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Abstract

:

The torrefaction of three representative types of biomass—bamboo, and Douglas fir and its bark—was carried out in a cylindrical-shaped packed bed reactor under nitrogen flow at 573 K of the reactor wall temperature. As the thermal energy for the torrefaction was supplied from the top and the side of the bed, the propagation of the temperature profile of the bed is a crucial factor for discussing and improving the torrefaction reactor performance. Therefore, the temperature and gas flow rate (vector) profiles throughout the bed were calculated by model simulation so as to scrutinize this point. The measured temperature at a certain representative location (z = 30 mm and r = 38 mm) of the bed was well reproduced by the simulation. The volume faction of the bed at temperatures higher than 500 K at 75 min was 0.89, 0.85, and 0.99 for bamboo, and Douglas fir and its bark, respectively. It was found that the effective thermal conductivity is the determining factor for this difference. The heat of the reactions was found to be insignificant.






Keywords:


biomass torrefaction; packed bed reactor; biomass major components; reaction enthalpy; numerical simulation












1. Introduction


Biomass is one of the representative renewable energy sources, and is one of the only energy sources that is tangible, as it consists of carbon, hydrogen, oxygen, and some minor atoms. Therefore, one of the near-future applications for biomass is the production of solid fuels. Torrefaction is a promising and simple technology for producing high-quality solid fuels from biomass [1,2,3,4,5,6,7,8]. Heat transfer within biomass is an important factor for determining the performance of torrefaction, as the size of biomass in the torrefaction reactor is larger than that for the other conversion technologies, such as gasification or liquefaction.



Kinetic studies of heat and mass transfer are also being conducted experimentally and numerically regarding how much production can be expected and how much heat is required by torrefaction. A two-step parallel successive reaction model for all major components during pyrolysis, when the temperature was higher than 400 °C, has been reported by Miller et al. [9]. Their model, which was suggested by Di Blasi (1994) [10] for cellulose pyrolysis, was extended to hemicellulose pyrolysis and lignin pyrolysis on the basis of previous experimental data. It has also been reported by Kawamoto that the cellulose of biomass is composed of crystalline (long block) and amorphous (short block) alternately, like a block co-polymer [11]. Decomposition starts at around 200 °C in the amorphous state, and the crystalline hardly decomposes at that temperature. At around 300 °C, amorphous decomposition is transmitted to the crystalline material, and the decomposition progresses rapidly.



The heat of the reactions during pyrolysis or torrefaction have been summarized in relation to the char formation [12,13,14,15,16,17]. In particular, the heat of the reactions during pyrolysis were measured directly using DSC (Differential Scanning Calorimetry), and it has been suggested that, firstly, an endothermic reaction will occur, and then an exothermic reaction will successively occur [12,14,15,16]. The heat of the pyrolyses of all of the major components have been reported qualitatively using DTA (differential thermal analysis) [18]. Although direct measurement by DSC for the heat of a reaction during cellulose pyrolysis was reported by Mok et al. [12], there are no data by DSC for the heat of reaction during hemicellulose pyrolysis and lignin pyrolysis. As heat and mass transfer during pyrolysis were reviewed by Di Blasi (2008) [19], it has been studied using a chemical reaction model suitable for the heat and mass transfer experimental results [20,21,22,23,24,25,26], and an analysis using the heat of chemical reaction commensurate with temperature change has also been conducted [20,21,22,23].



In addition, the effect of inorganic materials in biomass feedstock on torrefaction has been investigated by S. Zhang et al. [27]. They found that when the torrefaction temperature was 270 °C, the product yields for raw rice husk were 55% in char, 23% in liquid, and 21% in gas, while the product yields for rice husk with a reduced potassium concentration of less than 1 wt% of all inorganic compounds were 60% in char, 23% in liquid, and 17% in gas.



There are many varieties of biomass, but few reports have been generalized and analyzed for the thermochemical reaction of the thermal decomposition behavior, and it is not clear about heat and mass transfer in low temperature regions, like torrefaction.



In this study, we aimed to generalize the biomass torrefaction behavior using the concentrations of the major constituents of cellulose, hemicellulose, and lignin. Specifically, as shown in Figure 1, the heat of the reaction for the major components of the biomass during pyrolysis was measured. We also experimentally investigated the biomass torrefaction process on a packed bed of small particles of biomass, because a big chunk of a biomass slab is difficult to handle and has no assurance for spatial uniformity. Furthermore, the heat and mass transfer simulation during torrefaction in the biomass packed bed were performed using the heat of the chemical reaction and the pyrolysis model by Miller et al. [9]. The validity of the numerical simulation model was compared with that of the biomass torrefaction process experiment.




2. Materials and Methods


2.1. Sample Preparation


Bamboo powder, Douglas fir powder, and the bark powder of Douglas fir were selected as representative biomass species. They were pulverized and sieved into #3.35 mm, #1.68 mm, #1.00 mm, and #500 μm using a motorized sieve (ANF-30, Nitto Kagaku Co., Ltd., Nagoya, Aichi, Japan). The size of about 400 particles for 500 μm or less was measured using a microscope. The constituent sugars and lignin in the bamboo and Douglas fir samples were analyzed using a modified method based on the technical report NREL/TP-510-42618 [28]. Table 1 shows the mass percentages in the major components of biomass.



Bamboo has three major components of cellulose, xylan in hemicellulose, and lignin, while Douglas fir consists of cellulose, mannan in hemicellulose, and lignin. On the other hand, there are only two major components of cellulose and lignin for the bark of the Douglas fir.



The effect of the potassium concentration in the biomass on torrefaction was also investigated, but no significant difference was found in the product yield [27]. Therefore, in this study, we investigated the effect of the cellulose, hemicellulose, and lignin concentrations on the heat and mass transfer during the biomass torrefaction.




2.2. Thermogravimetric (TG) Analysis and Differential Scanning Calorimetry (DSC)


In order to measure the heat of the reaction during the torrefaction of biomass, thermogravimetry analysis and differential scanning calorimetry analysis of pure cellulose powder (CAS RN 9004-34-6, Sigma Aldrich, Meguro-ku, Tokyo, Japan), pure xylan powder (CAS RN 9004-34-6, FUJIFILM Wako Pure Chemical Corporation, Osaka, Osaka, Japan) and pure dealkaline lignin powder (CAS RN 8068-05-1, Tokyo kasei, Chuo-ku, Tokyo, Japan) were conducted. For DSC (DSC3100s, MAC science, Chuo-ku, Tokyo, Japan) and TG (TG/DTA6300, Hitachi High-Tech Science Corporation, Minato-ku, Tokyo, Japan), the heating rate, nitrogen gas flow rate, and input mass were 10 K/min, 0.5 L/min, and 5 ± 0.25 mg, respectively. The sample sizes of the cellulose, xylan, and lignin powder were 30, 45, and 64 μm, respectively. Figure 2 shows the mass decrease profile from 300 K to 700 K from the TG analysis, as well as the relationship between the heat flow and temperature obtained by the DSC analysis for (a) cellulose, (b) xylan, and (c) lignin. The heat of reaction for these components was obtained by the following procedure.



	(1)

	
The time or temperature of the reaction start point tRS,i (TRS,i) and reaction end point tRE,i (TRE,i) were decided using the trend of the DSC and TG curves.




	(2)

	
The base line between tRS,i and tRE,i was linearly drawn in the DSC diagram.




	(3)

	
The cross point tshift,i (Tshift,i) between the DSC curve and the base line was defined as the shifted point from the endothermic chemical reaction to the exothermic chemical reaction.




	(4)

	
The endothermic and exothermic heats of reactions were given by Equations (1) and (2).
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Table 2 shows the obtained heat of the reaction for cellulose pyrolysis, xylan pyrolysis, and lignin pyrolysis. From Table 2, the absolute value of the endothermic heat of the reaction was higher than that of the exothermic heat of reaction during cellulose pyrolysis, while the absolute value of the exothermic heat of reaction was higher than that of the endothermic heat of reaction during xylan pyrolysis and lignin pyrolysis.




2.3. Experimental Apparatus and Procedure


The experimental apparatus is shown in Figure 3. The apparatus consisted of anitrogen gas supply, a tubular reactor, furnace, data logger, thermocouples, cold trap for tar and water, and a wet-type gas flow meter. First, 150 g of biomass powder was placed into the reactor, of which the diameter and height were 108 mm and 230 mm, respectively. N2 gas of 0.5 standard liter per minute (SLM) was fed into the reactor so as to avoid oxidation. In addition, the temperature in the packed bed and temperature at the reactor wall were measured throughout the experiment using twelve thermocouples, and were recorded in the hard disc of a computer through a data logger. During pyrolysis, the generated moisture and tar were condensed thorough the stainless-steel bend pipe with a silicon tube for water cooling by the aspilator, and were trapped by the egg-plant shaped flask. The amount of generated gas during torrefaction was measured by the wet type gas meter and was recorded by the video camera. The temperature at the reactor wall was set at 573 K. Table 3 shows the experimental conditions for the biomass packed bed. Although the particles were pulverized and sieved using four sieves (#3.35mm, #1.68 mm, #1.0 mm, and #0.5 mm), the particle size differed depending on the biomass species. In our previous research [20], we investigated the effect of the particle size on gas generation, and the maximum gas generation error was 2.4% at Dp = 0.74 mm and Dp = 0.34 mm. Therefore, for these biomass samples, this work proceeded on the assumption that the particle size dependence of the gas generation amount could be small. The biomass particles that were used were those that had been dried at 110 °C for 12 h. The bulk density depended on the type of biomass. So, the heights of the packed bed HB were also different. In consideration of the reproducibility of the total generated gas volume during the biomass torrefaction, experiments were conducted twice or more. The experimental coefficient of the validation for the total gas volume during biomass torrefaction was less than 2%.




2.4. Numerical Simulation


The numerical simulation during pyrolysis was conducted in a two-dimensional cylindrical coordinate. Table 4 shows the governing equations for the numerical simulation. Figure 4 shows the calculation domain and boundary conditions. Although the cellulose of biomass is composed of crystalline (long block) and amorphous (short block) alternately, like a block co-polymer, as has been reported by Kawamoto [11], the co-polymer’s effect of cellulose on kinetics during pyrolysis has not been investigated. In this paper, Miller’s chemical reaction model and kinetic parameters during pyrolysis [9] were adapted to take into account the effect of the major components of the biomass. The pressure equation was derived from the mass balances, Ideal gas law, and Darcy’s equation.



These governing equations and boundary conditions were discretized by the control volume method. In order to stabilize the numerical simulation, a hybrid scheme was adopted for the convection terms in the heat transfer and mass balances. The temperature and pressure were solved by the Euler implicit method. The material balances were solved by the fourth-order Runge–Kutta method.



The dependence of all of the physical properties on temperature was described in our previous report [24]. The change of the porosity [24,25,26] during torrefaction was adopted. Grid sensitivity on the time course of the temperature and generated gas flow rate were investigated using (Nr, Nz) = (68, 102), (86, 128), (100, 149), and (114, 170), where Nr and Nz show the mesh number along the r component and along the z component, respectively. The maximum relative error of the growth rate distributions between (Nr, Nz) = (100, 149) and (Nr, Nz) = (114, 170) was about 1.6%. Therefore, (Nr, Nz) = (100, 140) was adopted for the bamboo torrefaction. As the heights of the packed beds were also different from the species of the biomass, (Nr, Nz) = (100, 119) and (Nr, Nz) = (100, 342) were adopted for the Douglas fir torrefaction and bark torrefaction, respectively.





3. Results and Discussion


3.1. Time Course of Temperature and Gas Flow Rate during Torrefaction


Figure 5 shows the time course of the temperature at r = 38 mm and z = 30 mm in the biomass packed bed and the generated gas flow rate during the biomass torrefaction. The keys and lines show the experimental results and calculation results, respectively. In Figure 5a, for the Douglas fir powder, the temperature at r = 38 mm and z = 30 mm in the bed gradually increased with time. After that, the temperature approached a constant temperature of about 573 K. The calculation temperature agreed well with the experimental one. The gas started generating at about 30 min. At t > 40 min, the generated gas flow rate increased adequately and had a maximum at t = 50 min. At this time, the temperature was T = 450 K, where the gas generated could be from the thermal decomposition of the mannan. After that, the gas flow rate decreased gradually with time. Although the calculation gas flow rate of the black solid line was higher than that of the experimental one, the tendency of the time course agreed quantitatively. Firstly, gas generation could be started by the hemicellulose decomposition of the green line, and had the maximum gas generation. Then, the decomposition of the lignin and the cellulose occurred. For the bamboo powder in Figure 5b, the experimental results for the time course of the temperature also agree well with the calculation results. The gas generation during the bamboo powder torrefaction was higher than that during the Douglas fir torrefaction, and could be started by the hemicellulose decomposition. Then, as the decomposition of the lignin and cellulose occurred, the gas generation had a quasi-state value and decreased with time. For the bark of the Douglas fir powder in Figure 5c, the experimental results for the time course of the temperature also agree well with the calculation results. The maximum gas generation during the bark of the Douglas fir powder torrefaction was higher than that during the Douglas fir torrefaction, and could be started by the lignin decomposition. Then, as the decomposition of the hemicellulose and cellulose occurred successively, the gas generation had a quasi-state value and decreased with time. The total generated gas of the bark of the Douglas fir torrefaction was lower than that of the bamboo powder torrefaction. Therefore, it was found that the time course of the temperature and gas generation during the torrefaction of the biomass depended strongly on the mass percentage of the major components.



From Figure 5, the numerical calculation result of the gas generation flow rate during torrefaction was higher than the experimental one for all of the biomass species. Although the Miller model has been compared with the experimental results of several biomasses in a temperature range of 400 °C or higher [9], there are no data using Miller’s reaction model in the low temperature range of 300 °C. It is also necessary to study the heat transfer and gas generation behavior of cellulose, lignin, and hemicellulose, which are the major components of biomass at around 300 °C. Furthermore, it is necessary to reexamine the pyrolysis model with reference to Di Blasi’s experiment [29], regarding the reaction rate constants k2 and k3 of the second step in the Miller model [9].




3.2. Heat and Mass Transfer during Torrefaction of Biomass


Figure 6 shows the calculation results for the special profile of the temperature, gas flow velocity vector (left), and the solid density (SD, right) at different reaction times. The rectangular blank at the top center in the right figure represents a stainless-steel pipe. The temperature of the bed rose from the top and left, which means the side wall, with the torrefaction time. The zone for temperatures higher than 540 K started prevailing (volume faction = 0.83) at 180 min. Together with the high temperature zone propagation, the local SD of the bed became smaller with a similar profile. Surprisingly, the decrease in SD propagation was not as significant as the temperature propagation in the bed. In other words, the decrease in SD propagation showed a certain time delay of 60 to 90 min in comparison with the temperature profile propagation. This may be related to the sweep gas flow profile, time required for completing the reaction, or the difference between primary decomposition (k1) and secondary decomposition (k2 and k3) in the bed. In order to clarify this point of “what caused this delay?”, further investigation is required. At t = 30 min, the heat transfer due to the thermal conduction occurred from the reactor wall, and at the top surface of the backed bed, the temperature at the center and bottom region was less than 400 K. No torrefaction occurred at 30 min. At t = 60 min, as the temperature at the wall and top surface of the packed bed was higher than 500 K, decomposition started from the corner of the top surface. With the passing of time, the temperature near the region of the packed bed was higher than 500 K, the decomposition was propagated. At t = 180 min, the Douglas fir packed bed at the region of the top and near the wall decomposed to about 70% of the initial packed bed, while the Douglas fir packed bed at the other region could not be pyrolyzed.



Figure 7 shows the calculation results for the heat and mass transfer at 75 min during various biomass torrefactions. As shown in Figure 6b for the bamboo powder torrefaction, the temperature in the packed bed was higher than that for the Douglas fir torrefaction, due to the bulk density. Furthermore, as the highest mass percentage of the major component in the bamboo was xylan, the decomposition rate in the bamboo packed bed was higher than that in the Douglas fir packed bed. As shown in Figure 6c for the bark of the Douglas fir powder torrefaction, the temperature in the packed bed was also higher than that for the Douglas fir torrefaction, because of the bulk density. However, as the most greatest percentage of the major component in the bark of Douglas fir was lignin, the decomposition rate was higher than that in the Douglas fir packed bed. The volume faction of the bed at temperatures higher than 500 K at 75 min was 0.89, 0.85, and 0.99 for bamboo, and Douglas fir and its bark, respectively. It was found that the effective thermal conductivity was the determining factor for this difference, because the effective thermal conductivity of the bed at temperatures higher than 540 K at 75 min was 0.0254, 0.0252, and 0.0303 W/(m2 K) for bamboo, and Douglas fir and its bark, respectively. Overall, the bamboo torrefaction was the highest in this study.





4. Conclusions


In this study, the torrefaction of three representative types of biomass, namely, bamboo, and Douglas fir and its bark, was carried out experimentally and numerically, paying attention to the concentrations of the major constituents of cellulose, hemicellulose, and lignin in a cylindrical-shaped packed bed reactor under a nitrogen flow at 573 K of the reactor wall temperature. The following conclusions were obtained.



	(1)

	
From DSC experiments, the cellulose pyrolysis was progressed mainly by endothermic reaction (s) while xylan pyrolysis and lignin pyrolysis were proceeded mainly by exothermic reaction (s).




	(2)

	
Hemicellulose decomposition could be occurred firstly during Douglas fir torrefaction and bamboo torrefaction. And then lignin and cellulose decomposition would be occurred. So, a quasi-state gas flow rate could be observed. On the other hand, bark of Douglas fir torrefaction depends strongly on the lignin decomposition.




	(3)

	
The time course of the temperature in the packed bed agreed well with that of the calculation by taking into account the heat of reaction for not only the Douglas fir, but also for bamboo and the bark of Douglas fir. On the other hand, the numerical calculation result of the gas generation flow rate during torrefaction was higher than the experimental one for all of the biomass species, because there are no data using Miller’s reaction model [9] in the low temperature range of 300 °C. It is also necessary to study the heat transfer and gas generation behavior of cellulose, lignin, and hemicellulose, which are the major components of biomass at around 300 °C. Furthermore, it is necessary to reexamine the pyrolysis model with reference to Di Blasi’s experiment [29] regarding the reaction rate constants k2 and k3 of the second step in the Miller model [9].




	(4)

	
The zone at temperatures higher than 540 K prevailed (volume faction = 0.83) at 180 min. Together with the high temperature zone propagation, the local SD of the bed became smaller with a similar profile. Surprisingly, the decreased solid density (SD) propagation was not as significant as the temperature propagation in the bed. In other words, the SD decrease propagation showed a certain time delay of 60 to 90 min in comparison with the temperature profile propagation. This may be related to the sweep gas flow profile, time required for completing the reaction, or the difference between primary decomposition (k1) and secondary decomposition (k2 and k3) in the bed. In order to clarify this point of “what caused this delay?”, further investigation is required. As the temperature at the wall and top surface of the packed bed was higher than 500 K, the decomposition started from the corner of the top surface. With the elapsed time, the temperature near the region of the packed bed was higher than 500 K, and the decomposition was propagated. At t = 180 min, the Douglas fir packed bed at the region of the top and near the wall decomposed to about 70% of the initial packed bed, while the Douglas fir packed bed at the other region could not be pyrolyzed.




	(5)

	
For the bamboo powder torrefaction, the temperature in the packed bed was higher than that for the Douglas fir torrefaction because of the bulk density. Furthermore, as the greatest mass percentage of the major component in the bamboo was xylan, the decomposition rate in the bamboo packed bed was higher than that in the Douglas fir packed bed. As the greatest mass percentage of the major component in the bark of Douglas fir was lignin, the decomposition rate was higher than that in the Douglas fir packed bed. The volume faction of the bed at temperatures higher than 500 K at 75 min was 0.89, 0.85, and 0.99 for bamboo, and Douglas fir and its bark, respectively. It was found that the effective thermal conductivity was the determining factor for this difference, because the effective thermal conductivity of the bed at temperatures higher than 540 K at 75 min was 0.0254, 0.0252, and 0.0303 W/(m2 K) for bamboo, and Douglas fir and its bark, respectively. Overall, the bamboo torrefaction was the highest in this study.
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Nomenclature








	C
	Heat capacity (J/(kg K))



	e
	Emissivity



	HB
	Height of biomass packed bed (m)



	h
	Heat transfer coefficient between biomass and gas (W/(m2K))



	ΔHR,endo.,i
	Endothermic heat of reaction during pyrolysis of biomass major component i (J/kg)



	ΔHR,exo.,i
	Exothermic heat of reaction during pyrolysis of biomass major component i (J/kg)



	i
	Major component i of biomass (i = cellulose, hemicellulose, and lignin)



	k1,i, k2,i, k3,i
	Reaction rate constant in Miller’s chemical reaction model for component i [9] (1/s)



	MTar
	Molecular weight of tar (= 0.11 kg/mol [22])



	MGas
	Molecular weight of gas (= 0.38 kg/mol [22])



	m0
	Input mass of TG and DSC experiments (kg)



	N
	Maximum grid number



	P
	Pressure (Pa)



	qbase
	Heat flow of the base line from the endothermic chemical reaction to the exothermic chemical reaction (J/s)



	qDSC
	Heat flow in DSC curve (J/s)



	Ri
	Reaction rates in Miller’s chemical reaction model for component i [9] (kg/(m3s))



	R0
	Universal gas constant (= 8.314 J/(mol K)) (J/(mol K))



	r
	r coordinate in the packed bed (mm)



	STar
	Reaction rate of tar for component i (kg/(m3s))



	SGas
	Reaction rate of gas for component i (kg/(m3s))



	T
	Temperature (K)



	TRS,i
	Temperature at reaction start time in TG curve for component i (K)



	TRE,i
	Temperature at reaction end time in TG curve for component i (K)



	Tshift,i
	Temperature at the shifted time from the endothermic chemical reaction to the exothermic chemical reaction in TG curve for component i (K)



	tRS,i
	Reaction start time in TG curve for component i (s)



	tRE,i
	Reaction end time in TG curve for component i (s)



	tshift,i
	Shifted time from the endothermic chemical reaction to the exothermic chemical reaction in the TG curve for component i (s)



	U
	Volume averaged Darcy’s velocity along the r-axis in the packed bed (m/s)



	W
	Volume averaged Darcy’s velocity along the z-axis in the packed bed (m/s)



	z
	z coordinate in the packed bed (mm)



	Greek symbol
	



	βi
	kinetic parameter in Miller’s chemical reaction model for component i [9]



	ε
	Porosity in the packed bed



	κ
	Permeability in the packed bed (m2)



	λ
	Thermal conductivity (W/(mK))



	μ
	Viscosity (Pa s)



	ρ
	Density (kg/m3)



	σ
	Stefan–Boltzman constant (= 5.669 × 10−8 W/m2K4) (W/m2K4)



	Subscript
	



	a
	Atmosphere



	Char
	Char



	eff
	Effective



	Gas
	Gas



	im
	Intermediate material



	init
	Initial value



	N2
	Nitrogen



	r
	r component



	s
	Solid



	Tar
	Tar



	v
	Volatile



	wall
	Wall of the stainless-steel tube



	z
	z component



	∞
	Environmental condition on the wall of the stainless-steel tube
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Figure 1. Concept of this work to investigate the biomass torrefaction processes. 






Figure 1. Concept of this work to investigate the biomass torrefaction processes.



[image: Processes 08 00959 g001]







[image: Processes 08 00959 g002 550] 





Figure 2. Results of thermogravimetory (TG) and differential scanning calorimetry (DSC) experiments. (a) Cellulose powder; (b) xylan powder; (c) lignin powder. 
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Figure 3. Experimental apparatus for measuring heat and mass transfer during the torrefaction of biomass. 
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Figure 4. Boundary conditions of the numerical simulation during the biomass torefaction. 
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Figure 5. Time course of the temperature and generated gas flow rate during the biomass torrefaction. 
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Figure 6. Calculation results for the time course of the temperature, velocity vectors, and total solid distribution during Douglas fir powder torrefaction. ρinit = 353 kg/m3. 
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Figure 7. Calculation results for temperature, velocity vectors and solid distributions at 75 min during torrefaction for various kinds of biomass. 
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Table 1. Mass percentage of major components in the biomass powder.
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Biomass Species

	
Component (wt%)




	
Cellulose

	
Hemicellulose

	
Lignin

	
Others




	
Xylan

	
Arabinan

	
Mannan






	
Bamboo

	
34.1

	
25.2

	
2.3

	
0.2

	
24

	
14.2




	
Douglas fir

	
42.5

	
2.8

	
1.1

	
14

	
22

	
17.6




	
Bark of Douglas fir

	
25.4

	
3.3

	
0.9

	
3.9

	
51

	
15.5
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Table 2. Results for heats of reaction during pyrolysis of major components of biomass by DSC and TG.
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	Component i
	TRS,i (K)
	TRE,i (K)
	Tshift,i (K)
	−ΔHR,endo.,i (kJ/kg)
	−ΔHR,exo.,i (kJ/kg)





	Cellulose
	560
	638
	607
	−125.8
	22.6



	Xylan
	371
	602
	477
	−56.4
	245.0



	Lignin
	491
	682
	549
	−62.9
	127.1
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Table 3. Experimental conditions of the biomass packed bed.
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	Biomass Species
	Particle Size (µm)
	Bulk Density (kg/m3)
	Height of Biomass Packed Bed, HB (mm)





	Bamboo
	196
	254
	85



	Douglas fir
	317
	311
	68



	Bark of Douglas fir
	222
	122
	170
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Table 4. Chemical reaction model and governing equations of the numerical simulation during the biomass torrefaction.
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	Chemical Reaction Model [9]
	 [image: Processes 08 00959 i001]





	Energy balance
	    ∂  {   (     (   ρ C   )   S   + ε     (   ρ C   )   G   )  T  }    ∂ t    +   1 r   ∂  ∂ r    (  r    (   ρ C   )   G  U T  )   +   ∂  ∂ z    (     (   ρ C   )   G  W T  )   

   =   1 r   ∂  ∂ r    (     r λ    eff     ∂ T   ∂ r    )   +   ∂  ∂ z    (   λ  eff     ∂ T   ∂ z    )   +     ∑    i = 1   3      ∑    j = 1   3    (   R   j ,   i     )   (  − Δ  H i   )   

where,

     (   ρ C   )   S   =     ∑    i = 1   3    (   ρ i   C i     + ρ     IM ,   i     C  IM  . i       + ρ     Char ,   i     C   Char ,   i     )   

     (   ρ C   )   G     = ρ     N 2     C   N 2    +    ∑    i = 1   3    (   ρ   Tar ,   i     C   Tar ,   i       + ρ     Gas ,   i     C   Gas ,   i     )   

   R   1 ,   i       = k     1 ,   i       ρ i  ,      R     2 ,   i       = k     2 ,   i       ρ   IM ,   i    ,    R   3 ,   i       = k     3 ,   i       ρ   IM , i       



	Mass balance for component i
	        d ρ   i    d t      = − k     1 ,   i       ρ i    



	Mass balance for intermediate material of component i
	        d ρ     IM ,   i      d t      = k     1 ,   i       ρ i     − k     2 ,   i       ρ   IM ,   i       − k     3 ,   i       ρ   IM ,   i      



	Mass balance for char i
	        d ρ     Char ,   i      d t      = β     i       k   3 ,   i       ρ   IM ,   i      



	Mass balance for tar i
	     ∂  (     ε ρ     Tar ,   i     )    ∂ t    +   1 r   ∂  ∂ r    (     r ρ     Tar ,   i    U  )   +   ∂  ∂ z    (   ρ   Tar ,   i    W  )     = k     2 ,   i       ρ   IM ,   i       = S     Tar ,   i        



	Mass balance for gas i
	     ∂  (     ε ρ     Gas ,   i     )    ∂ t    +   1 r   ∂  ∂ r    (     r ρ     Gas ,   i    U  )   +   ∂  ∂ z    (   ρ   Gas ,   i    W  )   =   (     1 − β     i       )   k   3 ,   i           ρ     IM ,   i       = S     Gas ,   i      



	Pressure equation
	     ∂  (  ε  P T   )    ∂ t    +   1 r   ∂  ∂ r    (  r U  P T   )   +   ∂  ∂ z    (  W  P T   )  =   

        R   0   (   1   M  Tar        ∑    i = 1   3    S   Tar ,   i       +   1   M  Gas        ∑    i = 1   3    S   Gas ,   i     )    



	Darcy’s law
	    U = −   κ μ    ∂ P   ∂ r    ,   W = −     κ μ    ∂ P   ∂ z     











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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