moisture helped to densify torrefied samples into pellets.



According to Table 2, sawdust torrefied at three ranges of temperature and residence times has different properties compared to untreated sawdust. For example, compared to raw sawdust, the bulk density of the torrefied sample largely increased for moderate treatment at 260 °C and 30 min [117.38 (raw) vs. 159.06 kg/m3 (torrefied)]. The particle density of torrefied samples decreased slightly with no visible pattern related to the severity of treatment; although according to Wang et al. [52], this quality can be improved after torrefaction of sawdust (in the range of 1525 to 1637 kg/m3). Pellet density after increasing temperature and residence time, decreased from 1044.6 to 955.96 kg/m3 for the most severe torrefaction experiment at 290 °C for 45 min. Mass loss during torrefaction of sawdust caused lower pellet densities of torrefied material [53]. Based on the results of Stelte et al. [54], the pellet densities of torrefied wood at temperatures of 250–270 °C were reported to be in the range of 700–830 kg/m3; however denser pellets (950–1000 kg/m3) from torrefied samples at similar conditions (torrefaction temperature of 250–290 °C) were produced by Wang et al. [52]. Tensile strength of torrefied pellets showed a similar pattern, and their strength were reduced to almost a quarter of non-treated pellets (e.g., 0.08 MPa compared to 0.31 MPa) after applying the highest severity factor rate (R0: 7.25) to the mixture of sawdust. However, other properties of torrefied products such as increased higher heating values were favourable results for this batch torrefaction treatment. The improved calorific value is comparable to the results of different experiments on various biomass feedstock [55,56,57,58]. Also, an increased amount of ash from 0.22 to 0.31% was observed for torrefied samples at 290 °C and 30 min compared to raw material.




3.2. Optimization


The predicted models of seven different responses and R2 along with optimized values for optimal torrefaction treatment are listed in Table S8. Analysis of variance (ANOVA) tests for bulk density and dimensional stability were not significant for applied treatment conditions (see supplementary Tables S1 and S5 respectively); hence they were excluded from the optimization process. Other responses such as HHV, tensile strength, pellet and particle density, along with ash content were predicted through the response surface model and ranked from (5 to 1) to generate the optimized conditions (230 °C and 45 min).



It was observed that the best treatment (at conditions of 230 °C and 45 min) based on the optimization model has low desirability of around 48% (Figure S1). The underlying nature of wood fibres was altered after the torrefaction experiment and some of their attributes such as mechanical strength did not appear to be favourable for the final product.



The torrefied product had relatively low fuel qualities compared to other commodities on the market such as coal; therefore, further steps were taken to improve sample qualities such as pellet strength and higher heating value. For instance, steam-treated spruce sawdust at different ratios (10 and 20%) was tested as a binder to enhance the mechanical strength of torrefied pellets. To observe the calorific value change, the samples were torrefied at similar conditions to IT but the outside tube temperature was used as an alternative for monitoring the process.




3.3. Relationship between Two Sets of Recorded Temperature


The torrefaction experiment was conducted through two different sets of recorded temperature including inside and outside (furnace) temperature of the reactor. Using the outside thermocouple for the torrefaction experiment has been employed to see if HHV and mass loss of torrefied samples would change during similar conditions. There were three different levels of sawdust torrefaction process using outside temperatures including 230, 260 and 290 °C for a fixed duration of 45 min (see Figures S10–S12). The graphs show that these outside temperatures correspond to higher inside temperatures (278, 312 and 330 °C) with roughly 40–50 °C differences (see Figure S2). This difference can be originated from several factors such as input nitrogen temperature, vertical and radial temperature gradient, heat loss before the condensation zone, low thermal conductivity, as well as the low heat capacity of woody biomass and their endothermic reactions [12,59].




3.4. Particle Size Analysis


The shape and size of particles define how much surface area is available for interlocking particles in a pellet. This also has a direct impact on the mechanical strength of pellets such as durability [60,61]. Particle shape and size influence the energy consumption during pelletization [23,62].



Following torrefaction, fibre diameters had not changed much, and the average was around 0.3 mm (Table 3). A trivial increase in dgw (0.38 mm) after the ultimate treatment may be attributed to the agglomeration of particles at the highest temperature (290 °C). This was also evident in Figure 3, showing a small percentage of coarse particles on the left side of the chart and major fine particles on the right side for torrefied and raw sawdust.



According to Ghiasisis [23], a possible theory for the increased durability of pellets made from small particles is that these fine particles (sizes less than 0.25 mm) produce greater wall friction and resistance to the flow of material, resulting in better compaction and quite durable pellets [23]. Hence, the fine raw/torrefied sawdust utilized in this study with an average diameter of 0.33 mm, may have the potential to provide strong pellets. The normality indicators shown in Table S9 confirmed that none of the samples were distributed normally according to various sieve sizes. As the severity factor increased, these indices deteriorated such as high skewness and Kurtosis for extremely torrefied samples.




3.5. Chemical Composition


After torrefaction, substantial changes occur to the chemical components of fibres. This can be observed from the analytical reports in Table 4. Hemicellulose is almost depleted following torrefaction at 290 °C (OT) and this seemingly added to lignin values (insoluble fraction), which can be a result of accumulation between carbohydrates and phenolic compounds of torrefied sawdust. This was confirmed by a study from Wang et al. [21], indicating that the actual level of carbon-rich lignin in torrefied samples improved when the organic component (for example, hemicellulose) in lignocellulosic biomass decomposed [21]. Yue et al. [47] revealed that after torrefaction of sorghums at 275 °C, the accumulation of degraded cellulose and lignin was the main fraction (60–80%), with roughly 99% being acid insoluble [47]. As much as torrefied samples are subjected to harsh conditions (using either inside or outside temperature), cellulose will decompose more and deposit in solid form of biochar; for instance, its amount dropped greatly from 49% at 230 °C to 12% at 290 °C for torrefied samples. The analytical report of torrefied sorghum specified that over 44% of cellulose and 90% of hemicellulose in sweet sorghum bagasse were degraded at 250 °C, while this figure is around 25% of cellulose and 70% of hemicellulose for energy sorghum [47]. During severe torrefaction treatments, alteration of carbohydrates and phenols overestimated the lignin value (39–73%), which may be a result of condensation reactions of carbohydrate monomers with lignin decomposition products [63]. The non-structural solubles of wood sawdust were decreased after torrefaction (from 9 to 6%), except for torrefied samples at 260 °C, which increased slightly to 11%.




3.6. Mass and Energy Yield


There was a visible pattern between severity factor increase, HHV and mass loss of torrefied samples. As severity (R0) boosted from 5 to 7.25, the mass loss and calorific values of torrefied samples increased by 117% and 6%, respectively (Figure 4A). This is the case for torrefied samples considering OT; however, their solid yield loss is at least 2.5 times more than torrefied samples using IT at an equivalent severity factor (Table S10). The energy value gain after intensive torrefaction using OT is promising for torrefied compared to non-torrefied sawdust (24.27 and 17.49 MJ/kg respectively). However, in order to justify the torrefaction experiment, the energy yield needs to be taken into account (Figure 4B). During torrefaction (IT) at a severity factor of 5.48 to 7.25, the energy yield dropped from 88% to 83% which is a trivial difference. Using the outside temperature for comparison purposes showed huge variation between torrefied samples at 230 and 290 °C (around 19% reduction in energy yield).



Yue et al. [47] examined different biomass (sweet sorghum bagasse and energy sorghum) subjected to torrefaction temperatures of 250, 275 and 300 °C for a fixed time (30 min) and discovered a solid yield of 51–70% for energy sorghum and 43–65% for sweet sorghum bagasse [47]. Notably, their energy value after torrefaction was improved by 1.4 and 1.6 times. Another study on torrefaction of various wood sawdust (spruce, larch, oak, and beech) showed a maximum mass loss (33 to 34%) at a temperature of 300 °C and residence time of 10 min, although the mass loss for larch was around 18% at those conditions [53]. Phanphanich and Mani [64] determined that when pinewood chips were torrefied from 250–300 °C, their calorific value improved by 37.5% while the energy yield of these samples was between 71 to 90% [64].



Many studies reported the densification results for biochar samples prepared at typical torrefaction conditions (250–300 °C with 70–80 wt.% biochar yield) [12,15,22,51,52,65,66]. According to the study by Peng et al. [12] on the torrefaction of softwood residues, the optimum mass loss for providing high-quality torrefied wood pellets was around 30% while the temperature range of 270 to 280 °C for about 55 min was applied to biomass [12]. Hence in this study for torrefying wood sawdust in the BTU, the combination of a torrefaction temperature of 230 °C (using an outside thermometer) and a residence time of 45 min was preferred over other treatments as the mass loss was around 25%.




3.7. Thermochemical Analysis of Torrefied and Raw Sawdust


Samples with OT treatment had more HHV (roughly 15, 19 and 40% corresponding to 230, 260 and 290 °C (OT), respectively) compared to the optimized torrefied sample (at 230 °C) using the inside thermometer (see Table S11). According to Lunguleasa et al. [53], after torrefaction of various wood sawdust (beach, larch, spruce, and oak), their energy values improved constantly, reaching 21.30, 20.71, 20.58 and 20.94 MJ/kg, which correspond to 20.7, 11.8, 14.1 and 16.4% increases, respectively [53].



Results of thermogravimetric analysis (TGA) are shown in Figure 5. Most of the mass reduction in raw and torrefied samples was between 300–400 °C, except for extremely torrefied sawdust (at 290 °C), which revealed a milder slope on the TG curve (Figure 5A). This was confirmed by the differential thermogravimetric (DTG) graph in Figure 5B as well, where roughly 40% of this sample was removed between 400–600 °C, while other samples showed a maximum decomposition rate at lower temperatures. The broad range of lignin decomposition (between 250–500 °C) for torrefied samples at 290 °C agreed with previous studies [45,67,68]. There was a left shoulder observed at around 300 °C for raw sawdust and less severe torrefied sample (230 °C, IT), which may be related to degradation of hemicelluloses [69,70]. This finding was in agreement with the results of Table 4 in that only these two samples contained high amounts of hemicellulose.



After proximate analysis of biochar samples, the volatiles decreased from 77% for optimized treatment to 41% for the most extreme torrefied samples and conversely, fixed carbon improved from 18 to 52% in that respect (Figure 6A). A similar pattern has been observed by other researchers [2,71,72,73,74,75,76,77] of increased carbon content after the torrefaction of several types of biomass. Although for ash content, no trend was apparent during torrefaction, the effectivity of the batch torrefaction unit for producing high-quality fuel from sawdust was verified by these data. Furthermore, carbon content increased by 17% and oxygen dropped by 16%, which validates the above statement (Table S11). It is noteworthy that after the harsh treatment conditions using OT, the level of sulphur and nitrogen in torrefied sawdust was still low compared to other solid biofuels. The elemental analysis of sweet sorghum bagasse and energy sorghum showed a reduction in oxygen content (18.83 and 10.95%, respectively) during torrefaction at 300 °C. In addition, their O/C and H/C ratios declined from 1.61 and 1.54 to 0.99 and 0.87, respectively [47], In this study, in contrast to H/C ratio which had a mild drop (from 0.13 to 0.08), O/C ratio had decreased sharply (from 0.9 to 0.42) following increased torrefaction severity levels (Figure 6B).




3.8. Torrefaction Liquid Composition


After each run, the biochar along with torrefaction liquid (Figure 7) was collected and sealed for further analysis. The GC/MS analysis was carried out to determine the main components of torrefied liquid by-products. As shown in Figure 7B, a change of colour from yellow to dark brown took place which corresponded to torrefaction levels from low to extreme. The colour change during torrefaction of wood residues has been reported in the literature [22,78,79] and it was a result of the lignin conversion from heating woody biomass [21,79]. According to the results of Yue and co-workers, even at high torrefaction temperatures most lignin and cellulose in biomass were more resistant and gradually degraded [47]. Eventually, they were decomposed and accumulated into acid-insoluble compounds. The current study revealed that the pH of torrefaction liquids was extremely acidic (1.85, 1.75, 1.76 and 2.35 corresponding to numbers 1–4, respectively in Figure 7A).



As shown in Table 5, the total yield of torrefied solid, liquid and gas outputs are listed for both optimized treatments and extra runs using the outside thermometer. Along with enhanced torrefaction temperature, the condensed liquid and non-condensed gases from wood sawdust were increased. The yield of liquid by-products has been increased from 7 to 27% after extreme torrefaction conditions. This amount of torrefaction liquid can be beneficial for side stream added-value products in addition to biochar production. Hence, the GC/MS analysis of the liquids is necessary to determine valuable components for commercial uses. According to Yue et al. [47], torrefaction liquids that originated from volatile compounds in holocellulose and partial breakdown of lignin, following separation into oil and aqueous phases, could be refined into high-value chemicals or fuels [47].




3.9. GC/MS Analysis


Analysis of torrefaction liquids from torrefied material by GC mass spectroscopy revealed that furfural amounts decreased as much as the severity of treatment increased (from 41 to 2% Table 6). Furfural is one of the most valuable by-products among chemicals recovered which originate from the hemicellulose of wood. After torrefaction of sorghum bagasse, furfural as the major component was acquired from holocellulose destruction. Following degradation of hemicellulose, furfural as the final product can be made through depolymerization, reconstruction and dehydration of xylan [80]. During extreme thermal treatment, possible reactions are either oxidation of furfural to formic acid or condensation with lignin degradation products [63,81]. Carbonyl sulphide was detected as the second main product in the optimized treatment (22%), while there was none in other torrefied samples. On the other hand, acetic acid was found only in 230 and 260 °C torrefied samples (OT) with 17 and 8% area respectively. Similarly, Yue co-workers’ [47] experiment on torrefaction of herbaceous sorghum revealed that at a temperature below 250 °C most acetic acids were produced from hemicellulose deconstruction [47]. However, results reported by Prins et al. [82] showed that acetic acid could be produced from willow wood at a high temperature of 300 °C [82]. There were a wide variety of other compounds such as 2-tridecanone; digitoxin; cyclohexanone; 2- hexene; phenol, 2-methoxy-4-methyl-; 2-cyclopentene-1-one, 2-hydroxy-3-methyl- etc. which were identified by GC/MS in torrefied liquid products. Boerjan et al. observed that because of lignin degradation, phenol with methoxy substitutes could be formed, whereas other simple phenol types (e.g., phenol and its methyl-/ethyl- byproducts) were generated from the hemicellulose breakdown [83].




3.10. Pellet Properties


According to Peng et al. [12], under similar pelletization settings, biochar samples were harder to compress than non-treated material [12]. Furthermore, Peng et al. [15] reported that the pellet density of torrefied, or non-torrefied materials compressed at a die temperature of higher than 220 °C, was considerably more than pellets formed at lower die temperatures [15]. While in this study a typical die temperature of 95 °C was used, steam-treated spruce sawdust functioned as an effective binder to produce strong pellets from raw and torrefied sawdust (Table 7). With only 10% steam-treated binder, pellet density and tensile strength of control wood pellets were improved by 5 and 84%, respectively. The addition of 20% steam-treated sawdust to control pellets showed 138% increase in tensile strength and roughly 6.7% increase in pellet density. The results of this research revealed that the tensile strength of torrefied pellets with 10 and 20% steam-treated (ST) binder enhanced drastically (around 30% and 340%) compared to the torrefied pellets without binder. Similarly, based on the finding of Peng et al. [15], in comparison to starch and lignin, raw sawdust from pine (at the ratio of 10–30%) proved to be a functional and inexpensive binder for pelletization of (high-yield) torrefied samples [15]. Although the moisture uptake and pellet density were not favourable for 10% ST pellets, the addition of 20% binder to pellets showed a 2–3% improvement in pellet density and a small decrease in moisture absorption compared to torrefied pellets without binder.



Following severe torrefaction levels, although the lignin content of OT samples increased, their mechanical strength was relatively weak compared to optimized IT sample which might be due to lignin structural modification [23]; however, after adding binder (steam-treated sawdust) to the OT materials, they revealed exceptional enhancement in pellet strength. The unit density of 20% ST torrefied pellets improved by 10 and 15% (using OT at 230 and 260 °C, respectively) while for torrefied samples at 290 °C (OT), pellets without binder could not be formed. According to Lunguleasa et al. [53], torrefied wood pellet densities from non-treated and torrefied wood were in the range of 1010–1040 kg/m3 and 990–1010 kg/m3 respectively [53]. Surprisingly, the tensile strength of 20% ST torrefied pellets using OT at 230 and 260 °C was much higher (1. 08, 0.98 MPa) compared to 20% ST torrefied pellets using IT at 230 °C (0.72 MPa). Wang et al. [21] discovered that pellets made from forest residues have less tensile strength than wood pellets (1.58 compared to 2.52 MPa). They indicated decomposition of structural biopolymers like cellulose and hemicellulose during torrefaction can reduce the tensile strength of torrefied pellets [21].



Likewise, the moisture uptake of pellets decreased for OT torrefied samples. Therefore, these pellets are less prone to biological degradation and deformity after moisture absorption from a humid environment (see Figure 8). Reduction in moisture uptake of torrefied pellets in comparison to control pellets has been confirmed by several studies [21,78,84,85,86]. Based on a report from Peng et al. [51], following the moisture adsorption tests, torrefied pellets held substantially less moisture than raw softwood pellets (10 and 19% respectively). The study showed that pellets became more hydrophobic after torrefaction treatment [51].



Figure 9 shows a linear relationship between moisture absorption and severity of the torrefaction experiments. As sawdust was subjected to a higher torrefaction temperature, the amount of moisture that it could retain decreased from 14 to 8% for resultant biochars. A justification is that the hydroxyl groups have been steadily removed from biomass [64,87]. The torrefied pellets could take slightly more moisture than their originating biochars (around 1–2%). This might be due to the addition of 20% binder (steam-treated) which could increase the functional groups of the feedstock and consequently, more hydrogen bonds could be created with water. These results match with the results of Peng et al. [15] showing that torrefied pellets after the moisture absorption tests contained 12% moisture, which was lower than the control but higher than pellets without binder [15].




3.11. Thermochemical Analysis of Torrefied and Non-Torrefied Pellets


The energy value of control pellets containing steam-treated sawdust as the binder was slightly higher compared to no-binder pellets. However, torrefied samples (OT) have less calorific value after mixing with 20% steam-treated binder. For example, HHV of torrefied (OT) pellets with the binder were 19.3, 20.2 and 22.7 MJ/kg compared to 20, 20.7 and 24.3 MJ/kg for original torrefied sawdust samples (Table 8 and Table S11, respectively). Similarly, Peng et al. [15] reported less calorific value of torrefied pellets made with sawdust as binder compared to torrefied wood pellets without binder [15]. They concluded that steam-treated binder could lower the energy value and the efficiency of fuel (such as less fixed carbon and high volatiles) eventually after densification. The analysis proved the same assumption as the difference between carbon and oxygen contents of ST-torrefied pellets and originated torrefied samples were around 3–6% (Table 8 and Table S10). The results of a study by Ghiasi et al. [84] revealed an improved higher heating value of torrefied Douglas fir at 260 °C compared to the non-torrefied sample (22 and 18.7 MJ/kg, respectively) [84]. Similar results were reported for HHV increases (from 19.9 to 22.7 MJ/kg) of torrefied spruce at 270 °C [21]. According to the results of this study and previous research, torrefaction through degradation of hemicellulose could lower the volatile matter in sawdust, Douglas fir and pine pellets [21,51,84,88].





4. Conclusions


Through torrefaction, some unfavourable features of biomass (e.g., high moisture content and low energy density) as a potential energy source can be improved. In this study, a mixture of wood sawdust was subjected to three different temperatures (IT) of 230, 260 and 290 °C for time durations of 15, 30 and 45 min. The properties of torrefied samples using IT needed to be improved for producing top-quality pellets. Hence as an alternative approach, using the outside temperature of the fixed bed reactor was suggested for the second series of experiments. The higher heating value of torrefied samples using OT was considerably larger than IT samples in comparable conditions, for example, the differences were 15, 16 and 30% corresponding to torrefaction at 230, 260 and 290 °C for 45 min. The results of using steam-treated sawdust as a binder were successful as the pellet density of the preferred torrefied sample (OT) was substantially higher compared to the pellets with no binder (1054.79 and 955.31 kg/m3, respectively). Overall, the preferred treatment based on the mechanical, thermochemical and energy value analysis was the torrefied sample at 230 °C for 45 min using outside temperature in BTU. The quality of the preferred torrefied sample from wood sawdust showed that such residues provide a suitable feedstock for torrefaction and densification; these conversion methods can channel large amounts of underused wood wastes into valuable products and energy-carriers such as biofuel pellets and liquid by-products (e.g., furfural and acetic acid, etc.). As a result of this research study, biofuel pellets with high energy content were produced that can be exploited as the main feedstock for combined heat and power plants. Also, the effectiveness of steam-treated sawdust as an additive to torrefied material before pelletization was successfully verified through the experiments of this study.
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Figure 1. Process flowchart for torrefaction and densification of wood sawdust. 
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Figure 2. Schematic representation of the batch torrefaction unit (BTU), adapted from [30]. 1: Indicating temperature controller; 2: Temperature control element; 3, 7, 8, 16 and 19: Local temperature gauges; 4: Insulation; 5: Wood sample; 6: Tube reactor; 9: Time-base temperature controller; 10: Mass flow-rate controller; 11: Pressure regulator; 12: Nitrogen tank; 13: Conduction heaters; 14: Furnace heating zone; 15: Ice-NaCl bath; 17: Torrefaction liquor; 18: Fume hood; 20 and 21: Heating tape; 22: Thermocouple; 23: Porous metal distributor. 
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Figure 3. Particle size distribution of different raw and torrefied materials using inside temperature (IT) or outside temperature (OT). 
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Figure 4. Relationship between mass loss and higher heating value with severity factor (A); and mass and energy yield with severity factor (B) of torrefaction process using inside temperature. 
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Figure 5. TGA results of raw and torrefied wood sawdust (A) indicate mass loss and (B) decomposition rate during thermal heating. 
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Figure 6. Proximate analysis (A) and oxygen/carbon, hydrogen/carbon ratios of wood sawdust before and after torrefaction (B). 
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Figure 7. Torrefaction liquids (A) from torrefied wood sawdust (B). Labels 1-3 are indicators for OT samples torrefied at 230, 260 and 290 °C, respectively and 4 is for optimized treatment at 230 °C. 
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Figure 8. Illustrations of treated and non-treated pellets before (top) and after (bottom) moisture absorption test. From left to right: pellet made of raw sawdust (1), steam-treated (2), raw sawdust with 10% (3) and 20% ST (4), optimized torrefied sawdust with 10% (5) and 20% ST (6), torrefied sawdust at outside temperatures of 230 (7), 260 (8) and 290 °C (9) with 20% ST. 
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Figure 9. Moisture uptake of torrefied sawdust and resultant pellets with 20% steam-treated binder; IT: inside temperature, OT: outside temperature. 
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Table 1. Code levels utilized in the central composite design and real factor levels corresponding to coded factor levels for torrefaction pretreatment.
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	Independent Variable
	Code
	Real Factor Level at

Coded Factor Levels





	
	
	−1     0     1



	Temperature (°C)
	X1
	 230    260    290



	Residence time (min)
	X2
	 15     30     45
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Table 2. Mean values of physical and mechanical properties of torrefied vs. non-treated sawdust and resultant pellets.
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Biomass

	

	

	

	
Pellet

	




	
Run

	
Temperature (°C)

	
Time

(min)

	
Bulk

Density

(kg/m3)

	
Particle

Density

(kg/m3)

	
Ash

Content

(%)

	
HHV 1 (Dry)

(MJ/kg)

	
Pellet

Density (kg/m3)

	
Tensile

Strength

(MPa)

	
Dimensional

Stability

(%)






	
0

	
-

	
-

	
117.38

	
1410

	
0.22

	
17.49

	
1044.6

	
0.31

	
2.62




	
1

	
230

	
15

	
154.14

	
1396.40

	
0.27

	
17.20

	
1026.72

	
0.19

	
0.43




	
2

	
230

	
30

	
156.25

	
1371.50

	
0.23

	
17.30

	
1048.41

	
0.23

	
1.05




	
3

	
230

	
45

	
161.955

	
1356.10

	
0.22

	
17.36

	
1039.77

	
0.21

	
1.81




	
4

	
260

	
15

	
146.045

	
1390.10

	
0.29

	
17.39

	
983.69

	
0.14

	
1.24




	
5

	
260

	
30 (1)

	
159.06

	
1381.10

	
0.28

	
17.66

	
981.53

	
0.12

	
1.12




	
6

	
260

	
30 (2)

	
176.77

	
1370.30

	
0.25

	
17.58

	
992.55

	
0.16

	
0.30




	
7

	
260

	
30 (3)

	
170.31

	
1352.10

	
0.28

	
17.49

	
1000.67

	
0.14

	
0.49




	
8

	
260

	
30 (4)

	
164.54

	
1400.10

	
0.26

	
17.52

	
1002.45

	
0.16

	
2.47




	
9

	
260

	
30 (5)

	
165.285

	
1375.20

	
0.29

	
17.50

	
989.36

	
0.17

	
0.53




	
10

	
260

	
45

	
162.94

	
1408.30

	
0.28

	
17.87

	
991.95

	
0.15

	
1.18




	
11

	
290

	
15

	
149.32

	
1341.70

	
0.30

	
18.49

	
976.82

	
0.13

	
2.18




	
12

	
290

	
30

	
151.935

	
1328.80

	
0.31

	
18.59

	
993.53

	
0.15

	
1.65




	
13

	
290

	
45

	
153.045

	
1338.60

	
0.28

	
18.56

	
955.96

	
0.08

	
1.49








1 Higher heating Value.
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Table 3. Geometric mean diameter (dgw) and geometric standard deviation (Sgw) of non-treated and treated sawdust particles.
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	Sample
	dgw (mm)
	Sgw (mm)





	Sawdust
	0.33
	0.20



	Torrefied at 230 °C (IT 1)
	0.33
	0.17



	Torrefied at 230 °C (OT 2)
	0.32
	0.14



	Torrefied at 260 °C (OT 2)
	0.32
	0.15



	Torrefied at 290 °C (OT 2)
	0.38
	0.21







1 IT: inside temperature, 2 OT: outside temperature.
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Table 4. Chemical composition of torrefied and raw sawdust.
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	Components
	Sawdust
	Torrefied

at 230 °C

(IT 1)
	Torrefied

at 230 °C

(OT 2)
	Torrefied

at 260 °C

(OT 2)
	Torrefied

at 290 °C

(OT 2)





	Ash (%)
	0.23
	0.50
	0.37
	0.36
	0.55



	Lignin (%)
	25.17
	25.66
	39.14
	49.39
	73.95



	Hemicellulose (%)
	14.47
	18.03
	5.56
	2.49
	1.68



	Cellulose (%)
	50.39
	49.44
	48.88
	42.03
	12.77



	Solubles (%)
	9.74
	6.42
	6.09
	11.60
	6.86







1 IT: inside temperature, 2 OT: outside temperature.
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Table 5. The total yield of torrefied products in three phases.
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	Outputs
	Torrefied

at 230 °C (IT 1)
	Torrefied

at 230 °C

(OT 2)
	Torrefied

at 260 °C

(OT 2)
	Torrefied

at 290 °C

(OT 2)





	Solid (wet) (%)
	90.97
	72.48
	64.83
	47.55



	Liquid (%)
	7.73
	13.72
	19.69
	27.98



	Gas (%)
	1.30
	13.8
	15.48
	24.47







1 IT: inside temperature, 2 OT: outside temperature.
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Table 6. Main compounds of torrefaction liquid product from wood sawdust torrefaction.
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Components

	
Torrefied at

230 °C (IT 1) (% Area)

	
Torrefied (OT 2) (% Area)




	
230 °C

	
260 °C

	
290 °C






	
Furfural

	
41.79

	
30.18

	
0.43

	
2




	
Carbonyl sulphide

	
22.48

	

	

	




	
Aminoguanidine

	
6.14

	
5.76

	
5.08

	




	
Phenol, 2-methoxy-

	
3.84

	
7.45

	
3.69

	
7.21




	
2-Hexene

	
3.03

	
6.86

	
0.91

	
14.29




	
Hydroquinone

	
2.43

	
2.36

	

	




	
1-Propanamine, 3-ethoxy-

	
1.98

	
1.73

	

	




	
Vanillin

	
1.84

	
2.36

	

	




	
1,2:5,6-Dianhydrogalactitol

	
1.82

	
1.78

	
2.51

	
1.98




	
Phenol, 2-methoxy-4-methyl-

	
1.53

	
4.51

	
0.48

	
14.87




	
1-Penten-3-ol

	
1.37

	
0.86

	

	




	
9-Octadecenoic acid (Z)-, methyl ester

	
1.37

	

	

	




	
Gibberellic acid

	
1.25

	
1.54

	
1.56

	
0.45




	
2-Butenal, 2-ethyl-

	
0.86

	

	
0.81

	
1.78




	
Acetic acid

	

	
17.12

	
7.93

	




	
Cyclohexanone

	

	
3.28

	
6.99

	
7.35




	
Propanoic acid, anhydride

	

	
3.32

	

	




	
Undecanoic acid, hydroxy-, lactone

	

	
1.35

	
1.18

	
5.93




	
Oxirane, [[(2-ethylhexyl)oxy]methyl]-

	

	
0.16

	
0.33

	
1.88




	
2-Tridecanone

	

	

	
18.04

	




	
Digitoxin

	

	

	
17.54

	
2.94




	
Cyclohexanone, 2-nitro-

	

	

	
5.69

	




	
Butane, 1,1′-[oxybis(2,1-ethanediyloxy)]bis-

	

	

	
2.77

	




	
Propanoic acid, 2,2-dimethyl-

	

	

	
2.72

	




	
1-Propene, 3-ethoxy-

	

	

	
1.93

	




	
Benzaldehyde, 3-hydroxy-4-methoxy-

	

	

	
1.65

	




	
2,4-Dimethoxytoluene

	

	

	
0.92

	
2.34




	
2-Butenal, 2-ethyl-

	

	

	
0.81

	




	
2-Cyclopenten-1-one, 2-hydroxy-3-methyl-

	

	

	
0.66

	
18.47




	
Propanal

	

	

	

	
2.1




	
Total

	
91.73

	
90.62

	
83.82

	
83.59








1 IT: inside temperature, 2 OT: outside temperature.
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Table 7. Mean values of physical and mechanical properties of treated and non-treated pellets.
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	Sample
	Binder

(ST 1)

(%)
	Moisture

Content (Dry)

(%)
	Pellet

Density

(kg/m3)
	Tensile Strength (MPa)
	Dimensional

Stability

(%)
	Moisture

Absorption (%)





	Sawdust
	0
	8.70
	1044.6
	0.31
	2.62
	16.85



	
	10
	8.21
	1095.92
	0.56
	2.75
	14.99



	
	20
	8.00
	1114.14
	0.74
	2.41
	14.65



	Steam-treated

(Spruce sawdust)
	NA 2
	5.53
	1262.51
	2.80
	2.64
	9.93



	Torrefied at 230 °C (IT 3)
	0
	10
	1039.77
	0.21
	1.81
	13.72



	
	10
	9.21
	1035.28
	0.27
	2.84
	14.54



	
	20
	7.47
	1068.67
	0.72
	2.83
	13.65



	Torrefied at 230 °C (OT 4)
	0
	10
	955.31
	-
	-
	-



	
	20
	5.74
	1054.79
	1.08
	1.56
	10.74



	Torrefied at 260 °C (OT 4)
	0
	10
	892.79
	-
	-
	-



	
	20
	5.28
	1023.48
	0.98
	2.63
	10.36



	Torrefied at 290 °C (OT 4)
	0
	10
	NA 2
	NA 2
	NA 2
	NA 2



	
	20
	4.85
	871.73
	0.60
	4.68
	9.40







1 ST: steam-treated sawdust at 220 °C for 9 min, 2 not applicable, 3 IT: inside temperature, 4 OT: outside temperature.
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Table 8. Thermochemical features of torrefied and non-torrefied pellets.
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Pellet Sample

	
Binder

(ST 1)

	
HHV 4

(Dry)

(MJ/kg)

	
Proximate Analysis

(% wt., Dry)

	
Ultimate Analysis (% wt., Dry)

	

	




	
(%)

	
Fixed

Carbon

	
Volatile

	
Ash

	
N 5

	
C 6

	
H 7

	
S 8

	
O 9

	
O/C

	
H/C






	
Sawdust

	
10

	
17.48

	
18.20

	
74.94

	
0.09

	
0.04

	
48.46

	
6.66

	
0.01

	
44.84

	
0.93

	
0.14




	

	
20

	
17.64

	
18.40

	
74.70

	
0.11

	
0.02

	
48.57

	
6.63

	
0.03

	
44.75

	
0.92

	
0.14




	
Torrefied

at 230 °C (IT 2)

	
10

	
17.83

	
17.29

	
76.42

	
0.2

	
0.07

	
49.05

	
6.50

	
0.10

	
44.29

	
0.90

	
0.13




	

	
20

	
18.03

	
17.74

	
76.08

	
0.2

	
0.06

	
48.90

	
6.46

	
0.09

	
44.49

	
0.91

	
0.13




	
Torrefied

at 230 °C (OT 3)

	
20

	
19.29

	
24.58

	
69.24

	
0.50

	
0.05

	
51.22

	
6.15

	
0.03

	
42.55

	
0.83

	
0.12




	
Torrefied

at 260 °C (OT 3)

	
20

	
20.16

	
32.04

	
61.95

	
0.40

	
0.06

	
53.89

	
6.04

	
0.17

	
39.85

	
0.74

	
0.11




	
Torrefied

at 290 °C (OT 3)

	
20

	
22.72

	
44.45

	
49.47

	
0.51

	
0.05

	
60.90

	
5.72

	
0.05

	
33.28

	
0.55

	
0.09








1 ST: Steam-treated sawdust, 2 IT: inside temperature, 3 OT: outside temperature, 4 HHV: higher heating value, 5 N: nitrogen, 6 C: carbon, 7 H: hydrogen, 8 S: sulphur, 9 O: oxygen.
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