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Abstract

:

This review deals with the simulation and optimization of the dry- and wet-torrefaction processes of lignocellulosic biomass. The torrefaction pretreatment regards the production of enhanced biofuels and other materials. Dry torrefaction is a mild pyrolytic treatment method under an oxidative or non-oxidative atmosphere and can improve lignocellulosic biomass solid residue heating properties by reducing its oxygen content. Wet torrefaction usually uses pure water in an autoclave and is also known as hydrothermal carbonization, hydrothermal torrefaction, hot water extraction, autohydrolysis, hydrothermolysis, hot compressed water treatment, water hydrolysis, aqueous fractionation, aqueous liquefaction or solvolysis/aquasolv, or pressure cooking. In the case of treatment with acid aquatic solutions, wet torrefaction is called acid-catalyzed wet torrefaction. Wet torrefaction produces fermentable monosaccharides and oligosaccharides as well as solid residue with enhanced higher heating value. The simulation and optimization of dry- and wet-torrefaction processes are usually achieved using kinetic/thermodynamic/thermochemical models, severity factors, response surface methodology models, artificial neural networks, multilayer perceptron neural networks, multivariate adaptive regression splines, mixed integer linear programming, Taguchi experimental design, particle swarm optimization, a model-free isoconversional approach, dynamic simulation modeling, and commercial simulation software. Simulation of the torrefaction process facilitates the optimization of the pretreatment conditions.
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1. Introduction


Among the various renewable energy sources, lignocellulosic biomass (agricultural waste and forest residues), can successfully substitute fossil fuels and reduce greenhouse gas emissions, while torrefaction, a thermochemical pretreatment, can be used to upgrade raw biomass properties, reducing its transportation costs. Torrefaction research should focus on kinetics, particle sizing, and reactor modeling/design [1]. Torrefaction enhances biomass properties, such as energy density, mass and energy yield, moisture content, and particle size, facilitating its use for further processing, e.g., combustion, gasification, and co-firing with conventional fuel [2]. The biochar (torrefied solids) quality is defined by the heat processing parameters, in the lack or not of oxygen. Torrefaction technology can be useful for biofuel production industrial plants, such as farms, combined heat and power plants, and pulp/paper units. Torrefaction product properties, reaction mechanisms, technologies, and reactors should be considered to decide which torrefaction technology is preferable in each case [3].



The torrefaction-related research focuses on the effect on lignocellulosic biomass properties, energy densification, and solid/energy yields. Moreover, it deals with the industrial, environmental, and agricultural effects of the lignocellulosic biomass torrefaction in combination with combustion, pyrolysis [4,5,6,7], liquefaction [8], gasification [9,10,11,12], and pollutants adsorption [13,14,15,16]. Furtherly, the research focuses on the torrefaction mechanism [17,18,19] understanding and its effect on the lignocellulosic structure [20,21,22,23,24,25,26]. In addition, several researchers have tried to understand the thermal degradation of lignocellulosic through kinetic models’ application [27,28,29,30,31,32,33,34,35,36,37,38].



According to the above numerous review papers related to biomass torrefaction technology, torrefaction treatment is aimed at the production of energy, fuels, and materials. Especially, oxidative and non-oxidative dry torrefaction focuses on improving lignocellulosic biomass solid residue heating properties, while wet torrefaction, (so-called autohydrolysis, hydrothermal carbonization, hydrothermal torrefaction, hot water extraction, hydrothermolysis, hot compressed water treatment, water hydrolysis, aqueous fractionation, aqueous liquefaction, solvolysis/aquasolv, pressure cooking, acid-catalyzed wet torrefaction, or acid hydrolysis) attempts to maximize the fermentable to bioethanol monosaccharides and oligosaccharides production as well to improve the solid residue heating value. This review deals with the simulation and optimization of dry- and wet-torrefaction pretreatment of lignocellulosic residues such as straws, husks, stalks, peels, sawdust, shavings, chips, and pruning. The novelty of this present work is the systematic examination of the various torrefaction process simulation approaches existing in the international literature. Moreover, this paper emphasizes the use of simulation models for the optimization of the torrefaction process conditions with simultaneous maximization of the product yields in combination with enhanced products’ properties.




2. Torrefaction Processes Classification


2.1. Dry Torrefaction


The major goal of the lignocellulosic biomass torrefaction processes is to upgrade the feedstock and produce mainly solid fuels with enhanced properties. The torrefaction processes can be classified as (i) dry [7,39,40,41], (ii) wet [39,40,41,42], (iii) steam [43,44,45], and (iv) microwave-assisted torrefaction [46,47,48,49]. Dry torrefaction can be classified as (a) oxidative [50,51] or (b) non-oxidative [51,52,53]. On the other hand, wet torrefaction can be applied using water, (a) without any catalyst, or (b) catalyzed by (i) acids (e.g., H2SO4 [54,55,56,57,58], H3PO4, succinic acid [55], HCl [59], acetic acid [60]), (ii) ammonia [61,62] or (iii) salts (e.g., NaCl, LiCl [60]). As regards dry torrefaction, lignocellulosic biomass can be processed in an inert non-oxidative atmosphere (using, e.g., nitrogen), or in a common oxidative atmosphere (in the presence of oxygen), at 200–300 °C [17,63,64,65,66,67,68]. As regards wet torrefaction, lignocellulosic biomass can be processed using water (with or without a catalyst) at 180–260 °C [31,33,63,65,66,67,68,69,70,71,72,73,74].



The dry torrefaction process is a thermochemical method taking place at 200–300 °C, usually in an inert atmosphere, for 30–60 min. It is also known as mild pyrolysis [75], low-temperature pyrolysis [76], or thermal annealing [77,78]. In the case of the non-oxidative torrefaction [52,53,79], N2 [20,62,80] and CO2 [20,81] are commonly used as carrier gases; while CO2 is usually used as a carrier gas to move lignocellulosic particles during thermal treatment. In the case of oxidative torrefaction [50,51,82], air [79], flue gas [83], and other O2-containing gases [82,84] were used as carrier gases to move the feeding material particles. Oxidative torrefaction is faster compared to the non-oxidative one because of the existence of O2 and the thermal degradation exothermic reactions taking place during the torrefaction process [82,85,86]. The use of air or flue gas as carrier gases reduces operating costs for nitrogen removal, necessary in the case of non-oxidative torrefaction, and produces fuels with similar properties. In addition, the solid yield in the case of oxidative torrefaction is decreased compared to that of the non-oxidative one [82,84,87,88]. Finally, the higher heating value (HHV) of the product was found to decrease in the case of an O2 concentration increase [87,89].




2.2. Wet Torrefaction


Wet torrefaction [60,90,91,92] is a different torrefaction process compared to dry torrefaction. In this process, the lignocellulosic feedstock is treated using subcritical water at 180–260 °C, for 5–240 min, and pressures of up to 5 MPa, [30,79,81,93,94,95]. The wet torrefaction process can produce liquid and solid fuel. Wet torrefaction is also known as hydrothermal carbonization [18,40,96,97,98,99], hydrothermal torrefaction [58,100,101], hot water extraction [102], autohydrolysis [103,104,105], hydrothermolysis [106,107,108,109], hot compressed water treatment [91,94], water hydrolysis [110], aqueous fractionation [101], solvolysis/aquasolv [106], aqueous liquefaction [110,111], or pressure cooking [92,112]. Moreover, acid-catalyzed wet torrefaction [54] can be achieved using acids [113], such as H2SO4 and acetic acid, or salts such as LiCl [60,113]. The use of such catalysts facilitates the wet torrefaction process comparably to the dilute acid hydrolysis process [114,115,116]. Wet torrefaction requires lower temperatures compared to dry torrefaction. Lignocellulosic biomass type, feedstock particle size distribution, reaction temperature, reaction time, catalyst concentration, and solid-to-liquid ratio affect the product type and properties. The lignocellulosic feedstock hemicelluloses are hydrolyzed producing monosaccharides and oligosaccharides as regards the liquid phase, while the solid phase product is lignin-rich biochar with low humidity [117,118]. The liquid phase chemicals must be treated/recycled to avoid environmental damage, while monosaccharides and oligosaccharides produced in the liquid phase, possess high values without environmental damage [58,97,98,100,101].



The properties of the water used for wet torrefaction, e.g., density, viscosity, dielectric constant, ion products, and diffusivity, change significantly affecting the lignocellulose degradation [30]. Consequently, wet torrefaction is usually conducted under a near-subcritical state. Hot compressed water degraded lignocellulosic feedstock produces volatile acids [90], facilitating the depolymerization process [119]. Monosaccharides, such as glucose, xylose, mannose, and arabinose, formed in the liquid phase, can be used for bioethanol production. Additionally, wet torrefaction can achieve a similar solid product with high HHV under much lower temperatures compared with dry torrefaction [113,120]. Moreover, energy-consuming pre-drying is not necessary in wet torrefaction as in dry torrefaction. The ash content of wet torrefaction pretreated lignocellulose is reduced compared to dry torrefaction assigned to the ash minerals dissolution into the aqueous phase preventing problems such as corrosion, deposition, agglomeration, slagging, and fouling, during the product’s further processing [121,122].




2.3. Steam Torrefaction


Steam torrefaction uses high temperature/pressure steam explosion to swell the cellulosic fibers and makes the lignocellulosic complex more open for the next step processes, i.e., hydrolysis, fermentation, or densification [123,124]. Steam torrefaction improves the recovery of monosaccharides and oligosaccharides of lignocellulosics fermentable to bioethanol [124]. Steam torrefaction uses high-pressure/temperature steam in a sealed chamber with lignocellulosic feedstock at 200–260 °C for 5–10 min. The steam torrefaction uses lower temperatures/times compared to the dry one [125,126]. The pressure is rapidly released causing swelling of the lignocellulosic matrix and separation of the cellulosic fibers [125,127,128]. The feedstock’s low molecular weight volatiles are eliminated during the process, improving the product’s HHV and carbon content, simultaneously decreasing the particle size distribution, humidity, hydrophobicity elasticity, mechanical strength, and bulk density [125,129,130]. Steam torrefaction needs no carrier gas like dry torrefaction. The properties of the solid products make them appropriate for manufacturing pellets [125,126,129,130].




2.4. Microwave-Assisted Torrefaction


Microwave-assisted torrefaction uses microwave heating instead of conventional heating [46,48,122,131]. Microwave achieves low energy consumption, and fast internal and volumetric heating, of the lignocellulosic feedstock [55,59,61,113,116,132]. The microwave-assisted torrefaction operating condition, power level, energy efficiency, types of absorbers/catalysts, and feedstock’s particle size distribution substantially affects the product’s properties as regards HHV, energy/mass yields, mass loss, fuel ratio, H/C ratio, and O/C ratio. Finally, MWT has the capacity to serve as a technique to improve the performance of the feedstock [7,47,49,56,57,133,134,135,136,137]. The classification of the various torrefaction processes is shown in Figure 1, according to the relevant literature [3,138].





3. Torrefaction Reactors


Torrefaction reactors can be separated into those with (i) indirect and (ii) direct heating systems [3,139]. The reactors with the indirect heating system could be separated into (a) rotary and (b) screw (auger) reactors. Additionally, the reactors with the direct heating system could be separated into those in which the heating medium (a) does not contain oxygen, and (b) contains a small amount of oxygen [3,138,139,140,141,142]. Machines with screw/belt conveyors, rotary, vibrating, microwave, stepped, and moving beds are used as torrefaction reactors [3]. The most used types of reactors are the rotary drum, the microwave, and the fixed/fluidized and horizontal/vertical moving bed [1,139,142]. Moreover, many other reactors are used, e.g., the belt drier, the spouted bed reactor, the rotating-packed bed reactor, the vibrating electrical elevator, the multiple hearth furnace, and the torbed reactor [5,138,143,144,145,146,147,148]. The classification of the torrefaction reactors based on the international literature [3,138,139,140,141,142] is presented in Figure 2.




4. The Torrefaction Conditions Effect on the Lignocellulosic Biomass Characteristics


4.1. The Torrefaction Conditions Effect on the Lignocellulosic Feedstock Composition: Cellulose, Hemicelluloses, and Lignin


The torrefaction conditions effect on the lignocellulosic biomass composition, i.e., cellulose, hemicelluloses, and lignin are presented in Table 1 as regards dry torrefaction and in Table 2 as regards wet torrefaction processes according to various researchers. The hemicellulose percentage decreases more easily than that of the cellulose one because of the amorphous structure and the lower degree of polymerization of hemicelluloses [149]. The cellulose percentage decreases less easily because the thermal cracking of cellulosic chains is not easy as they are long and have highly organized crystalline structures [150,151,152]. The lignin percentage increases by torrefaction treatment compared to the raw (untreated) lignocellulosic materials due to the development of low molecular weight lignin accumulated on the material surface at moderate treatment conditions [150]. Herbaceous lignocellulosic materials, such as agricultural crop residues and grasses, depolymerize easier compared to woody biomass [153]. Deciduous woods hemicelluloses consisting mostly of xylan decompose easier than coniferous wood glucomannan [27]. Glucomannan requires relatively higher temperatures to degrade compared to xylan. Cellulose devolatilizes at 200–400 °C, hemicelluloses at 100–290 °C, and lignin at over 400 °C [29,85]. Torrefaction starts with dehydration and removes lighter volatiles. Hemicelluloses and amorphous cellulose start to depolymerize first by fragmentation, deacetylation, and depolymerization, while crystalline cellulose requires more severe conditions. Hemicellulose fragmentation produces acetic acid and formic acid. Lignin decomposes with difficulty because of its complex matrix. Cellulose and hemicellulose’s thermal cracking during torrefaction is more extended compared to that of lignin. Torrefaction devolatilizes, dehydrates, decarboxylates, and decarbonylates the lignocellulosic feedstock [89,154].



Especially, according to Table 1, as regards dry-torrefied Miscanthus (Miscanthus × giganteus), mixed waste wood, oak waste wood [156], sugarcane leaves [41], and wheat straw [36], an increase in cellulose percentage of about 3–5 units compared to the raw materials was observed. On the contrary, as regards their hemicelluloses percentages, a significant reduction of up to 18 units was presented. Simultaneously, the lignin percentage of the dry-torrefied materials significantly increases in relation to the untreated ones. Similar observations can be made regarding the materials that have undergone wet torrefaction. In general, dry-torrefied biomass shows higher insoluble lignin content than wet-torrefied biomass. Finally, dry-torrefied materials show a higher increase in cellulose and a decrease in hemicelluloses compared to the wet-torrefied feedstock.




4.2. Torrefaction Conditions Effect on the Lignocellulosic Biomass Proximate and Ultimate Analysis Results


The torrefaction conditions’ effect on the lignocellulosic feedstock proximate and ultimate analysis results is presented in Table 3 as regards dry torrefaction and in Table 4 as regards wet torrefaction. Fixed carbon, volatile matter, moisture, and ash were determined using proximate analysis for various kinds of raw and torrefied lignocellulosic materials by numerous researchers. The ultimate analysis results as regards carbon, hydrogen, oxygen, and nitrogen percentages, are also presented in these Table 3 and Table 4. The proximate analysis results changes due to the degradation of the lignocellulosic material’s oxygen-containing functional groups [159]. The raw feedstock has a lower fixed carbon percentage and higher volatile matter percentage compared to the torrefied material. Dehydration decreases moisture percentage while dehydration, depolymerization, and fractionation reactions decrease volatile matter percentage during the torrefaction process. Ash, i.e., inorganic mineral matter, catalyzes the removal of volatile matter during torrefaction. Moreover, ash percentage affects the torrefied product’s yield and composition and increases slightly by torrefaction severity increasing [160].



The results in Table 3 and Table 4 show that the ash percentage decreases via wet torrefaction. Different results were provided for orange peel and Adansonia digitata (Baobab) trunk in which the increase in temperature produced higher ash and fixed carbon percentages for both types of biochar. However, the percentage of volatile matter decreased by increasing torrefaction temperature [68]. The reduction could be a result of the passing of inorganic carbonates and mineral oxides from the solid to the liquid phase [167]. In contrast, in dry torrefaction, an increase in ash percentage was observed due to the breakdown of the aforementioned inorganic carbonates and oxides from the solid phase minerals. The low ash content of biomass is advantageous in terms of fuel properties. Higher ash content can cause fouling, aggregation, and reduced heat transfer [36].



As regards ultimate analysis results presented herein, the oxygen and hydrogen percentage of the lignocellulosic feedstock significantly decreases during torrefaction, increasing the carbon percentage and consequently enhancing the energy content of the product. The release of volatile matter, moisture, and gases such as CO2, CO, CH4, and H2, reduces the oxygen and hydrogen percentages of the torrefied materials simultaneously increasing the fixed carbon percentage [174]. A significant decrease in hydrogen percentage was observed as regards the dry torrefaction, while a high-level decrease in oxygen percentage was observed for wet torrefaction. The carbon percentage increased mainly in the case of wet torrefaction. The nitrogen percentage decreased as regards the wet torrefaction but increased for the dry torrefaction. The results revealed a significant change in carbon percentage after torrefaction. A reduction in the volatile matter was noticed in both torrefaction types, with the greatest reduction found in dry torrefaction. Furthermore, both torrefaction types resulted in an increase in fixed carbon percentage. The change in the percentage of volatile matter and fixed carbon content in the torrefied biomass compared to the raw one was due to the carbonization of the carbohydrates during torrefaction which further enhances the carbon content. Finally, it was found that through the torrefaction process, biomass releases water and decomposes the reactive hemicellulosic fraction, causing a volatiles decrease in combination with a calorific value increase.



The carbohydrate cracking and the volatiles release take place due to decarboxylation and dehydration reactions at high treatment temperatures [142]. The severe torrefied biomass composition is relatively like that of lignite, peat, and coal [152].




4.3. The Torrefaction Conditions Effect on the Higher Heating Value, Energy Yield and Density, and Mass Yield of the Lignocellulosic Feedstock


The torrefaction conditions’ effects on the HHV, energy yield, mass yield, and energy density of the lignocellulosic materials are given in Table 5 for the case of dry torrefaction and in Table 6 for wet torrefaction. The mass yield is defined as the ratio of the weight of the torrefied material to the raw material weight. Volatile matter and moisture decrease, in combination with the devolatilization and thermal cracking of hemicelluloses, cellulose, and lignin, leads to weight reduction during the torrefaction process [175]. Combined rod-milling and torrefaction pretreatment considerably increased carbon percentage and HHV, proving that rod-milling as the first step in the torrefaction process is a factor that has a positive effect on torrefaction’s efficiency. This weight reduction is mostly due to the hemicelluloses’ degradation. The solid residue mass yield changes by the torrefaction conditions severity. The agricultural feedstock mass yield is lower compared to that of woody biomass because agricultural biomass has higher hemicelluloses percentage [176]. The behavior of cellulose, hemicelluloses, and lignin differs during torrefaction pretreatment. Hemicelluloses react easier with oxygen-producing liquid and gaseous products while carbon stays in the solid phase resulting in higher HHV. Thermogravimetric analysis (TGA) showed that the weight reduction is due to the devolatilization and the hemicelluloses, cellulose, and lignin degradation. The product distribution from various torrefaction technologies includes (i) solid, (ii) water (thermal decomposition reaction water and evaporation released freely bound water), condensable volatile organic compounds (acetic acid, alcohols, aldehydes, ketones, CxHy, toluene, benzene), and lipids (fatty acids, waxes), and (iii) non-condensable gases (CO2, CO, CH4). The main products are char, gases, and condensable liquid/tar. The percentage of each product depends on the torrefaction parameters (temperature, heating rate, time), and on the feedstock characteristics. Usually, solid is approximately 70% while gases and tar are 30% [177,178]. In the case of lignocellulosic biomass and microalgae co-torrefaction, biochar was 23–90%, the aqueous phase was 1–58%, bio-oil was 0–36%, and gas was 1–25%, depending on the torrefaction severity [179]. Torrefaction increases the HHV of the product depending on the pretreatment severity [177]. Generally, higher torrefaction severity gives desirable results such as enhanced product’s HHV but not without any cost since it also gives low mass yield. The increased fixed carbon percentage and the decreased oxygen percentage increase the product’s HHV and energy density. Energy density is the energy in a volume unit of the material under examination. Moreover, the energy yield is defined as the ratio of the torrefied feedstock’s energy content to that of the raw material. Torrefaction severity increases the energy content but decreases the mass yield of the product, resulting in a decrease in the energy yield. Torrefaction severity increases HHV but decreases mass yield. Microwave torrefaction enhances the mass/energy yields of the wheat straw [36,76,175,178,179,180,181], barley straw [57,134,163], rice straw [136,161,182], rice husk [51,159,161,183,184,185,186], canola hull [12], fir [125,129,130,137,187], grass [167], and sugarcane residue [41,53,113,116,188]. Good results were reported for wood sawdust torrefaction using a continuous spouted bed reactor [168].





5. Simulation and Optimization of the Lignocellulosic Biomass Torrefaction Process


5.1. Simulation of the Lignocellulosic Biomass Dry Torrefaction Process


5.1.1. Artificial Neural Network Approaches


Multivariate adaptive regression splines (MARS) in combination with artificial neural networks (ANN) are two useful tools in artificial intelligence (AI), a machine learning (ML) type, for complex data pattern analysis [4,197,198]. The torrefaction severity index (TSI) compromises the different torrefaction conditions’ effect on the quality of the torrefied lignocellulosic biomass. Chen et al. [197], used the ANN approach in combination with MARS models to simulate the torrefaction process and forecast the TSI. Lignocellulosic feedstock type, torrefaction temperature, and time were the input simulation parameters for the ANN and MARS approaches. Temperature was the most influential factor in TSI forecasting using the MARS model, followed by reaction time and lignocellulosic biomass type. On the contrary, feedstock type is the dominant factor according to the ANN approach, while temperature and time effect on TSI is not significant. Three different combinations of numbers of neurons and hidden layers were used for the ANN evaluation. It was found the two hidden layers in combination with 85 neurons gave the optimum performance. Good fitting was achieved for both ANN and MARS models using relative root means square error analysis. The MARS model had a better fit as regards solid biofuel’s TSI, while the input parameter sensitivity of the ANN model was lower. The number of neurons and hidden layers significantly affect the ANN model performance.



García Nieto et al. [198] introduced a new support vector machines (SVMs) hybrid algorithm, with the optimization method of simulated annealing (SA), for HHV value of torrefied feedstock forecasting incorporating the torrefaction process experimental operation input parameters. They used the MARS approach in combination with the technique of random forest (RF). The model predicted sufficiently the significance of each physical–chemical variable on the HHV. It was compared with several HHV forecasting models. This hybrid SVM–SA-based model with RBF kernel function successfully fitted the set of experimental data with the optimal hyperparameters. The findings fitted better with the experimental data than those obtained by the RF–SA-based technique and the MARS–SA-based approach.



Moreover, this research group formed a new hybrid algorithm, with SVMs and particle swarm optimization (PSO) method, for forecasting the lignocellulosic feedstock’s HHV from experimental torrefaction operation input parameters [199]. Furthermore, RF in combination with a multilayer perceptron network (MLP) successfully fitted the experimental data. The physical–chemical parameters of this industrial process were monitored and analyzed. The significance of each physical–chemical variable on the HHV was satisfactorily simulated according to the model. The hybrid PSO–SVM-based approach with cubic kernel function successfully fitted the experimental dataset and correlated with the optimal hyperparameters. The PSO–SVM-based model gave better results than the MLP approach and RF-based model. In addition, a two-stage reaction model (TSR) in combination with a PSO algorithm was developed to forecast the isothermal reaction kinetics of thermal degradation of hemicelluloses, cellulose, and lignin during this process for biochar production [32].




5.1.2. Kinetic and Thermodynamic/Thermochemical Approaches


Several kinetic models have been established on the three main components of lignocellulosic biomass (cellulose, hemicelluloses, and lignin), appropriate to describe the thermochemical decomposition mechanisms as regards the torrefaction process. Di Blasi and Lanzetta [200] established a two-step kinetic model for the investigation of the xylan degradation isothermal kinetics during pyrolysis. The activation energies of the first and second steps were 76.57 kJ/mol and 54.81 kJ/mol, respectively. They assumed that the degradation takes place under kinetic control and that a semi-global reaction mechanism is valid. Prins et al. [201] applied this two-step, first-order mechanism to simulate the solid yield reduction in the case of kinetically controlled torrefaction of willow. Furthermore, multi-step kinetic models were applied to torrefaction to forecast reaction rates and product yields. Onsree et al. [202], applied a two-step kinetic model assuming that the biomass decomposition mechanism through torrefaction consisted of serial primary and secondary reactions. Volatiles and solid intermediates were formed during the first step, while other volatiles and chars were formed due to the decomposition of these intermediates during the second step. Similarly, a two-step first-order reaction mechanism was proposed by Ikegwu et al. [203] to simulate the torrefaction of pine sawdust. MATLAB software (Mathworks, Natick, MA, USA) was used for the kinetic analysis and the solid/gas product distribution according to the reaction mechanism. Soria-Verdugo et al. [204] found that inert torrefaction can be simulated using a two-step reaction mechanism, but a three-step reaction mechanism is required for oxidative torrefaction. They used a model-fitting kinetics method on non-isothermal torrefaction data. The three-step mechanism was appropriate for both isothermal and non-isothermal torrefaction simulation. The two-step first-order kinetic model accepts that raw biomass, decomposes into an intermediate solid, by freeing moisture and volatiles. The intermediate solid is then decomposed into a solid residue and more volatile matter is produced. The extended two-step first-order kinetics model was appropriate for oxidative torrefaction because the oxygen further reacts with the solids. These gas–solid reactions are included to account for the effect of oxygen on the decomposition procedure.



MATLAB is a programming platform suitable for systems/product analysis/predictions/design by scientists/engineers. It uses a matrix-based programming language, letting natural expression of computational mathematics. It can be used on laboratory and industrial scales. It can be used for a numerical methodology to fit torrefaction kinetic parameters by minimizing the sum of squares function of experimental/model results. Nonlinear torrefaction optimization can be achieved by using the MATLAB command ‘lsqcurvefit’ with the default tolerance settings, which is based on the Niedler–Mead optimization algorithm for the minimization of the mean square between calculated/experimental data. The torrefaction kinetic parameters can be estimated by a non-negative linear least-squares method via the ‘lsqnonneg’ algorithm in MATLAB or by an implemented nonlinear least-squared method, fitting simultaneously the experimental results for all temperature/oxygen concentration sets.



The knowledge of the chemistry of the torrefaction reactions and the thermodynamic analysis of this process is crucial in evaluating the technology feasibility, using a system analysis software called Cycle-Tempo, version 5.1. (Process & Energy Department of the Delft University of Technology, Delft, Holland) a steady state simulation model of this process combining drying and torrefaction unit operation blocks with supplementary process apparatus [205]. The process simulation for numerous inputs can forecast the system efficiency in correlation with the torrefaction temperatures and feedstock moisture percentage. The Cycle-Tempo software can be applied for the process flow designing within a reasonable heat integration strategy approach and feasible sizing of process equipment.



Cycle-Tempo is a flow sheeting tool for the thermodynamic analysis and optimization of energy conversion systems. It is suitable for modeling the off-design behavior of turbines, heat exchangers, flash heaters, condensers, and pipes. It is appropriate for conventional and unconventional power plants/energy systems, and it is capable of exergy analysis. It is suitable for the development of wood waste pretreatment equilibrium models based on the Gibbs free energy minimization approach via non-complex and complex models.



Liu et al. [38] established a new lumped model to investigate the reaction mechanism of rice straw and husk decomposition by torrefaction. This model was validated by fitting the experimental data. The simulation gave the van Krevelen diagram, i.e., C/O and C/H ratio diagram, and the CHO index, i.e., the carbon’s oxidation state in organic pyrolysis products. The ‘loss of O/loss of energy’ parameter was defined to be related to the energy efficiency of this process. The optimum torrefaction temperature for rice husks and straw was determined using the Chemkin model. The simulation provided data on the whole temperature range, indicating the experimental defects such as high cost and time. The van Krevelen diagram in combination with ‘loss of O/loss of energy’ and CHO index and the new parameter offered valuable evidence on feedstock torrefaction and the relationship among the various indexes, offering some significant perceptions and direction for torrefaction simulation and optimization.



A two-dimensional, single-particle, transient model was created by Okekunle [140] for lignocellulosic feedstock torrefaction. A porous solid simulated a wood cylinder, while the finite volume method was applied to simulate the evolution equations for energy conservation, transport, and intra-particle pressure. The tridiagonal matrix algorithm was used to solve the formed linear algebraic equations. Darcy’s law gave the intra-particle flow velocity. Intra-particle temperature profile and mass loss record simulation results fitted satisfactorily with the literature data. As regards the interior of the particle, thermal flux, torrefaction fronts, and drying developed in a semi-ellipsoidal structure. Volatile releases were mostly water vapor. The loss of water and carbon dioxide resulted in a decrease in mass and energy yield. The two-dimensional, single particle, transient model can be applied in a broad variety of conditions as valuable software in lignocellulosic feedstock torrefaction pretreatment. In addition, the evidence from weight loss curves, SEM images, HHV, and numerical simulation can be used to forecast the difference in bulk arrangements contributed to different decomposition pathways [206]. The hollow bulk arrangement can contribute to a decomposition pathway which can be described by using the two-step reaction in the series model. The compact bulk arrangement can result in an autocatalytic decomposition pathway and a higher level of decomposition. This increasing level consequently can lead to an HHV enhancement contrasted to the empty mass arrangement.



TGA can be used to examine the kinetics and thermal degradation during the torrefaction of lignocellulosic feedstock [24]. Bach and Chen [30], expressed the torrefaction kinetics using the Arrhenius law including activation energy, frequency factor, and reaction order. TGA is considered a valuable classification technique in defining the degradation kinetics and thermal performance of lignocellulosic feedstock [32,48,161].



Gajera et al. [36] examined the wheat straw physicochemical performance and the groundnut stalk behavior to be used as feedstock for the torrefaction process. TGA was used to monitor the torrefaction process at various isothermal heating rates. Results showed significant hemicellulose and volatile percentage decrease improving HHV, i.e., improving the fuel properties by elevating torrefaction temperature, decreasing volatile content, and increasing carbon content and heating value. The activation energy was found by kinetic parameter analysis with (i) Ozawa–Flynn–Wall and (ii) Starink models. These results offer significant fundamental data assistance for the thermochemical conversion of biomass feedstock.



According to Sasongko et al. [207], a few models focus on the hardwood biomass torrefaction process. Consequently, they developed a simple model to estimate the optimal mass and energy yield. A combination of kinetic, and mass/energy balance models was established. The kinetic model involved: (i) chemical kinetics and (ii) heat transfer. The three parallel reactions (TPR) simulation predicted the degradation of feedstock using three parallel and independent reactions of char, tar, and gas. The two-stage reaction model (TSR) was based on the single hemicellulose decomposition approach. The Elemental Reaction (ER) model separated the degradation reaction from the various components of biomass, i.e., hemicelluloses, cellulose, and lignin, because biomass is primarily a lignocellulosic feedstock.



Kinetic and thermochemical models were established for poplar wood torrefaction to satisfactorily fit the experimental torrefaction TGA data. They offered a consistent picture of the progress of the produced solid and volatile products as well as chemical elements percentage. These models illustrated the poplar wood torrefaction thermochemical performing. They displayed that (i) high temperature increases the product’s evolution rate favoring volatiles’ formation while the heating rate has a slight effect on this; (ii) temperature and time significantly affect energy and mass yields; and (iii) torrefaction is primarily endothermic. This simulation approach offers theoretical assistance for potential valorization and optimization of woody feedstock torrefaction facilities [208].




5.1.3. Torrefaction Severity Factor- and Torrefaction Severity Index-Based Models


Torrefaction severity factor (TSF)- [6,139,209,210] and torrefaction severity index (TSI)- [211] based models are very useful as regards biomass torrefaction simulation. Yu et al. [6] correlated the properties of several samples of torrefied lignocellulosic feedstock to improve the design of the process and predict the torrefaction severity on a commercial scale. These properties were functions of mass yield as regards wood kenaf, pellets/chips, and rice straw/husk commercial samples. Good fitting was achieved for volatile matter/fixed carbon ratio, elemental composition, and HHV vs. mass yield. The applied methodology calculated the torrefaction severity based on the reaction characteristics measured by the TGA technique. Furthermore, during torrefaction the amount of fixed carbon increased compared to the raw biomass, suggesting polymerization reactions and cross-linking. The torrefied biomass energy density was a function of the raw biomass compaction degree and the process severity. The torrefied feedstock grindability of was like that of coal from woody samples and kenaf.



Zhang et al. [211] correlated severity, torrefaction performance, and energy usage for biochar production. Spent coffee grounds, Chinese medicine residue, and microalga residue were torrefied in a nitrogen environment for biochar production. Enhancement factors of HHV, decarbonization, dehydrogenation, deoxygenation, energy yield, and atomic O/C and H/C ratios were studied. The dimensionless parameter TSI, i.e., the weight loss of feedstock, was sufficiently correlated with biochar properties. The O/C ratio was the exception. The upgrading energy index (UEI) was related to the energy reaction efficiency. UEI decreased with TSI increasing, meaning that biochar quality and HHV were optimized at a high TSI.



Thermal energy content enhancement of barley straw via torrefaction was correlated with the process parameters, i.e., time and temperature, and kinetic models were developed to fit the experimental data. TSF was used, combining the process temperature and time effect into a single reaction ordinate [163]. Maximum HHV was achieved at the most severe torrefaction conditions. Torrefied barley straw was found to be a potential alternative renewable energy source, i.e., a coal substitute or an activated carbon low-cost substitute within the biorefinery and the circular economy concept. Gonzalez-Arias et al. [173] used the TSF to compare different processes, (i) hydrothermal carbonization, (ii) pyrolysis, and (iii) torrefaction of olive tree pruning. This parameter is related to the reaction temperature and time of every run. This allowed understanding of the effect of the reaction parameters on the char produced.




5.1.4. Commercial Simulation Software


Manouchehrinejad and Mani [212], developed a thermodynamic-based process simulation model for an integrated torrefaction–pelletization facility. They used Aspen Plus simulation tool for mass/energy balances, design parameters, and equipment size estimation. Feedstock drying, fuel combustion, torrefaction, grinding, pelletizing, and cooling were the basic unit operations. Moreover, they simulated temperature profiles and moisture content of solids and hot gas for a solid convective rotary dryer. In addition, they simulated the main thermal and electrical energy requirements of a rotary kiln torrefaction reactor using the pre-defined reactor modules methodology. HHV, mass/energy yield, and torgas compositions were the output parameters of the torrefaction reactor. Combustion, grinding, pelletization, and cooling were the major unit operations simulated to perform thermodynamic mass/energy balances at industrial scale pine wood chip feedstock. A separate solid fuel burner unit was simulated in the case that wood bark auxiliary fuel was replacing natural gas. Torrefied pellets production total thermal energy consumption to was estimated. The established simulation can be used to perform commercial-scale process economics/safety assessments. Awang et al. [213] developed an Aspen Plus simulation approach for pelletization via torrefied using empty fruit bunch. Maximum mass yield and minimum energy requirement were the optimization criteria. The produced pellets had enhanced HHV, brittle, high bulk energy density, and increased hydrophobicity like coal and low cost of power demand.



Aspen Plus commercial process simulation software Version 14 (by AspenTech Inc., Bedford, MA, USA) is the most popular modeling tool as regards laboratory and industrial scale facilities. It is usually applied for simulating biomass gasification while the usage of a pre-defined reactor in this to simulate torrefaction is more difficult due to the complexity of this process. This software has been utilized to simulate different lignocellulosic feedstocks’ pretreatments under a broad range of operating conditions. The operation unit of torrefaction is displayed in the flow-diagram by operation blocks, indicating material/energy streams. It involves a substantial chemical components property database useful for the calculations, incorporating the required custom-built Fortran or Excel subroutines. It is used to analyze the mass/energy balance in chemical engineering processes by developing equilibrium models appropriate for the highest yield or thermal efficiency forecasting. Its library has many unit operations models for reactions, heat exchange, and separation as well as for the properties of various chemicals. On the other hand, the properties of cellulose, hemicelluloses, and lignin have been defined by National Renewable Energy Lab (NREL), Golden, CO, USA. In conclusion, Aspen Plus can simulate thermochemical conversion processes, involving (i) feedstock decomposition, (ii) volatile reactions, (iii) char combustion, and (iv) condensable/non-condensable gas and gas/solid separation.



Yek et al. [49] simulated the microwave distribution and the microwave heating performance in the cavity using integrated radio frequency and transient heat transfer modules. The COMSOL Multiphysics finite element analysis software (Comsol, Burlington, MA, USA) was applied to predict the temperature profile and microwave electric field of empty fruit bunch pellets. The simulation results satisfactorily fitted the experimental data. The distinctiveness of microwave heating was proved by the enhanced temperature distribution at the center and bottom section of the empty fruit bunch pellet reactor bed. The experimental temperature profile was simulated according to the specific cavity geometry and dielectric properties-based temperature pattern.



COMSOL Multiphysics software is a commercial computer aid engineering software based on finite element analysis, with a significant set of analyzing/solving functions. This software includes modules suitable for electromagnetics, heat transfer, fluid flow, chemical processes, structural mechanics, and acoustics simulation in one environment/workflow. Application Builder is used to develop all types of simulation applications. COMSOL Multiphysics includes numerous pre- and post-processing functions, for both complex scientific problems and large-scale engineering problems simulation, solving simultaneously coupled multiphysics phenomena. It originates from the PDE Toolbox of MATLAB.




5.1.5. Other Simulation Approaches


In the case of torrefaction, lignocellulosic feedstock is degraded leading to anhydrous weight loss (AWL). The assessment model for AWL is appropriate to examine the thermal decomposition of green waste. AWL prediction can be achieved using a two-step reaction in a series model [214].



Quantification of the torrefaction pretreatment impact on the product gas quality result from steam and steam-oxygen mixtures gasification of non-woody lignocellulosic feedstock in high-temperature entrained flow reactors, can be achieved via a gasification chemical equilibrium model. This model predicted the composition of the produced gas as a function of temperature, equivalence ratio, steam-to-solid ratio, and elemental composition of the lignocellulosic feedstock [215].



Dynamic simulation modeling approach [216] can be utilized to evaluate the integration of wood pellet production via torrefaction as well as a supply chain for product distribution. Discrete event and discrete rate simulation approaches were incorporated into the developed model allowing uncertainties, interdependencies, and supply chain resource constraints (which are generally simplified or ignored in static and deterministic approaches) to be considered. It includes the supply chain from raw materials sources to final product distribution. This simulation approach utilized a wood pellet supply chain, in British Columbia, Canada, assessing the pellets’ cost to various markets, energy demand, and CO2 emissions alongside the supply chain compared with commercial pellets. Torrefaction process integration led to increased energy density and reduced distribution costs giving the chance for obtaining new potential markets.



The gain and loss method was applied to find the optimal conditions for biomass torrefaction, i.e., by comparison of the energy content gain to the final product’s biomass weight loss [217]. Torrefaction experiments were simulated by first- to third-order polynomial regression models determining the correlation between calorific value or weight loss and TSF. The optimized TSF was established by the connection of two regression models for weight loss and HHV. The optimal torrefaction conditions were determined.



The kinetics of torrefaction can be used for the examination of the reaction mechanisms, and the simulation and optimization of the processes. The usual empirical reaction model has some theoretical disadvantages in explaining the torrefaction kinetics of lignocellulosic feedstocks. TGA can be used to investigate the beech wood isothermal torrefaction kinetics. The experimental data can be simulated by an nth-order kinetic model. The kinetic parameters of the nth-order model can be optimized using the pattern search method. The fitting to the experimental data showed that the nth-order model satisfactorily predicted these data [218].



Taguchi experimental design (TED) and analysis of variance (ANOVA) [48], can be used to simulate the effects of microwave power, catalyst concentration, and time on energy yield for microalgal biochar from Chlorella vulgaris FSP-E residue, which was torrefied with magnesium oxide as a microwave absorber to enhance heating. The TED and ANOVA approaches verified the substantial effects of microwave power and catalyst concentration.



The “model-free” isoconversional approach [219] can be extended in setting up a complete kinetic model, while conventionally, is limited to the activation energy estimation. It is an innovative approach to investigate the thermal degradation kinetic of biomasses when submitted to torrefaction, having a relevant impact in exploiting the potentialities of biomasses in many energies uses.



Other software useful for torrefaction simulation are as follows: (i) ExtendSim (ExtendSim, San Jose, CA, USA) is a simulation software for discrete event, continuous, discrete rate and agent-based and mixed-mode processes simulation; (ii) PolyAnalyst (Megaputer Intelligence Inc., Bloomington, IN, USA) is a system for extracting actionable knowledge hidden in piles of free text and structured data; (iii) Weka (WEKA company, Campbell, CA, USA) is a collection of machine learning algorithms for data mining tasks, containing tools for data preparation, classification, regression, clustering, association rules mining, and visualization; (iv) RStudio (Posit, Boston, MA, USA) is a free and open-source integrated development environment for R, a programming language for statistical computing and graphics; (v) Quantum XL (SigmaZone, Orlando, FL, USA) is statistical software including DoE, General Statistics, and Monte Carlo Simulation; (vi) Design-Expert (Stat-Ease Inc., Minneapolis, MN, USA) is a statistical software package specialized to develop DoE; and (vii) OriginLab (OriginLab, Northampton, MA, USA) is a DoE application for determining the correlation between process factors and process output useful to design/analyze/optimize an experimental setup.



The simulations of the lignocellulosic biomass dry torrefaction process approach-es are presented in Table 7. Moreover, the same simulation approaches are displayed schematically in Figure 3.





5.2. Simulation of the Lignocellulosic Biomass Wet Torrefaction Process


Chen et al. [223] used AI for forecast and the data were supplied to machine learning. Data analysis was used for torrefaction operating conditions optimization, maximum glucose fermentable to bioethanol concentration while wet torrefaction was used as lignocellulosic feedstock pretreatment. Forty-nine data sets were split for training and testing material. NN and MARS, combined with a decision tree (DT) were applied to forecast five different feedstocks’ glucose concentrations and feedstock classification. The NN forecasts had better fitting than the MARS results. The NN approach was used for the glucose prediction in combination with the Box–Behnken design of experiments (DoE). Consequently, NN is an appropriate approach to glucose fermentable to bioethanol forecasting from wet-torrefied biomass. Moreover, the ANOVA approach proved that sulfuric acid catalyst concentration affects more the produced glucose concentration, compared to reaction temperature and time.



Nazos et al. [54], investigated the possibility of improving the barley straw HHV, using acid-catalyzed wet torrefaction (ACWT), well known as acid hydrolysis, in an autoclave (batch reactor). Moreover, (i) combined severity factor (CSF) and (ii) response surface methodology (RSM) based on Box–Behnken DoE were utilized as simulation approaches. The ACWT parameters were sulfuric acid concentration, temperature, and time. The pretreated product’s HHV was significantly affected by the straw composition alterations during ACWT. González-Arias et al. [173], applied CSF for solid biofuel production by hydrothermal carbonization of olive tree pruning.



RSM was used by Gan et al. [169] to simulate and optimize the palm kernel shell wet torrefaction energy-efficient conditions. Among several operating conditions such as temperature, time, and palm kernel shell/water ratio, it was found that temperature showed an extremely substantial impact on the produced fuel properties. TGA verified that wet-torrefied feedstock presented a superior combustion performance. Higher carbon percentage, lower oxygen percentage, and lower ash percentage of the wet-torrefied feedstock enhanced the fuel value.



The simulations of the lignocellulosic biomass wet torrefaction process approaches are presented in Table 8. Moreover, the same simulation approaches are displayed schematically in Figure 4.




5.3. Optimization of the Lignocellulosic Biomass Wet and Dry Torrefaction Process


ANN is a data-driven model appropriate for the multi-objective optimization of the lignocellulosic feedstock torrefaction process and can robustly and accurately forecast the nonlinear relationships between the multiple inputs and outputs regardless of parametric and nonparametric distributions with missing values [19,49,225,226]. The hyperparameters of the ANN model can be selected and tuned to obtain the best-fit from the performance measures of the root mean squared error and the coefficient of determination of a random 5-fold cross-validation. The joint optimization with the best-fit ANN can be performed based on the criteria of composite desirability [4].



Oh et al. [220] attempted to optimize the torrefaction of woody biomass using one-dimensional simulation analysis. Changes in the elemental contents of biomass were predicted by analyzing the mass reduction and characteristics of volatile matter emission due to torrefaction, and changes in the calorific value were derived. Comparing experiments and simulations estimated the calorific value and optimal conditions according to the process temperature and time, providing preliminary findings for the effective utilization of biomass, a material that is usually discarded.



More or less, all the above-described simulation approaches, i.e., kinetic/thermodynamic/thermochemical models, severity factors, response surface methodology models, artificial neural networks, multilayer perceptron neural networks, multivariate adaptive regression splines, mixed integer linear programming, Taguchi experimental design, particle swarm optimization, model-free isoconversional approach, dynamic simulation modeling, and commercial simulation software, can be used for the torrefaction process optimization.





6. Conclusions


The simulation and optimization of dry- and wet-torrefaction processing of lignocellulosic biomass was investigated. It was found that the most significant dry- and wet-torrefaction processes simulation/optimization approaches are kinetic/thermodynamic/thermochemical models, severity factors/indexes (TSF, TSI, CSF, UEI), artificial neural networks, and commercial simulation software. In addition, response surface methodology, multilayer perceptron neural networks, multivariate adaptive regression splines, mixed integer linear programming, Taguchi experimental design, particle swarm optimization, model-free isoconversional approach, and dynamic simulation modeling can be applied as regards the dry/wet torrefaction processes simulation/optimization. In conclusion, torrefaction process simulation applications accelerate the optimization of the pretreatment conditions.
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Figure 1. Classification of torrefaction. 
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Figure 2. Torrefaction reactors classification. 
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Figure 3. Simulation of dry torrefaction process. 
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Figure 4. Simulation of wet torrefaction process. 
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Table 1. Raw and dry-torrefied lignocellulosic biomass composition.
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Biomass

	
Raw/

Torrefied

	
Temperature (°C)

	
Time (min)

	
Cellulose

	
Hemicelluloses

	
Lignin

	
References






	
Bamboo

	
Raw

	
-

	
-

	
34.1

	
27.7

	
24

	
[150]




	
Bark of Douglas fir

	
Raw

	
-

	
-

	
25.4

	
8.1

	
51




	
Cherry wood samples

	
Raw

	
-

	
30

	
42.8

	
24.3

	
32.9

	
[25]




	
Torrefied

	
350

	
30

	
6.8

	
0.0

	
93.2




	
Coconut fiber

	
Raw

	
-

	
-

	
47.10

	
12.50

	
31.35

	
[79]




	
Cotton stalk

	
Raw

	
-

	
-

	
34.81

	
17.46

	
18.92

	
[155]




	
Torrefied

	
257.8

	
60

	
31.62

	
2.44

	
54.49




	
Cryptomeria japonica

	
Raw

	
-

	
-

	
43.60

	
16.01

	
32.20

	
[79]




	
Douglas fir

	
Raw

	
-

	
-

	
42.5

	
17.9

	
22

	
[150]




	
Eucalyptus

	
Raw

	
-

	
-

	
48.36

	
15.35

	
21.26

	
[79]




	
Groundnut stalks

	
Raw

	
-

	
-

	
36.28

	
32.4

	
20.12

	
[36]




	
Torrefied

	
250

	
120

	
39.5

	
26.5

	
20.6




	
Hops (Humulus

lupulus)

	
Raw

	
-

	
-

	
42.2

	
-

	
26.2

	
[156]




	
Torrefied

	
250

	

	
47.0

	
-

	
35.1




	
Miscanthus

(Miscanthus ×

giganteus)

	
Raw

	
-

	
-

	
41.4

	
19.7

	
22.6




	
Torrefied

	
250

	
90

	
44.1

	
8.4

	
41.6




	
Mixed waste wood

	
Raw

	
-

	
90

	
37.2

	
23.8

	
27.0




	
Torrefied

	
250

	

	
42.8

	
16.7

	
32.9




	
Oak waste wood

	
Raw

	
-

	
-

	
38.3

	
25.5

	
22.0




	
Torrefied

	
250

	
90

	
43.7

	
7.7

	
31.4




	
Oil palm fiber

	
Raw

	
-

	
-

	
26.78

	
34.00

	
16.08

	
[79]




	
Sugarcane bagasse

	
Raw

	
-

	
-

	
23.08

	
18.81

	
11.35

	
[53]




	
Torrefied

	
250

	
60

	
22.46

	
7.21

	
57.32




	
Sugarcane leaves

	
Raw

	
-

	
-

	
41.41

	
36.68

	
6.39

	
[41]




	
Torrefied

	
275

	
-

	
46.06

	
4.01

	
36.53




	
Tobacco rod

	
Raw

	
-

	
-

	
31.28

	
13.65

	
22.37

	
[65]




	
Torrefied

	
240

	
30

	
1.28

	
0.00

	
77.22




	
Vine pruning

	
Raw

	
-

	
-

	
37.60

	
19.23

	
15.77

	
[155]




	
Torrefied

	
275

	
20

	
35.04

	
3.01

	
56.82




	
Wheat straw

	
Raw

	
-

	
-

	
37.40

	
22.88

	
29.30

	
[36]




	
Torrefied

	
250

	
120

	
41.55

	
16.40

	
29.95




	
Wood dust biomass sourced

	
Raw

	
-

	
-

	
34.50

	
26.50

	
30.0

	
[157]




	
Torrefied

	
250

	
45

	
40.0

	
3.5

	
52.0
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Table 2. Effect of wet torrefaction on the lignocellulosic biomass composition.
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Biomass

	
Raw/Torrefied

	
Temperature (°C)

	
Time (min)

	
Cellulose

	
Hemicelluloses

	
Lignin

	
References






	
Corn stalk

	
Raw

	
-

	
-

	
29.08

	
25.99

	
15.04

	
[61]




	
Torrefied

(Microwave)

	
180

	
30

	
37.33

	
18.82

	
19.61




	
Torrefied

(Microwave, NH3)

	
180

	
-

	
30

	
40.59

	
19.86




	
Corncobs

	
Raw

	
-

	
-

	
34.490

	
35.36

	
-

	
[158]




	
Torrefied

	
185

	
5

	
54.11

	
20.05

	
-




	
Tobacco rod

	
Raw

	
-

	
-

	
31.28

	
13.65

	
22.37

	
[65]




	
Torrefied

	
240

	
30

	
1.28

	
0.0

	
77.22
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Table 3. Lignocellulosic biomass proximate and ultimate analysis results before and after dry torrefaction.
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Biomass

	
Raw/

Torrefied

	
Temperature (°C)

	
Time

(min)

	
Proximate Analysis (wt.%)

	
Ultimate Analysis (wt.%)

	
Reference




	
Moisture

	
Volatile Matter

	
Fixed

Carbon

	
Ash

	
C

	
H

	
O

	
N

	






	
Rice straw

	
Raw

	

	

	

	
76.56

	
14.02

	
9.48

	
39.61

	
5.83

	
43.80

	
1.21

	
[161]




	
Torrefied

	
300

	
-

	
-

	
52.00

	
32.70

	
15.31

	
49.90

	
4.61

	
28.43

	
1.77




	
Rice husk

	
Raw

	
-

	
-

	
-

	
70.41

	
15.79

	
13.80

	
38.62

	
5.67

	
41.38

	
0.48

	
[161]




	
Torrefied

	
300

	
-

	
-

	
51.42

	
28.91

	
19.68

	
46.43

	
4.60

	
28.91

	
0.58




	
Coffee husk

	
Raw

	
-

	
-

	
2.7

	
77.7

	
17.9

	
1.7

	
48.5

	
5.9

	
40.6

	
2.8

	
[162]




	
Torrefied

	
300

	
60

	
1.4

	
63.5

	
31.8

	
3.3

	
61.2

	
4.8

	
15.3

	
3.5




	
Spent coffee grounds

	
Raw

	
-

	
-

	
3.3

	
81.2

	
14.6

	
0.9

	
50

	
6.7

	
39

	
2.3

	
[162]




	
Torrefied

	
300

	
60

	
1.2

	
67.8

	
29

	
2

	
69.5

	
6

	
19

	
3.2




	
Wheat straw

	
Raw

	
-

	
-

	
7.33

	
65.43

	
16.20

	
11.04

	
49.3

	
5.18

	
44.66

	
0.80

	
[36]




	
Torrefied

	
500 °C/

min

	
-

	
2.50

	
58.57

	
23.90

	
14.90

	
53.90

	
4.90

	
40.82

	
0.67




	
Groundnut stalks

	
Raw

	
-

	
-

	
3.78

	
74.83

	
16.70

	
4.69

	
34.52

	
9.80

	
51.50

	
1.16

	
[36]




	
Torrefied

	
500 °C/

min

	
-

	
2.0

	
70.86

	
19.68

	
21.59

	
41.20

	
8.70

	
47.70

	
1.19




	
Rice husk

	
Raw

	
-

	
-

	
7.44

	
56.13

	
20.45

	
15.98

	
42.39

	
5.77

	
50.10

	
1.17

	
[51]




	
Torrefied

	
300

	
-

	
4.63

	
14.13

	
38.09

	
43.15

	
70.84

	
3.07

	
24.49

	
1.55




	
Miscanthus

	
Raw

	
-

	
-

	
9.2

	
83.9

	
3.9

	
2.9

	
46.2

	
3.9

	
45

	
0.8

	
[156]




	
Torrefied

	
300

	
-

	
4.8

	
56

	
25.4

	
6

	
50.6

	
4.2

	
34.5

	
4.2




	
Hops

(Humulus lupulus)

	
Raw

	
-

	
-

	
11.8

	
82.9

	
1.9

	
3.3

	
42.3

	
4.8

	
36.8

	
2.4

	
[156]




	
Torrefied

	
300

	
-

	
9.8

	
66.7

	
14.4

	
8.9

	
46.3

	
4.1

	
22.6

	
2.8




	
Mixed waste wood

	
Raw

	
-

	
-

	
8.9

	
78.4

	
9.5

	
3.1

	
46.5

	
5.5

	
44.3

	
0.4

	
[156]




	
Torrefied

	
300

	
-

	
4.7

	
65.3

	
23.1

	
6.8

	
57.8

	
2.2

	
32.3

	
0.6




	
Oak waste wood

	
Raw

	
-

	
-

	
7.9

	
80.4

	
11.1

	
0.6

	
46.9

	
5.9

	
46.1

	
0.3

	
[156]




	
Torrefied

	
300

	
-

	
5.5

	
62.4

	
27.3

	
4.9

	
60.8

	
3.2

	
32.5

	
0.5




	
Sugarcane bagasse

	
Raw

	
-

	
-

	
-

	
83.46

	
14.26

	
2.17

	
46.37

	
6.29

	
46.79

	
0.55

	
[53]




	
Torrefied

	
275

	
60

	
-

	
51.85

	
44.04

	
3.95

	
58.25

	
2.81

	
38.68

	
0.31




	
Wood pellet

	
Raw

	
-

	
-

	
5.42

	
84.72

	
15.07

	
0.22

	
47.48

	
6.47

	
45.94

	
0.09

	
[113]




	
Torrefied

	
275

	
60

	
-

	
73.21

	
26.38

	
0.41

	
53.97

	
5.87

	
40.01

	
0.12




	
Barley straw

	
Raw

	
-

	
-

	
6

	
74.3

	
-

	
8.4

	
45.5

	
5.5

	
47.9

	
0.99

	
[163]




	
Torrefied

	
300

	
37.5

	
3.5

	
62.5

	
-

	
16.1

	
57.5

	
4.1

	
36.4

	
1.6




	
Corn straw

	
Raw

	
-

	
-

	
6.18

	
71.21

	
16.12

	
6.49

	
45.84

	
5.11

	
34.89

	
1.28

	
[164]




	
Torrefied

	
325

	
-

	
3.02

	
53.23

	
34.73

	
9.02

	
53.84

	
4.12

	
27.57

	
2.36




	
Empty fruit bunches

	
Raw

	
-

	
-

	
4.55

	
77.42

	
13.84

	
4.19

	
42.82

	
6.07

	
50.57

	
0.54

	
[165]




	
Torrefied

	
300

	
-

	
2.21

	
49.85

	
38.05

	
9.89

	
58.89

	
5.12

	
34.83

	
1.16




	
Rubberwood sawdust (RWS)

	
Raw

	
-

	
-

	
4.60

	
81.80

	
16.60

	
1.61

	
48.67

	
6.03

	
43.48

	
0.09

	
[166]




	
Torrefied

	
300

	
40

	
0.73

	
43.75

	
52.42

	
3.83

	
69.41

	
4.85

	
21.49

	
0.36




	
Cotton stalk

	
Raw

	
-

	
-

	
6.15

	
75.35

	
21.57

	
5.08

	
47.91

	
5.66

	
45.57

	
0.75

	
[155]




	
Torrefied

	
257.8

	
60

	
-

	
58.27

	
34.28

	
6.45

	
61.23

	
4.69

	
33.16

	
0.85




	
Vine pruning

	
Raw

	
-

	
-

	
6.84

	
72.12

	
23.68

	
4.2

	
49.28

	
5.53

	
44.21

	
0.84

	
[155]




	
Torrefied

	
275

	
20

	
-

	
59.96

	
34.91

	
5.13

	
62.20

	
4.09

	
32.63

	
0.98




	
Wheat straw

	
Raw

	
-

	
-

	
4.1

	
76.4

	
17.3

	
6.3

	
47.3

	
6.8

	
37.7

	
0.8

	
[76]




	
Torrefied

	
290

	
-

	
0.8

	
51.8

	
38

	
19.2

	
56.4

	
5.6

	
27.6

	
1.0




	
Willow

	
Raw

	
-

	
-

	
2.8

	
87.6

	
10.7

	
1.7

	
49.9

	
6.5

	
39.9

	
0.2

	
[76]




	
Torrefied

	
290

	
-

	
0.0

	
77.2

	
20.5

	
2.3

	
54.7

	
6

	
36.4

	
0.1
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Table 4. The wet torrefaction effect on the proximate and ultimate compositions of lignocellulosic feedstock.
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Biomass

	
Raw/

Torrefied

	
Temperature (°C)

	
Catalyst

	
Time

(min)

	
Proximate Analysis (wt.%)

	
Ultimate Analysis (wt.%)

	
Reference




	
Moisture

	
Volatile Matter

	
Fixed Carbon

	
Ash

	
C

	
H

	
O

	
N

	






	
Bamboo Saw dust

	
Raw

	
-

	
-

	
-

	
10.1

	
74.9

	
9.2

	
5.8

	
46.73

	
6.18

	
47.66

	
0

	
[69]




	
Torrefied

	
140

	
Acid

	
30

	
4.5

	
66

	
30

	
0.3

	
51.4

	
6.5

	
42.04

	
0.02




	
Orange peel

	
Raw

	
-

	
-

	
-

	
-

	
74.85

	
12.47

	
2.8

	
45.1

	
8.78

	
42.3

	
0.46

	
[68]




	
Torrefied

	
280

	
No

	
30

	
-

	
58.28

	
34.46

	
7.26

	
58.32

	
6.62

	
30.46

	
0.24




	
Barley straw

	
Raw

	
-

	
-

	
-

	
6.00

	
74.30

	
17.3

	
8.40

	
45.53

	
5.50

	
47.86

	
0.99

	
[54]




	
Torrefied

	
200

	
Acid

	
25

	
5.10

	
72.30

	
27.2

	
5.5

	
52.51

	
5.79

	
40.71

	
0.85




	
Grass

	
Raw

	

	
-

	
-

	
-

	
72.33

	
12.2

	
9.3

	
45.6

	
6.4

	
46.4

	
1.6

	
[167]




	
Torrefied

	
200

	
No

	
60

	
-

	
63.5

	
27.5

	
6.26

	
56.1

	
5.9

	
36.6

	
1.4




	
Miscanthus

	
Raw

	

	
-

	
-

	
8.18

	
65.43

	
14.22

	
12.17

	
43.3

	
5.86

	
37.54

	
1.12

	
[168]




	
Torrefied

	
200

	
acid

	
-

	
5.76

	
68.14

	
21.39

	
4.71

	
53.75

	
5.62

	
33.82

	
0.21




	
Palm

kernel shell

	
Raw

	
-

	
-

	
-

	
4.5

	
68.5

	
22.5

	
4.6

	
47.9

	
6.1

	
40.7

	
0.52

	
[169]




	
Torrefied

	
220

	
No

	
30

	
1.3

	
67.6

	
29.2

	
2.0

	
55.9

	
5.6

	
36.1

	
0.40




	
Spruce

	
Raw

	
--

	
-

	
-

	
-

	
86.50

	
13.27

	
0.23

	
50.31

	
6.24

	
43.38

	
0.07

	
[121]




	
Torrefied

	
225

	
No

	
30

	
-

	
74.74

	
25.12

	
0.14

	
56.99

	
5.87

	
37.07

	
0.07




	
Birch

	
Raw

	
-

	
-

	
-

	
-

	
89.46

	
10.26

	
0.28

	
48.94

	
6.35

	
44.60

	
0.11

	
[121]




	
Torrefied

	
225

	
No

	
30

	
-

	
73.78

	
26.09

	
0.13

	
56.92

	
5.86

	
37.13

	
0.09




	
Adansonia digitate (Baobab)

	
Raw

	
-

	
-

	
-

	
11.93

	
61.23

	
23.61

	
3.23

	
43.16

	
5.78

	
50.47

	
0.54

	
[170]




	
Torrefied

	
250

	
No

	
120

	
2.17

	
53.98

	
36.76

	
7.09

	
46.03

	
4.11

	
49.45

	
0.39




	
Corn stalk

	
Raw

	
-

	
-

	
-

	
-

	
87.19

	
2.59

	
2.59

	
44.49

	
6.25

	
46.37

	
0.30

	
[171]




	
Torrefied

	
220

	
No

	
30

	
-

	
79.56

	
19.99

	
0.45

	
53.25

	
5.99

	
39.95

	
0.36




	
Microalgae

(Chlorella vulgaris ESP-31)

	
Raw

	
-

	
-

	
-

	
-

	
74.59

	
16.39

	
9.02

	
53.01

	
8.67

	
35.05

	
3.26

	
[122]




	
Torrefied

	
170

	
No

	
30

	
-

	
67.70

	
25.76

	
6.54

	
59.03

	
7.82

	
24.53

	
8.62




	
Spruce

	
Raw

	
-

	
-

	
-

	
-

	
86.50

	
13.27

	
0.23

	
50.31

	
6.24

	
43.38

	
0.07

	
[172]




	
Torrefied

	
222

	
No

	
5

	
-

	
81.51

	
18.39

	
0.10

	
55.75

	
6.05

	
38.14

	
0.06




	
Olive tree pruning

	
Raw

	
-

	
-

	
-

	
6.2

	
79.91

	
17.31

	
2.78

	
48.15

	
5.74

	
45.67

	
0.39

	
[173]




	
Torrefied

	
280

	
No

	
360

	
2.91

	
42.33

	
55.48

	
2.18

	
74.86

	
4.88

	
19.04

	
1.18
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Table 5. Raw and dry-torrefied lignocellulosic feedstock’s high heating value, mass yield, energy yield, and energy density.
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Biomass

	
Raw/

Torrefied

	
Temperature (°C)

	
Time (min)

	
HHV (MJ/kg)

	
Energy Yield (%)

	
Mass Yield (%)

	
Energy

Density

	
Reference






	
River tamarind

	
Raw

	
-

	
-

	
17.9

	

	

	
1

	
[189]




	
Torrefied

	
300

	
25

	
21

	
44.3

	
34.2

	
1.3




	
Sawdust

	
Raw

	

	

	
18.9

	

	

	
1

	
[82]




	
Torrefied

	
290

	
7

	
21.8

	
73.8

	
-

	
1.15




	
Spruce

	
Raw

	

	

	
18.3

	

	

	
1

	
[190]




	
Torrefied

	
280

	
52

	
21.5

	
84

	
76

	
1.17




	
Mustard stalk

	
Raw

	
-

	
-

	
16.9

	

	

	

	
[191]




	
Torrefied

	
300

	
20

	
21.3

	
81.3

	
64.5

	
N/A




	
Pepper stem/coffee grounds pellets

	
Raw

	
-

	

	
16.5

	

	

	

	
[192]




	
Torrefied

	
250

	
30

	
21.5

	
87

	
83.6

	
N/A




	
Sugarcane leaves

	
Raw

	

	

	
17.7

	

	

	

	
[41]




	
Torrefied

	
275

	
30

	
20.1

	
70

	
67.9

	
N/A




	
Wheat straw

	
Raw

	

	

	
17.5

	

	

	
1

	
[175]




	
Torrefied

	
300

	
30

	
22.5

	
64

	
49.7

	
1.29




	
Wheat straw

	
Raw

	

	

	
18.9

	

	

	
1

	
[76]




	
Torrefied

	
290

	
30

	
22.6

	
65.8

	
55

	
1.2




	
Microalgae/

lignocellulosic biomass

	
Raw

	
-

	

	
N/A

	

	

	

	
[179]




	
Torrefied

	
300

	
60

	
19.3

	
40.8

	
78

	
N/A




	
Coal/sugarcane bagasse

	
Raw

	
-

	

	
18.73

	

	

	
1

	
[193]




	
Torrefied

	
300

	
45

	
25.83

	
74.7

	
54.1

	
1.38




	
Coal/corn cob

	
Raw

	

	

	
18

	

	

	
1

	
[193]




	
Torrefied

	
300

	
45

	
24.31

	
76.5

	
56.7

	
1.35




	
Coal/pine saw dust

	
Raw

	

	

	
20

	

	

	
1

	
[193]




	
Torrefied

	
300

	
45

	
28.27

	
74

	
52.44

	
1.41




	
Wheat straw

	
Raw

	

	

	
18.2

	

	

	
1

	
[181]




	
Torrefied

	
250

	
360

	
20.8

	
77.1

	
61.2

	
1.14




	
Wheat straw

	
Raw

	

	

	
19.2

	

	

	
1

	
[151]




	
Torrefied

	
250

	
30

	
20.9

	
41.2

	
51.1

	
1.15




	
Corn cob

	
Raw

	

	

	
14

	

	

	
1

	
[194]




	
Torrefied

	
250

	
60

	
21

	
110

	
68

	
1.55




	
Rice husk

	
Raw

	

	

	
15.5

	

	

	
1

	
[194]




	
Torrefied

	
275

	
60

	
19.5

	
95

	
75

	
1.2
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Table 6. Raw and wet-torrefied lignocellulosic feedstock’s high heating value, and mass/energy yield.
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Biomass

	
Raw/

Torrefied

	
Temperature (°C)

	
Time (min)

	
Catalyst

	
HHV (MJ/kg)

	
Energy Yield (%)

	
Mass Yield (%)

	
Reference






	
Spruce

	
Raw

	

	

	

	
20.4

	

	

	
[172]




	
Torrefied

	
222

	
5

	
None

	
22.6

	
N/A

	
74.1




	
Barley straw

	
Raw

	

	

	

	
17.5

	

	

	
[54]




	
Torrefied

	
200

	
25

	
Acid

	
24.3

	
68

	
31




	
Dewatered poultry sludge

	
Raw

	

	

	

	
26.6

	

	

	
[42]




	
Torrefied

	
268

	
47

	
None

	
28.6

	
N/A

	
85.2




	
Palm kernel shell

	
Raw

	

	

	

	
18.9

	

	

	
[169]




	
Torrefied

	
220

	
30

	
None

	
23.4

	
N/A

	
47.2




	
Microalgae

	
Raw

	

	

	

	
20.8

	

	

	
[55]




	
Torrefied

	
160

	
10

	
H2SO4

	
32.2

	
43

	
15




	
Tobacco stalk

	
Raw

	

	

	

	
13.8

	

	

	
[19]




	
Torrefied

	
240

	
60

	
None

	
22.8

	
N/A

	
41.8




	
Spruce

	
Raw

	

	

	

	
20.4

	

	

	
[121]




	
Torrefied

	
225

	
30

	
None

	
23

	
N/A

	
69.7




	
Birch

	
Raw

	

	

	

	
19.9

	

	

	
[121]




	
Torrefied

	
225

	
30

	
None

	
22.9

	
N/A

	
58

	
[121]




	
Rice husk

	
Raw

	

	

	

	
16.2

	

	

	
[159]




	
Torrefied

	
240

	
60

	
None

	
18.1

	
52

	
48




	
Almond-tree pruning

	
Raw

	

	

	

	
17.6

	

	

	
[195]




	
Torrefied

	
N/A

	
N/A

	
None

	
24

	
77

	
57.1




	
Microalgae

	
Raw

	

	

	

	
N/A

	

	

	
[122]




	
Torrefied

	
170

	
30

	
None

	
26

	
63

	
55




	
Miscanthus

	
Raw

	

	

	

	
18.8

	

	

	
[196]




	
Torrefied

	
220

	
10

	
None

	
20.1

	
75

	
70




	
Yard waste

	
Raw

	

	

	

	
15.6

	

	

	
[72]




	
Torrefied

	
220

	
30

	
None

	
23.6

	
65.8

	
43.5




	
Sugarcane leaves

	
Raw

	

	

	

	
17.7

	

	

	
[41]




	
Torrefied

	
250

	
30

	
None

	
23.3

	
43

	
34.5
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Table 7. Simulation of lignocellulosic biomass dry torrefaction process.
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	Simulation
	Material
	Forecasting
	Model
	Software
	Reference





	AWL approach
	Green waste
	TGA
	Di Blasi and Lanzetta
	MATLAB
	[214]



	Chemical

equilibrium
	Tomato peels
	Gas composition
	Chemical equilibrium
	
	[215]



	Commercial
	Biomass
	Mass, energy, size, cost, safety
	Thermodynamic
	Aspen Plus
	[212]



	Commercial
	Empty fruit bunch pellet
	Temperature profile, microwave electric field
	
	COMSOL Multiphysics
	[49]



	Commercial
	Empty fruit bunch
	Mass yield, energy
	RKS, RKS-BM, MILP
	Aspen Plus
	[213]



	CTSF
	Eucalyptus
	TGA
	
	
	[210]



	Dynamic

simulation

modeling approach
	Sawdust, shavings
	Cost, energy input, CO2 emission
	PSC
	ExtendSim
	[216]



	Empirical
	Corncob, rice husk
	HHV, energy yield/density
	
	
	[194]



	Gain and loss method
	Eucalyptus, larch, yellow poplar, acacia, albasia, mixed softwood, mesocarp/oil palm residues
	Calorific value, weight loss
	22 factorial experimental design, regression, severity factor
	-
	[217]



	Kinetic approach
	Biomass
	HHV, mass loss
	Kinetics
	Cycle-Tempo
	[205]



	Kinetic approach
	Rice husk, rice straw
	HHV, energy
	Lumped model
	
	[38]



	Kinetic approach
	Biomass
	Intra-particle temperature profile, mass/energy yield
	Two-dimensional, transient, single particle
	
	[140]



	Kinetic approach
	Sugarcane trash
	HHV
	Two-step reaction in series
	
	[206]



	Kinetic approach
	Biomass
	TGA
	
	
	[24]



	Kinetic approach
	Spruce, birch
	Biochar yield, elemental composition
	Consecutive reactions
	
	[30]



	Kinetic/thermochemical approach
	Wheat straw, Groundnut stalk
	TGA
	WFO, Starink method, model-free methods, multiple linear regressions
	
	[36]



	Kinetics/thermochemical approach
	Hardwood
	Mass/energy yield
	TPR, TSR, ER
	
	[206]



	Kinetics/

thermochemical

approach
	Poplar wood
	TGA
	Kinetic, thermochemical
	MATLAB
	[208]



	MARS, ANN
	Microalgae, macroalga, biomass wastes
	TSI
	
	Megaputer PolyAnalyst
	[197]



	MARS-SA
	Biomass
	HHV
	
	
	[198]



	MLP-ANN
	Biomass
	HHV
	
	Weka
	[198]



	Model-free isoconversional approach
	Biomass
	Arrhenius pre-exponential factor, reaction model function
	Coats and Redfern, Malek, Freeman and Carroll, compensation methods
	
	[219]



	Multi-objective, ANN
	Coffee grounds
	TG-FTIR
	Kinetic, thermodynamic
	
	[4]



	One-dimensional simulation analysis
	Wood pellet
	HHV
	
	MATLAB
	[220]



	Pattern search method
	Beech wood
	TGA
	Kinetic
	MATLAB
	[218]



	Proximate/ultimate analyses
	Biomass
	HHV
	Linear, quadratic
	MS Excel
	[221]



	PSO-SVM
	Biomass
	HHV
	
	
	[199]



	RF
	Biomass
	HHV
	
	Weka
	[199]



	RF-SA
	Biomass
	HHV
	
	
	[198]



	Severity factor
	Barley straw
	HHV, energy yield, enhancement factor
	Kinetics
	
	[163]



	Severity factor
	Olive tree pruning
	Product yield, solid quality, energy consumption, HHV
	
	-
	[173]



	Statistical analysis
	Sugarcane leaves
	Energy/mass yield, proximate/ultimate analyses, fiber analysis, HHV, FTIR structural parameters, O/C ratio, H/C ratio
	
	R Studio
	[41]



	SVM-SA
	Biomass
	HHV
	
	
	[198]



	Taguchi approach
	Chlorella vulgaris FSP-E
	Energy yield, HHV, TGA, UEI
	TED, ANOVA
	
	[48]



	Thermodynamic
	Biomass
	Torrefier design
	Heat and mass transfer
	MS Excel
	[139]



	TSF
	Wood chips, wood pellets, kenaf, rice straw, rice husk
	TGA, HHV, VM, TTBGI
	Correlations
	
	[6]



	TSF
	Spent coffee grounds Arthrospira platensis residue, C. sp. JSC4, Chinese medicine residue
	HHV, energy densification/yield
	Linear
	
	[209]



	TSI
	Spent coffee grounds, Chinese medicine residue, microalga residue
	HHV enhancement factor, energy yield, decarbonization, dehydrogenation, deoxygenation, O/C, H/C
	Correlations
	
	[211]



	TSR
	Chinese fir, corn stalk, palm kernel shell
	Ultimate/proximate analysis, mass/energy yields
	Quadratic equation
	
	[222]



	TSR-PSO
	Lignocellulosic biomass
	TG-FTIR
	Isothermal kinetics
	
	[32]







ANN = artificial neural network, ANOVA = Analysis of variance, AWL = anhydrous weight loss, CTSF = Catalytic TSF, ER = Elemental Reaction, HHV = higher heating value, MARS = multivariate adaptive regression splines, MILP = mixed integer linear programming, MLP = multilayer perceptron neural network, PSC = Pellet Supply Chain, PSO = particle swarm optimization, RF = Random Forest, RKS = Readlich–Kwong–Soave cubic equation of state, RKS-BM = Boston–Mathias alpha function, SA = Simulated annealing, SVM = Support vector machine, TED = Taguchi experimental design, TGA = Thermogravimetric analysis, TPR = Three Parallel Reaction mechanism, TSF = Torrefaction severity factor, TSI = Torrefaction severity index, TSR = two-stage reaction model, TTBGI = thermally treated biomass grindability index, UEI = Upgrading energy index, WFO = Wall–Flynn–Ozawa isoconversional method.
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Table 8. Simulation of lignocellulosic biomass wet torrefaction process.
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	Simulation
	Material
	Forecasting
	Design
	Model
	Software
	Reference





	ANN, DT
	Microalgae (Chlorella vulgaris ESP-31, Chlorella sp. GD, Chlorella vulgaris FSP-E)
	Glucose
	Box–Behnken
	Quadratic
	
	[223]



	CSF
	Barley straw
	HHV, EF, EY, SRY
	Box–Behnken
	Quadratic
	Quantum XL
	[54]



	CSF
	Olive tree pruning
	SRY, solid quality, energy consumption, HHV
	
	
	
	[173]



	Kinetic

analysis
	Bamboo sawdust/plastic
	Activation energy
	
	KAS, OFW, FM
	
	[31]



	Kinetic

analysis
	Spruce/birch wood
	Decompositions of hemicellulose/cellulose/lignin
	
	Three parallel reactions
	
	[121]



	MARS, DT
	Microalgae (Chlorella vulgaris ESP-31, Chlorella sp. GD, Chlorella vulgaris FSP-E)
	Glucose
	Box–Behnken
	Quadratic
	
	[223]



	RSM
	Barley straw
	HHV, EF, EY, SRY
	Box–Behnken
	Quadratic
	Quantum XL
	[54]



	RSM
	Palm kernel shell
	HHV, SRY
	CCD
	Quadratic
	
	[169]



	RSM
	Sludge/pulp/paper
	Energy yield
	CCD
	PCM
	Matlab, DesignExpert OriginLab
	[224]



	Statistical analysis
	Sugarcane leaves
	SRY, energy yield, proximate/ultimate analyses, fiber analysis, HHV, FTIR structural parameters, O/C, H/C
	
	
	RStudio
	[41]







ANN = artificial neural network, CCD = central composite design, CSF = combined severity factor, DT = Decision Tree, EF = enhancement factor, EY = energy yield, FM = Friedman model, KAS = Kissingere–Akahirae–Sunose model, MARS = multivariate adaptive regression splines, OFW = Ozawae–Flynne–Wall model, PCM = principal component model, RSM = response surface methodology, SRY = solid residue yield.
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