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ABSTRACT 

Cassava peels (CP) constitute an important source of energy in the tropical region, are one of 

the most abundant agricultural residues, and have a high biofuel production potential. This 

thesis work investigates the effect of pyrolysis parameters on the bio-oil production yield from 

CP. The two principal objectives were to perform a comparative assessment of empirical 

methods of fast determination of lignocellulosic composition and predict numerically the 

pyrolysis byproduct yield using the detailed kinetic model of biomass pyrolysis. 

The results show that TGA data can be used for accurate determination of the lignocellulosic 

composition of biomass, the error between results from the chemical method data and TGA-

PKM method (±7%) lies in the range of error obtained from experimental chemical methods 

(±10%). Additionally, the empirical method of lignocellulosic composition based on elemental 

composition does not include all biomass samples. Therefore TGA-PKM method is an 

interesting option to have a good estimation of lignocellulosic fractions content. The quality of 

the fit between the DTG curves from the experiment and from the model for CP gave an R2 = 

0.9765. 

The kinetics parameters were obtained by isoconversional methods based on thermal 

devolatilization behavior for four different heating rates: 5K/min, 15K/min 20K/min, and 

30K/min.  The mean value of activation energy using the KAS, FWO, and Friedman method 

was 224.87kJ/mol, 234.3kJ/mol, and 347.87kJ/mol respectively. Finally, the result from the 

investigation of pyrolysis conditions on bio-oil yield showed that the maximum bio-oil yield is 

obtained for the heating rate ranged between 80K/min to 100K/min. tacking into account the 

secondary reaction of tar, the vapor residence time affect negatively the bio-oil yield. An 

optimum pyrolysis temperature for maximum bio-oil yield is around 475°C. CP pyrolysis is not 

significantly affected by the particle size when the latter is less than 0.5mm since the 

temperature gradient between the surface and the center of the particle is less than 1°C. 

Keywords: Bio-oil, Pyrolysis kinetics, TGA-PKM, Cassava peels, Biomass pyrolysis 
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“Theory is when you know everything but nothing works. Practice is when 

everything works but no one knows why.” (Anonymous) 

 

“There are two possible outcomes : if the result confirms the hypothesis, then 

you’ve made a measurement, if the result is contrary to the hypothesis, then 

you’ve made a discovery” 

(Enrico Fermi) 
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CHAPTER 1. INTRODUCTION 

1.1. Background 

The world economy continues to grow at a rate of 3.25% and has been estimated to grow at a 

faster rate in Asia and Africa. Significant energy sources are also required to meet the desired 

economic development. The total energy demand is expected to increase worldwide by 28% by 

2040[1]. Shortage of fossil fuels and global warming issues required an alternative way of 

meeting energy demand without affecting negatively the environment. 

Renewable energy development is the best solution for a sustainable and green world, but due 

to the fluctuating behaviors of most renewable energy, storage still constitutes a big challenge. 

However, biofuel produced from biomass and waste is one of the very promising ways for the 

energy transition toward the decarbonized economy. It presents considerable socio-economic 

benefits and it is environmentally friendly [2]. From the literature, it is proven that 

thermochemical conversion of biomass constitutes an efficient way of producing liquid biofuel 

from biomass; indeed, liquid biofuel is preferable in the transportation sector due to its high 

energy density and ease of handling [3]. Pyrolysis is an efficient technology for bio-oil 

production among thermochemical conversion technics [4]. 

Number of researches have been conducted to improve the yield and quality of bio-oil 

production from biomass pyrolysis while producing biochar as well. Biochar is one of the 

byproducts of pyrolysis which has much application in agricultural soil amendment and 

fertilization[5]. Apart from the agricultural benefit of biochar, Slezak et al demonstrated that 

the addition of charcoal to coal improves the gasification efficiency [6]. The main objective of 

biomass pyrolysis is to produce liquid biofuel [7]. Many previous researches were focused on 

the parametric sensitivity of pyrolysis on bio-oil yield and properties[8]. Different biomass 

feedstocks have different kinetics parameters, different optimum pyrolysis process parameters 

for a maximum bio-oil yield[9]–[12].  

Cassava residues constitute one of the most abundant agricultural waste in the tropical region 

and their biofuel production from pyrolysis has been proved by many researchers [13]. The 

valorization of cassava residue for biofuel production is one of the best ways of cassava waste 

management and reduce environmental footprint, indeed untreated cassava residue can pollute 

the agricultural soil due to its high cyanide content, this is even the reason why is not mostly 

used as livestock application [14].  
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1.2. Problem statement  

The UN 2030 agenda for sustainable development has set energy access as a fundamental goal 

to achieve a full energy transition, one that is sustainable, equitable, and universal [15]. With 

renewable electricity, fossil fuels can be replaced in many applications but not in all of them 

such as in certain industrial and transport applications. Moreover, the shortage of fossil fuel 

coupled with the global warming issue pushed humanity to search for alternative fuels to sustain 

the energy demand which is still increasing. Waste and Biomass constitute a promising 

alternative solution for an energy transition towards a decarbonized economy since they are 

carbon neutral. 

Biomass is very abundant on earth but due to its low energy density, the harvestmen and 

transportation of a big amount of biomass constitute its main drawback. Thermochemical 

conversion is one of the ways of converting biomass into a more valuable biofuel that can be 

easily handled, stored, transported, and used in different applications: power generation, 

industrial plants, and transportation sector (road vehicles, maritime shipping …). In tropical 

regions, cassava residues constitute one of the abundant agricultural waste, and contrary to 

many agricultural wastes, cassava waste due to its high cyanide content is not mostly used for 

soil enrichment or livestock feed.  

Many researches have been conducted on thermochemical conversion of biomass for biofuel 

production, but the technology is yet not mature enough and still has many gaps to fill. When 

it comes to pyrolysis, studies are still needed on emerging pyrolysis technologies and process 

design, understanding and modeling of catalytic pyrolysis process, fast techniques of pyrolysis 

byproduct characterization as well as the impact of reactor modeling on the multi-scale process 

design, etc. [3], [16]–[19]. Moreover, the properties and the yield of bio-oil from pyrolysis need 

to be improved to meet the standard of commercial fuels. The biofuel production from cassava 

residues pyrolysis has been investigated Pattiya et al. [20], [21], Zhang et al.[22] and Ong Lu 

et al. [10], and from their result, it has proven that cassava residue has a high potential of bio-

oil production through pyrolysis.  

The contribution through this research was the evaluation through experiment and theoretical 

analysis of the best kinetics parameters of cassava peel pyrolysis, and determination by 

numerical investigation, the optimum parameters of pyrolysis possess for maximum bio-oil 

production. Additional information on cassava peels was also provided such as elemental and 

lignocellulosic composition. These data are still missing in the literature. 
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1.3. Aims and Objectives 

The main objective of this thesis work is to investigate the effect of pyrolysis parameters on the 

bio-oil yield, and thus, determine the optimum operating conditions for maximum bio-oil 

production. A multidisciplinary approach was used to achieve this objective; the following 

specific objectives were addressed: 

 Physical characterization of cassava peels 

 Thermochemical characterization of cassava peels 

 Determination of the kinetics parameters for cassava peel pyrolysis  

 Numerical determination of optimum pyrolysis parameters for maximum bio-oil 

yield. 

1.4. Scope of the study 

The scope of this study consists of the characterization of cassava peels by conducting the 

following laboratory experiments: Proximate, Ultimate and Thermogravimetric analysis 

(TGA). Data collected from the experiment will help us to determine the simple kinetics 

parameters of the pyrolysis process. Furthermore, since the byproduct composition from 

pyrolysis depends on the lignocellulose composition of biomass, first, the composition was 

determined analytically by chemical method, then a comparison assessment was conducted 

using the elemental composition of our feedstock and TGA data to predict the composition. The 

detailed pyrolysis kinetics parameters were used to investigate numerically the effect of 

pyrolysis operating parameters on the pyrolysis product yield. An original Matlab code was 

developed for this purpose. 

Characterization of the byproducts (bio-oil, gas, and char) is beyond the scope of this study.  

1.5. Significance of the Study 

The industrialization and commercialization of biomass pyrolysis technologies required 

detailed and reliable data on the pyrolysis process for both the biomass feedstock and the reactor 

behavior. This work will try to determine the parameters of the one-step kinetics model which 

fits well with experimental data of cassava peels pyrolysis, then optimum pyrolysis parameters 

were numerically investigated for maximum bio-oil production. The expected parameters to be 

investigated are operating temperature, heating rate, and vapor residence time. 

Therefore, this work will contribute to providing new information and data regarding the 

characteristics, composition, and pyrolysis kinetics parameters of cassava peels. The result from 
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the effect of pyrolysis operating parameters on the byproduct yield will also be useful for further 

research and development such as reactor design etc. 

1.7. Methodology 

The general methodology of this thesis work is based on a numerical investigation of the effect 

of pyrolysis parameters on the byproduct yield and composition from cassava peels. A detailed 

multistep kinetics model and parameters proposed by Ranzi et al. [23], [24] were used. The 

characterization of cassava peels was done both analytically using chemical method and 

numerically based on experimental data from Thermogravimetric analysis and Ultimate 

analysis. This will allow us to determine the distribution of cellulose, hemicellulose, lignin, and 

extractives in cassava peels. An innovative method called Thermogravimetric Analysis and 

Pseudocomponent Kinetic Model (TGA-PKM Method) [25], was used for the determination of 

Hemicellulose, Cellulose, Lignin and Extractives content in this feedstock. The synthesis of the 

methodology used in this thesis work is presented in Table 1.1. 

Table 1.1. Research methodology matrix 

 Description Inputs Tools and Techniques  Outputs 

1 Literature 

Review 

- Topic 

- Research question 

- Keywords 

- Google Scholar 

- Scopus 

- Web of Science  

 

- Relevant papers, articles, 

books, and documents 

- State of the knowledge 

- State of the art 

- Gaps 

2 Sample 

collection and 

preparation 

Feedstock 

specification: Cassava 

peels 

- Harvesting Cassava tubes 

- Peeling cassava tubes 

- Sun-drying cassava peels 

- Oven drying 

- Grinding 

- Sieving  

Homogeneous sample with 

particle size equal to or less 

than 0.5mm 

3 Characterization - Homogeneous 

sample with particle 

size equal to or less 

than 0.5mm 

- Chemicals  

 

- Oven 

- Furnace 

- TGA 

- Ultimate analysis 

- Chemical reactors and 

apparatus  

- Moisture content 

- Volatile matter 

- Fixed carbon 

- TGA data 

- Elemental composition 

- Lignocellulose Composition 

4 Kinetics and 

thermodynamic 

study 

- TGA data 

- Elemental 

composition 

 

- Friedman, FWO, and KSA 

methods 

- TGA-PKM method 

- MATLAB 

- Kinetic parameters 

- Predicted Lignocellulose 

Composition 

- Thermodynamic parameters 
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5 Modeling and 

simulation  

- Detailed kinetics 

models and 

parameters 

- Pyrolysis process 

parameters 

- MATLAB 

- Excel 

 

- Pyrolysis byproduct yield 

and composition and the 

effect of pyrolysis 

parameters. 

 

1.8. Organization of the work   

The present thesis is subdivided into five main chapters as described below. 

The first chapter concerns the general introduction of the thesis work by providing the 

background of the topic under study, defining the problems statement, presenting aims and 

objectives, the scope and significance of the study, and finally briefs the methodology used to 

achieve the thesis objectives.  

The second chapter presents the review of the literature related to biomass conversion in general 

and more specifically biomass pyrolysis. The chapter presents the general composition of 

biomass and characterization methods and techniques; it provides an explanation about biomass 

valorization and conversion technologies such as biochemical and thermochemical conversion. 

Finally, the chapter also describes the pyrolysis process design, discusses the existing pyrolysis 

kinetic models and the influence of the mineral contained in the ash on the pyrolysis process. 

The third chapter describes the research methodology, material, and techniques, defines 

material collection and preparation, experimental procedures, and techniques and algorithms 

used for cassava peel characterization. The chapter discusses also in a detailed manner the 

simple and detailed kinetics models, and modeling and numerical procedure for pyrolysis 

byproduct prediction. 

The fourth chapter presents the findings of this study and discusses the results. Firstly, the 

cassava peels characterization results are presented.  Secondly, after presenting the result of the 

kinetics parameters determination, findings on the investigation of pyrolysis parameters on the 

bio-oil yield and composition are discussed. 

Finally, the fifth chapter presents the general conclusion, and recommendations while 

suggesting potential future works.  
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CHAPTER 2. LITERATURE REVIEW 

2.1. Introduction 

Energy sources may be categorized as being renewable or nonrenewable. Nonrenewable 

resources are considered those whose regeneration rate is much smaller than their consumption 

rate, it is the case of fossil fuels such as coal, oil, or natural gas. These resources are still the 

main sources of energy despite their negative effect on the environment and their 

unsustainability. Renewable natural resources are those who keep steadily in nature since their 

regeneration rate is greater than their consumption is used sustainably [26]. The plants and 

animals, water, and arable land, among others, are renewable resources. Other features, like air, 

sunlight, or wind, are available on an ongoing basis regardless of consumption. Today, 

renewable alternatives as sources of energy are needed for the development of a decarbonized 

and sustainable economy and society. It will therefore be necessary to ensure the achievement 

of alternative energy that reduces the environmental impact on the biosphere. In this respect, 

biomass can be very useful because, in its processing, the carbon footprint is neutral. 

Energy sources can be primary when coming from nature (sun, wind, rivers, tides, etc.) or 

secondary when suffering some conversion process (alcohol, charcoal, oil products, etc.). The 

energy conversion takes place to have a final energy form that meets a specific demand as heat 

or light, which is defined as useful energy. Energy conversions express the ways in which 

energy is presented in nature.  

Biomass is a primary and renewable source of chemical energy able to be converted into other 

energy forms, both directly on the wood-burning for heat generation, and indirectly via 

thermochemical or biochemical conversion. Biomass is the product of the conversion of light 

energy into chemical energy through photosynthesis reaction [27]: 

 
𝐿𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 + 6𝐶𝑂2 + 12𝐻2𝑂

𝑃ℎ𝑜𝑡ℎ𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
→            𝐶6𝐻12𝑂6 + 6𝐻2𝑂 + 6𝑂2 

(1.1) 

Photosynthesis is the fundamental process for energy conversion. This reaction provides a 

power supply to a whole range of organisms. However, it is a process of low efficiency seen 

that the total solar energy absorbed by the leaves only 20% is converted into chemical energy, 

which determines a theoretical efficiency of 4% for photosynthesis [27]. The energy recovery 

of this reaction can be accomplished in four different ways according to the final chemical 

product.  
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Figure 2.1: Photosynthesis phenomenon 

Biomass feedstocks are subdivided into three main generations: first-generation (1G) food 

crops, second-generation (2G) lignocellulosic biomass (nonfood biomass), and third-generation 

(3G) algae and various wastes (agricultural wastes, food waste, etc.). 

2.2. Biomass composition and characterization 

Biomass composition varies depending on different factors such as geographical location, 

climate condition, type of soil, and part of the plant (roots, stems, branches, leaves). Compared 

to coal, biomass density and heating value are low. Therefore, the higher heating value of bio-

oils typically ranges between 15 and 20 MJ/kg, which is only 40−50% of conventional 

petroleum fuels (42−45 MJ/kg). This is due to high oxygen content, which is usually in the 

range of 35−40 on a dry basis weight. Cellulose (30−55 wt %), hemicellulose (13−35 wt %), 

and lignin (14−36 wt %) are the major components of woody biomass, whereas extractives are 

usually lower than 15−20% [28].  

The composition of the biomass can be determined by proximate analysis (moisture, volatiles, 

ash content, fixed carbon content), elemental chemical analysis (carbon, hydrogen, nitrogen, 

and oxygen), and chemical analysis in terms of lignin, cellulose, hemicellulose, and sometimes 

extractives and proteins. Figure 2.2 shows the relative concentration of several carbohydrates, 

lignin, extractives, and ash in different biomass samples. 
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Figure 2.2. Typical biochemical compositions of four biomass samples [23] 

2.2.1 Proximate Composition (Ash, Fixed Carbon, and Volatiles) 

The proximate analysis of a given fuel provides the percentage of the material that burns in a 

gaseous state (volatile matter), in the solid-state (fixed carbon), and the percentage of inorganic 

waste material (ash) and water content (moisture), and is therefore of fundamental importance 

for biomass energy use [29]. The charcoal yield is mostly proportional to the percentage of 

fixed carbon while the volatile content and ash relate negatively with charcoal yield. Thus, it is 

expected biomass with high volatile matter content lead to greater gas production instead of the 

solid phase. Volatile matters in biomass typically span between 60 and 80%, with a fixed carbon 

in the range of 10−20%[30]. 

2.2.2 Elemental Chemical Composition 

Biomass elemental composition varies with the species. For woody biomass,  it can be assumed 

that it contains about 50% carbon, 6% hydrogen, 44% oxygen, and between 0.1% and 0.5% 

nitrogen [29]. However, for agricultural residues, such composition may vary, mainly due to 

the influence of the ash, since biomass with higher hemicellulose and ash content, as is the case 

with grasses, have a higher oxygen-carbon ratio than wood [31]. The chemical composition is 

the basis for the analysis of combustion processes and is useful for the calculation of the 

volumes of air, gases, and enthalpy, and the determination of the calorific power of the fuel. 
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2.2.3 Chemical Composition 

Lignocellulosic biomasses are renewable and complex products, they are mainly constituted by 

a combination of polysaccharides, which can be generally grouped into holocellulose (cellulose 

and hemicellulose) and lignin species. Moisture, together with other components such as acetyl 

groups, extractives, and minerals are also present. Cellulose microfibril represents the important 

element surrounded by hemicellulose and pectin, which act as ligand and embed lignin 

materials (see Figure 2.3). 

 

Figure 2.3. General structure of lignocellulosic biomass 

Cellulose: cellulose, the most abundant structural polysaccharide in cell walls, comprises 

15−50% of the dry weight of plant biomass. It can be summarized as (C6H10O5), so that mass 

elemental composition is C = 44.4%, H = 6.2%, and O = 49.4%. The presence of several strong 

hydrogen bonds explains the recalcitrance of cellulose toward hydrolysis and enzyme activity. 

Cellulose crystallization is directly related to the formation of these intermolecular hydrogen 

bonds Hemicelluloses and pectins are closely associated with the surface of cellulose fibrils 

with noncovalent linkages forming a microfibril network. Cell walls are further reinforced by 

lignin, a three-dimensional polymer of phenylpropanoid units, which is covalently linked to 

hemicellulose.  

Hemicellulose: Hemicellulose is a second structural polymer; it is a mixture of sugars (hexoses 

and pentoses), mainly xylose, mannose, galactose, and arabinose. Different from cellulose, it 

has a shorter chain and a much more amorphous structure, because of its irregular composition 

and the branches present on the chain. It is present in biomasses in amounts ranging from 10% 
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to 40% (dry), rarely in quantities greater than cellulose. It is also common to refer to the 

combination of cellulose and hemicellulose as “holocellulose”.  

Lignin: Lignin is a racemic polymer composed of monomeric units of aromatic alcohols 

(coniferyl, sinapyl, and p-coumaryl alcohol), whose composition changes widely inside the 

entire range of biomasses, making its characterization a hard task to accomplish. It is present in 

biomasses in amounts ranging from 15% to 45%.  

Extractives: usually, cellulose, hemicellulose, and lignin account for more than 90% of the 

entire biomass; thus, extractives are usually <10%. Thousands of different extractives can be 

identified and they present a great variety of composition, structure, and biological functions, 

also depending on the different seasons. They are also distributed in different ways among the 

organs of the plant, being more abundant in leaves and barks. Because of the large variety of 

extractive species, water solubility is used to classify the main extractive components. 

Hydrophilic extractives are the soluble molecules in high-polarity solvents, such as ethanol and 

water, while hydrophobic extractives are only soluble in low-polarity solvents, such as hexane 

and ether. 

- Hydrophobic extractives: Softwood plants contain hydrophobic extractives or resins 

that can reach up to 15% of the total sample mass. Oleo-resins, which are composed of 

terpenes and fatty acids (free or esterified), are the most abundant. Hardwood samples, 

with extractives (usually <2%), mostly contain wood resin and are mainly constituted 

by fatty acids. Triglycerides, with a high presence of linoleic acid, are the most common 

hydrophobic extractives; these are found in many different plant sources. On this basis, 

a new reference component (TGL: C57H100O7), with a very high C and H content, 

represents hydrophobic extractives. 

- Hydrophilic extractives: they are typically phenolic compounds with antioxidant 

properties, thereby serving a protective role in plants, and they are mainly present in the 

external organs (bark and leaves). They can be sorted into flavonoids and nonflavonoids, 

the second group being the most abundant and including phenolic acids and tannins. In 

particular, during the plant aging process, the condensed tannins are the result of 

flavonoids polymerization. In order to describe these phenolic species, a new lumped 

reference component (TANN, C15H12O7), with a low H content is used, It is well-

represented by a polymer of gallocatechin.  
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Figures 2.4 shows the structures of the seven reference species considered here to describe the 

pyrolysis behavior of the different biomasses.  

 

 
Figure 2.4. Reference species for biomass characterization [28]. 

2.3. Biomass valorization and conversion 

2.3.1 Biomass conversion pathways 

Biomass from agricultural residues, forest residues, industrial waste, and municipal solid waste 

are currently used as the main raw materials for the production of electricity, biofuels, and heat. 
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Biomass is seen as one of the key options for slowing GHG emissions and replacing fossil fuels 

[26]. Biomass is also an atypical source due to its diversity and interrelations with many 

technological and political areas. From the point of view of the slowdown in climate change, 

the use of biomass in a given sector depends on the competitiveness and availability of biomass 

potential compared to other renewable options. From the society’s point of view, the biomass 

market creates a number of economic advantages, such as: 

- Security of energy supply; 

- Regional growth; 

- Balance of the regional trade balance; 

- Export potential; 

- Increased competitiveness; 

- Employment; 

- Creation of income and wealth; 

- Induced investment. 

- Economic growth through business expansion (profit) and employment; 

- Import substitution (direct and indirect effects on GDP); 

- Security and diversification of energy supply. 

Lignocellulosic biomass remains a stock of carbonaceous material that can be valorized by 

biochemical or by thermochemical methods (Figure 2.5) into energy (heat, electricity), fuels 

(eg: bio-oils, biogas), or chemical molecules with high added value. 

 Biochemical conversion requires a pre-treatment in order to make the material "digestible" by 

microorganisms or attackable by chemical or enzymatic agents in order to transform the 

lignocellulosic material into liquid fuel (ex: ethanol) or gaseous (ex: hydrogen). This conversion 

can also provide so-called bio-sourced chemical products which can be used in various fields 

(composites, plastics, etc.). In the case of thermochemical conversion, biomass can be 

converted into electricity, heat, fuels, or chemical compounds by four main processes: 

pyrolysis, gasification, liquefaction, and combustion. 

It is important to optimize the purity and the nature of the products formed (charcoals, bio-

oils, and gases). These advances will make it possible to obtain better energy efficiency for 

the production of energy (electricity, heat) and production of bioproducts (materials, food 

additives, etc.) that are more competitive and less harmful to the environment. 
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Figure 2.5. The different transformation pathways of lignocellulosic biomass 

2.3.2 Thermochemical conversion of biomass 

There are various thermochemical conversion processes that can use biomass as a feedstock to 

produce valuable products[32]. These methods are proven to have many environmental 

advantages, including waste minimization, pollution reduction, and energy recovery [33].  

2.3.2.1 Combustion 

Combustion is the simplest process for transforming biomass into heat, and/or electricity. This 

process consists of heating the biomass in an oxidizing atmosphere (O2) in order to produce 

heat. The products mainly formed are gases (CO2, CO) and coal. Combustion is currently the 

most widely used commercially, thanks in particular to its low investment cost. It corresponds 

to 97% of bioenergy production in the world. 

The use of the heat produced during the reaction can be utilized, as in the case of a steam boiler, 

where heat can be recovered by condensation of water. Complete combustion requires high 

temperatures between 800 and 1000°C. In addition to the large heat input needed, the biomass 

used for this process should be dry, since this process does not accept more than 50% moisture 

content in the biomass. Therefore, before it can be used it will have to undergo a pre-drying 

process. Furthermore, the biomass must be addressed to achieve an appropriate particle size, 

making the overall costs of the process are incremented by the initial treatment of the biomass 

to suit the reaction conditions [34]. 
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The properties of the biomass that most affect the combustion can be divided into physical, 

chemical, or thermal factors. Within physical factors include the density, porosity, and specific 

surface of the particles, while chemical factors affect the calorific value and the value of 

elemental analysis. Moreover, the thermal characteristics that affect the combustion are the 

specific heat, conductivity, and moisture [34]. 

 

Figure 2.6. Biomass combustion route 

2.3.2.2 Gasification 

Gasification is a partial oxidation process at temperatures between 800 and 120°C, depending 

on the type of gasifier and the application for which the gas produced is intended. It can take 

place in the presence of air, oxygen, or water vapor following different technologies: fixed beds, 

fluidized beds, and open beds. The difference between gasification and combustion is that a 

large part of the energy produced during gasification, is not used directly as heat but rather, is 

captured in the form of chemical energy in the form of gaseous fuel, the “syngas” (H2 + CO). 

This gas can be used in combustion to produce electricity and heat, but also in the production 

of liquid fuels (such as Fischer Tropsch synthesis), CH4 (by methanization), or hydrogen. The 

gasification process also produces condensable vapors (tars, mainly composed of aromatics, 

water, and other gases (CH4, CO2, C2H4, etc.). The quality of the "syngas" product depends on 

the technology used as well as the characteristics of the gasified biomass (water content, 
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minerals, chemical composition, etc.). Many gasification processes have been developed over 

the last decades; current research is focused in particular on the means of purification and 

treatment of tars with the aim of optimizing the production of fuels (alcohols, gas oils) and the 

combustion of gases in thermal engines. 

The gasification process requires the execution of an initial pretreatment of the biomass to be 

used. The process of gasification is the conditioning of wet biomass, which must have a water 

percentage of less than 30%. Upper amounts of water considerably reduce the calorific value 

and retard inflammation, thus that reducing the temperature in the reactor, resulting in 

incomplete cracking of the hydrocarbons, forming a greater quantity of coke [35]. The resulting 

reaction yields of the gasification process are 85% gaseous and volatile products and the rest 

are composed of coke and non-volatile products [26]. 

 

Figure 2.7. Example of reactors used in biomass gasification. 

2.3.2.3 Liquefaction 

Liquefaction is a process that takes place under a pressurized environment (20-240 bars) in the 

presence of a solvent. The final goal is to obtain weakly oxygenated bio-oils which after refining 

(hydrodeoxygenation) can be used as fuels or as chemical compounds. The advantage of 

liquefaction processes is that they are directly applicable to lignocellulosic biomass without a 

drying step for a wide temperature range of 180 to 600 ° C. The solvent used for liquefaction 

varies depending on different parameters, but water is frequently used because of the low cost 
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and the possibility of converting the raw material with a moisture content of more than 90% by 

weight. As with the pyrolysis product, the liquefaction of the product also requires further 

processing. This process of converting woody biomass directly in a liquid is far from being 

technically and economically feasible and is not yet present at a laboratory-scale production 

capacity  [26]. 

2.3.2.4 Pyrolysis 

Pyrolysis is the heating of organic materials in the absence of oxygen [36], the process takes 

place at temperatures between 300-600°C. Three main products result from the pyrolysis 

process: a carbon-rich solid product called biochar, volatile liquids(bio-oil), and gases. The 

gases mainly consist of carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H), methane 

(CH4), and higher hydrocarbons. Depending on the temperature, reaction time, and heating rate, 

pyrolysis can be subdivided into four categories: slow, fast, flash, and intermediate, where slow 

and fast are the most common types. The yield of solid char depends on these factors.  

The difference between fast and slow pyrolysis is the time and temperature. In fast pyrolysis, 

the temperature and heating rates are high. The process can be done in seconds and the resulting 

product consists mainly of bio-oils [37]. In slow pyrolysis, the process can go on for hours and 

the heating rate and temperature are lower; a temperature under 450°C is common. The purpose 

of slow pyrolysis is mainly to produce biochar. It’s estimated that fast pyrolysis produces 60-

75% of bio-oil, 15-25% biochar, and 10-20% gases [38], while slow pyrolysis produces about 

35% biochar, 30% bio-oils, and 35% gases [39]. The products in both fast and slow pyrolysis 

can be further processed and to produce higher-quality fuels [40]. Further processed bio-oil 

could for instance be utilized as raw material for petrochemical production, biochar could be 

made into briquettes which can be used for cooking and the gas produced can be burned as 

energy or a source for heat supply in the pyrolysis process.  
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Figure 2.8. Stages of pyrolysis process 

2.3.2.5Torrefaction 

The torrefaction of biomass is a process of refinement and heat preprocessing which currently 

attracts much interest and attention. This process uses temperatures between 200 and 350°C 

and is much like the coffee roasting process. The resulting torrefied biomass is excellent solid 

fuel shape, and an intermediate between conventional biomass and charcoal, presenting several 

advantages in terms of improvement of the intrinsic characteristics of the material [41]. 

Typically, the process increases heating value, water resistance, friability, and grindability. 

Thereafter, torrefied products can be densified into pellets or briquettes to obtain higher energy 

density or even ground to the desired end-use [42]. With the thermal process, biological 

presence is destroyed, reducing the risk of degradation, spontaneous combustion, as well as the 

possibility of spreading invasive and nonnative species. The final biomass powder resembles 

the pulverized coal regarding the supply and its behavior in the combustion process, potentially 

facilitating the use of biomass in the thermal conversion units, new or already existing, and 

using technologies that support pulverized fuel on a large scale. The problems associated with 

the production of ash in the combustion can be significantly reduced through the use of well-

studied mixtures as well as the separation of chlorine during torrefaction. Thus, torrefaction is 

a process of pretreatment of biomass, which is well suited for use initially as possible in the 

https://www.google.com/url?sa=i&url=https://www.intechopen.com/books/pyrolysis/pyrolysis-a-sustainable-way-to-generate-energy-from-waste&psig=AOvVaw34m8cztPOrCw3x2C8JoSCL&ust=1597236696721000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCICl_veelOsCFQAAAAAdAAAAABBS
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supply chain of biomass conversion systems to maximize logistics benefits and handling 

systems [43]. 

Figure 2.9. Schematic of torrefaction machine 

2.3.2.6 Supercritical water gasification (SCWG) of biomass 

SCWG is a promising thermochemical technology that can be used to convert high moisture 

content biomass to syngas. The water reaches supercritical conditions at 374.12°C and 

221.2 bar above its critical point, at which the distinct liquid and gas phases do not exist. 

Supercritical water combines both the dissolution of liquid water and the diffusion of its gaseous 

phase. It is also characterized by high sensitivity towards changes in temperature, pressure, and 

low dielectric constant, which make supercritical water act as a solvent or catalyst depending 

on the conditions. Temperature, pressure, feedstock concentration (biomass-to-water ratio), and 

residence time are the key parameters that affect the H2 yield of the SCWG process. The 

operating temperature ranges from 350°C to 700°C depending on the feedstock type, reactor 

configuration, catalyst, and desired outputs [44]. SCWG offers several advantages over 

thermochemical gasification. Biomass with high moisture content can be gasified without 

drying and hence reduces feedstock drying cost. High reaction rate, high H2, and low CO yields, 

and low char and tar formation are other advantages of SCWG. Unlike other thermochemical 

gasification techniques, water is used as a gasification reaction medium and catalyst in SCWG. 

Hydrolysis, steam reforming, water–gas shift reaction, methanization, and hydrogenation are 
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some of the subreactions in the SCWG process. In steam reforming, the main biomass 

feedstocks and intermediate products from hydrolysis lignin such as phenolics are broken down 

to CO, CO2, and H2. The water-gas shift reaction in H2 production is between CO and water. 

Methanization and hydrogenation are secondary reactions that consume CO, CO2, and H2 to 

produce CH4. There are different reactor configurations for SCWG, i.e. batch, continuous 

stirred tank, tubular, fluidized bed, and diamond anvil cell. Cellulosic, hemicellulosic, and 

ligneous feedstock are among the widely investigated model compounds for SCWG. 

 

Figure 2.10. Representative schematic of continuous SCWG reactor. 

2.4. Biomass pyrolysis 

2.4.1 Conceptual pyrolysis process design 

Conceptual process design is inherently a multi-scale paradigm and captures all the constituents 

of pyrolysis technologies and their interactions all through the temporal and spatial scales from 

pretreatment to the pyrolysis reactor, followed by upgrading and separation of products. 

According to Figure 2.11, a pyrolysis process is mainly comprised of three main stages: (1) 

feedstock reception, storage, handling, preparation, and pretreatment; (2) pyrolysis conversion, 

consisting of initial moisture evaporation and primary decomposition followed by secondary 

reactions (e.g. oil cracking and repolymerization [45], [46]); and (3) upgrading and refining the 

reactor effluents to marketable products [47].  
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Figure 2.11 suggests that pyrolysis technologies are highly adaptable to various feedstocks. 

Pretreatment technologies enable optimization of product yield and composition, and 

minimization of undesirable by-products. The pyrolysis reactions can be promoted catalytically 

or non-catalytically. The former is also referred to as in-situ catalytic pyrolysis. In the non-

catalytic configuration, the primary pyrolysis vapors may be immediately upgraded in a 

catalytic reactor (known as ex-situ catalytic pyrolysis) or are firstly condensed and phase-

separated, and then the liquid phase undergoes upgrading processes.  

In general, fluidized bed reactors incur higher capital and operational costs but are regarded as 

a suitable technology for large-scale pyrolysis including catalytic pyrolysis. Entrained flow 

reactors are expected to be more economically efficient but deliver lower carbon efficiency than 

fluidized bed systems. Ablative reactors and auger reactors are considered to be suitable for 

small-scale operations and distributed systems [48]. Other types of reactors in development 

include microwave-assisted reactors [49], [50], and solar reactors [51], [52].  

The optimum operational parameters (e.g. particle size, reaction pressure, carrier gas, 

temperature, heating rate, and vapor residence time) for different types of pyrolysis reactors 

vary significantly. The system performance under various process configurations can be 

projected using process simulation models. 

 

Figure 2.11. The superstructure of fast pyrolysis technologies. 
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2.4.2. Kinetic models of biomass pyrolysis 

Chemical kinetics play a key role in explaining the characteristics of pyrolysis reactions and 

developing mathematical models. There have been extensive studies on biomass pyrolysis 

kinetics in the past decades for developing various kinetic models [18]. Most of the kinetic 

models are considered lumped models because the kinetics are based on the yields of lumped 

products (i.e. char, tar, and gas). The recent advances in kinetic models have been well reviewed 

in the literature [18], [53]–[55]. 

Kinetic models typically include one-step global kinetic model, parallel and competitive 

reactions model, models with secondary tar cracking, detailed lumped kinetic model, 

distributed activation energy model (DAEM), and nucleation growth, model. Some typical 

models with respective reaction mechanisms are presented in Table 2.1, together with kinetic 

data (first-order) for different reaction schemes determined experimentally and validated 

through modeling.  

One-step global kinetic models are the simplest models available which represent the 

conversion of biomass to the volatiles and char as a first-order single-step reaction. Since 

pyrolysis products only consist of char and volatiles [56], most of the researchers have used the 

global reaction model coupled with appropriate heat transfer and volume reaction models [18]. 

Kinetic parameters of these models can be estimated either experimentally or using different 

models such as the Friedman model, Kissenger Model, Kissenger-Akahira Sunose (KAS), and 

Flynn-Wall-Ozawa (FWO) [57]. 

However, global kinetic models have certain limitations as they do not include elaborate 

reaction mechanisms and only consider the primary reactions. Hence, other kinetic models were 

later formulated to include secondary reactions [58]. The formation of gases from tar 

decomposition and the conversion of tar to char by polymerization were included in the kinetic 

model as secondary reactions [59]. Shafizadeh and Bradbury's model [60] included both 

primary and secondary decomposition reactions. In this model, cellulose was first converted to 

active cellulose, which is further decomposed into other secondary products. This model gave 

good predictions for the product yield, but the determination of activation energy was difficult 

for this model as the composition of the active material was unknown. This model has been 

used extensively by researchers in its original form as well as extended forms [61], [62]. 
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Table 2.1. An overview of kinetic data for different pyrolysis models [18]  

Model Reaction mechanism Feed Analysis 

technique 

Activation 

energy, 

kJ/mol 

Frequency 

factor s-1 

One-step kinetic 

model 

Biomass
𝑘
→Volatile gases + Char 

Cellulose TGA-MS E=221 A=1.47 × 107 

Three parallel 

reactions model 

Biomass (xCellulose + yHemicellulose + zLignin) 
𝑘
→ 

Volatiles + Char 

Biomass TGA, 

DTG 

E1=184-192 

E2=129-133 

E3=64-87 

A1=1.14 × 106 

A2=2.69× 104 

A3=2.22 × 101 

Six independent 

first-order 

reactions 

 

Pinewood Steel 

reactor 

E1=83 

E2=146 

E3=77 

E4=60 

E5=139 

E6=130 

A1=0.70 × 105 

A2=0.20× 1010 

A3=0.43 × 104 

A4=0.29 × 102 

A5=0.51× 107 

A6=0.32 × 106 

Competitive 

reactions model 

 

Cellulose, 

Wood 

Pyrex 

reactor 

E1=140 

E2=133 

E3=121 

A1=1.3 × 108 

A2=2.0× 108 

A3=1.08 × 107 

Mechanism with 

secondary 

interaction (Tar 

cracking) 
 

Cellulose Pyrolysis 

reactor 

E1=58 

E2=47 

E3=36 

E4=108 

A1=1.7 × 1021 

A2=1.9× 1016 

A3=7.9 × 1011 

A4=4.28× 106 

 

Multistep Kinetic Model of Biomass Pyrolysis 

A detailed lumped kinetic model for biomass pyrolysis was proposed by Ranzi et al. [63] and 

generalized by Cuoci et al. [64]. This mechanism included 15 reactions with 30 lumped species. 

Ranzi et al. [28] extended this mechanistic model to describe the biomass pyrolysis, 

devolatilization, and gas-phase reaction of the released gas species from the three reference 

components of biomass. The generalized form of this model for cellulose, hemicellulose, and 

lignin is presented in Figures 2.12 and 2.13. respectively. The detailed mechanism proposed 

can be found in the Table 3.1. 
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Figure 2.12. Multistep kinetic mechanism of cellulose and hemicellulose pyrolysis.[28] 

 

Figure 2.13. Multistep kinetic mechanism of pyrolysis of the three reference lignins.[28] 

2.4.3 Influence of minerals on biomass pyrolysis mechanisms 

The presence of inorganic elements such as potassium, sodium, calcium, and magnesium in the 

biomass is seen as having an important influence on the mechanisms of pyrolysis thus 

modifying the distribution and the composition of the products. The presence of these elements 

also causes problems in thermochemical transformation processes such as the reduction in the 

quality of the products obtained (bio-oils, synthesis gas), the increase in corrosion, and 

agglomeration problems in combustion processes or gasification.  

According to thermogravimetric analysis, the conversion of biomass is initiated at a lower 

temperature when inorganic elements are present within the lignocellulosic matrix. In the case 

of cellulose, the yield of levoglucosan is considerably reduced and the formation of carbon and 

gas is favored as well as the formation of furan compounds. Alkali and alkaline earth metals 

are described as being able to inhibit the mechanism of transglycosylation and thus promote 
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dehydration and fragmentation reactions. The influence of inorganics on hemicelluloses studied 

by thermogravimetry experiments after impregnations with different alkali salts does not seem 

very marked. However, it is important to note that commercial hemicelluloses may contain 

inorganics because these polysaccharides are naturally rich in minerals and purification 

techniques do not completely remove these elements. This phenomenon could explain the 

reason why studies carried out on impregnations of hemicelluloses do not allow the 

visualization of the effect of minerals. However, even after demineralization, the pyrolysis of 

commercial hemicelluloses (800°C) seems to give very high carbon yields (20% for xylan, 30% 

for glucomannan) [30]. 

The investigations carried out on impregnated lignin samples do not make it possible to 

distinguish significant variations in the yields of products. However, it has been proven that 

alkaline inorganics promote certain chemical degradation mechanisms such as 

demethoxylation, demethylation, condensation reactions. 

Knowledge of the influence of minerals on the chemical mechanisms of pyrolysis is essential 

because the most biomass likely to be used in thermochemical transformation processes present 

high inorganic levels (herbaceous plants and forest residues). The models of prediction of 

pyrolysis products do not take into account the influence of inorganics which has a consequence 

of reducing their effectiveness. 

2.5. Critical Literature review  

Biofuel production from biomass has got a strong interest and many researches have been 

conducted either on biochemical conversion or thermochemical conversions to produce 

valuable solid, liquid, and gaseous biofuels[1]. A wide range of biomass can be converted 

efficiently into biofuels by thermochemical conversion, carbonization, pyrolysis, or gasification 

[32].  Pyrolysis presents a big advantage of having high-energy efficiency and high liquid 

byproduct yield among all thermochemical conversion technologies[7]. Liquid biofuels present 

the advantage of being handled easily, storage, transportation et usage with existing 

technologies, however bio-oil properties from biomass pyrolysis still need to meet the 

requirement of standard liquid fuels and many researches are still needed[65]. 

Number of researches have been conducted to improve the yield and quality of bio-oil 

production from biomass pyrolysis while producing biochar as well. Biochar is one of the 

byproducts of pyrolysis which has much application in agricultural soil fertilization[5]. Slezak 

et al. [6] demonstrated that the addition of charcoal to coal improves the gasification efficiency. 
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The main objective of biomass pyrolysis is to produce liquid biofuel [7], many previous 

researches were focused on the parametric sensitivity of pyrolysis on bio-oil yield and 

properties [8]. Different studies demonstrate that different types of biomass have different 

kinetics models, different optimum pyrolysis properties for a maximum bio-oil yield[9]–[12].  

To improve the quality of byproducts from biomass pyrolysis and pyrolysis efficiency, different 

methods have been developed. Solar pyrolysis of corn Stover has been investigated to reduce 

the dependency of the process on electricity [12] while Green et al. [4] investigated the 

effectiveness of using solar energy as an energy source for thermochemical conversion and 

found that pyrolysis is the lesser in terms of energy consumption. Ellison et al. [66] worked on 

a microwave to explore the pyrolysis effect on the bio-oil quality and were able to reach high 

pyrolysis temperature and got water-free bio-oil. Furthermore, Parvez et al. [50] found the 

charcoal heating value was greatly improved by microwave pyrolysis. Additional researches 

were generally focused on the impact of different catalysts on byproduct distribution and 

process efficiency. It has been proven that the pretreatment of biomass feedstock with Ferric 

sulfate [67], acid/alkali [22], and zeolite [68] can greatly enhance the bio-product yield, improve 

its quality and increase pyrolysis efficiency. 

Due to its complex structural constituent, cassava residue is very attractive as a biomass 

resource for alternative energy and valuable chemical production via thermochemical 

transformation [13]. Recent researches conducted on cassava residue pyrolysis were mostly 

oriented on the evaluation of its potentiality for bio-oil production and distribution yield of 

pyrolysis byproduct. Pattiya et al. [20] investigated the optimum pyrolysis temperature for 

cassava residues in a free-fall reactor, their result gave 450°C as the optimal temperature for 

maximum bio-oil yield. For a fixed-bed pyrolysis reactor, the experiment conducted by Ki Ong 

Lu et al. [69] gave 525°C as optimal temperature while Okekunle et al. [70] found a maximum 

bio-oil yield at 700°C when the sample was dried at 60°C before pyrolysis. 

Further researches are still needed to define strong and detailed kinetic model parameters for 

cassava residues pyrolysis, investigate the influence of other parameters such as temperature, 

heating rate, residence time, particle size on the byproduct distribution yield, and bio-oil 

properties. To accomplish this, the present work aims to determine the parameters of the 

kinetics model that fits well with experimental data of cassava peels pyrolysis, and then 

optimum pyrolysis conditions were numerically investigated for maximum bio-oil production. 
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Table 2.2. Literature review on cassava waste pyrolysis  

N° Ref Feedstock Main Objectives Methods and 

Technics 

Main Findings Gaps 

1 [69] Cassava 

Peels 

- Effect of temperature on 

bio-oil yield 

- Bio-oil characterization 

Experimental investigation 

- Fixed Bed pyrolysis 

reactor 

- GC-MS 

- One component 

kinetic model 

- Maximum bio-oil yield of 

51.2% at 525°C 

- GCV of bio-oil of 27.43MJ/kg 

- Thermochemical characterization 

- Kinetic parameters  

- Effect of heating rate, HR, RT 

- Prediction through detailed kinetics  

- Lignocellulosic composition 

2 [22] Cassava 

residues 

- -Effect of acid/alkali 

pretreated cassava residues 

on fast pyrolysis behavior: 

thermal decomposition and 

kinetics 

- Chemical 

pretreatment 

- XRD 

- TG-MS 

- GC 

- Kinetics through 

model fitting 

- Maximum levoglucosan yield 

of 27% % for low HR 

- Formation of oxygenated 

chemicals in presence of alkali 

metal. 

- Lower activation energy in for 

a chemically pretreated 

sample 

- Isoconversional method for kinetics 

parameters determination 

- Use of multiple HR for kinetic study 

(3-5) 

- Numerical prediction of byproducts 

- Effect of Temperature, HR, RT on 

byproducts 

- Lignocellulosic composition  

3 [71] Cassava 

Peels 

- Effect of chemical 

pretreatment of cassava 

peels for activation carbon 

production 

Experimental investigation 

- Chemical 

pretreatment 

- Slow pyrolysis, 

carbonization 

- Optimum carbonization 

temperature of 350°C 

- Optimum biomass RT of  

45minutes 

- Better result for Zinc chloride-

based pretreatment  

- Fast pyrolysis 

- Thermochemical characterization 

- Lignocellulosic composition 

4 [72] Cassava 

Rhizome 

- Effect of temperature on 

bio-oil yield 

- Char analysis 

Experimental investigation 

- Fluidized Bed 

pyrolysis reactor 

- GC-MS 

 

- Maximum bio-oil yield of 

63.23% at 427°C 

- GCV of bio-oil of 26.9MJ/kg 

- Thermochemical characterization 

- Kinetic parameters  

- Effect of heating rate, HR, RT 

- Prediction through detailed kinetics  

- Lignocellulosic composition 

5 [73] - Cassava 

stalk and 

- Cassava 

Rhizome 

- Effect of temperature on 

bio-oil yield 

- Bio-oil and gas 

composition 

Experimental investigation 

- Fluidized Bed 

pyrolysis reactor 

- GPC 

- TCD 

- Maximum bio-oil yield of 

62% at 475°C for CS 

- Maximum bio-oil yield of 

65% at 510°C for CR 

- Thermochemical characterization 

- Kinetic parameters  

- Effect of heating rate, HR, RT 

- Prediction through detailed kinetics  

- Lignocellulosic composition 
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6 [21] - Cassava 

stalk and 

- Cassava 

Rhizome 

- Thermochemical 

Characterization 

- Proximate and 

Ultimate analysis 

- TGA 

- Structural analysis 

- 78-80% of volatile content  

- High H2 content: 7% 

- Cell: 35.7% and 31.2% 

-  HCell 41.7% and 44.5%  

- Lignin 22.5% and 24.3%  

-  Extractives: 13.2 and 10.8% 

- TGA at different heating rate 

- Kinetic parameters  

- Thermodynamic study  

- Empirical determination of 

Lignocellulosic composition  

7 [74] - Cassava 

stalk and 

- Cassava 

Rhizome 

- Effect of hot vapor 

filtration unit on bio-oil 

yield 

Experimental investigation 

 

- Fluidized Bed 

pyrolysis reactor 

- Hot vapor filtration 

unit 

- The hot vapor filtration unit 

increase the yield of bio-oil 

and char while reducing gas 

yield  

 

- TGA at  different heating rate 

- Kinetic parameters  

- Effect of heating rate, HR, RT 

- Prediction through detailed kinetics  

8 [20] - Cassava 

stalk and 

Cassava 

Rhizome 

- Sugarcane 

leaves 

- Sugarcane 

tops 

- Effect of temperature and 

condensation temperature 

on bio-oil yield 

Experimental investigation 

- Free-fall pyrolysis 

reactor 

 

- About 70% of bio-oil yield 

could be obtained at pyrolysis 

temperature of 450°C and 

condensation temperature of 

10°C. 

 

- Thermochemical characterization 

- Kinetic parameters  

- Prediction through detailed kinetics  

- Lignocellulosic composition 

9 [70] Cassava 

peels  

- Bio-oil production in a 

fixed bed reactor 

- Fixed Bed pyrolysis 

reactor 

 

- Bio-oil yield decreases with 

the drying temperature 

- A maximum bio-oil yield is 

obtained at a pyrolysis 

temperature of 500°C 

 

- TGA experiment 

- Thermochemical characterization 

- Kinetic parameters  

- Thermodynamic study 

- Effect of heating rate, HR, RT 

- Prediction through detailed kinetics  

- Lignocellulosic composition 

 

 

  



28 
 

2.5.1. Research gaps on cassava waste pyrolysis  

Cassava waste valorization through thermochemical conversion, especially through pyrolysis 

has been the subject of many researches as presented in Table 2.2. However, not all types of 

cassava plant residue have yet been fully investigated. A lot of research were done for cassava 

rhizome and cassava stalk and very few on cassava peels. From the research gaps found, we 

can see that the determination of lignocellulosic composition comes up often, both through 

chemical methods and empirical methods. In addition, the kinetics of cassava residue has not 

yet been sufficiently studied. 

This work aims to fill some of these gaps by studying the pyrolysis of cassava peels which has 

not been much studied so far. Recent methods known to be more accurate were used for the 

determination of kinetic parameters using TGA data at different heating rates (4 heating rates 

were used). Furthermore, a comparative assessment of different methods of fast determination 

of lignocellulosic composition was performed. And finally using a detailed kinetic model of 

biomass pyrolysis, the effect of pyrolysis conditions was investigated numerically by an 

originally developed Matlab code.  
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CHAPTER 3. RESEARCH METHODOLOGY 

3.1. Materials 

Cassava tubers were collected from a cassava farm of Jimma Agricultural Research Center. 

First, cassava tubers were cleaned with water to remove impurities such as mud, sand, etc., and 

then cassava peels (CP) were taken from the washed cassava tubers. The wet CPs were made 

to undergo sun-drying for 5 days before oven drying for 24 hours at 105°C, followed by 

grinding and sieving. For all experiments reported in this thesis, the size of the samples was 

equal to or inferior to 0.5mm.  

a)  

 

b) 

 

c) 

 

d) 

 

Figure 3.1. a) cassava from the field; b) sun-drying of cassava peels; c) dried cassava peels 

before grinding;  d) ground cassava peels 

3.2. Material characterization 

3.2.1. Ultimate and proximate analysis 

ASTM standard for proximate analysis of Cassava peels (CP) powder (ASTM D3172-13 

Standard Practice for Proximate Analysis of Coal and Coke, 2013), and TGA equipment for the 

proximate analysis of 10.0 mg were used. The ultimate analysis was done by a ‘Vario MACRO 
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Cube CHNOS Elemental Analyzer’. About 50 mg of samples were completely burnt using 

oxygen. The definitions of moisture content, volatile, ash content, and fixed carbon are shown 

as follows: 

Moisture content, 

 
𝑀𝐶(%) =

𝑊 − 𝐵

𝑊
∗ 100% 

(3.1) 

Volatile, 

 
𝑉(%) =

𝐵 − 𝐶

𝑊
∗ 100% 

(3.2) 

Ash content, 

 
𝐴(%) =

𝐹

𝑊
∗ 100% 

(3.3) 

Fixed carbon,  

 𝐹𝐶(%) = 100% − [𝑀𝐶(%) + 𝑉(%) + 𝐴(%)] (3.4) 

where W is the mass of the original test specimen, B is the test specimen after drying in the 

moisture test, C is the mass of test specimen after heating in volatile matter test, F is the mass 

of ash residue. Each test was conducted three times and the average value of the data from the 

three tests was reported. 

3.2.2. Thermogravimetric analysis (TGA) 

TGA experiment using a standard TGA equipment (model: ATAT2012, software: BJ 

HENVEN) was conducted. Ultra-pure Argon gas at a flow rate of 300ml/min was used to 

provide the inert condition for the CP. 10mg of CP was placed in the TGA chamber and heated 

at constant heating rate from room temperature to 800 °C. The operation was repeated for four 

different heating rates: 5K/min, 15K/min, 20K/min, and 30K/min. 

3.3. Lignocelulosique composition  

3.3.1. Analytical/chemical method 

 3.3.1.1. Apparatus and Chemicals  

The following apparatus were employed: Soxhlet extractor, Muffle furnace, Beaker, Conical 

flask, Measuring balance, Aluminum foil, Oven, Grinder, pH meter, Filter paper, UV-

spectroscopy, Water bath, and Vacuum filter. The necessary chemicals include: Sodium 

hydroxide (FINEM 99.5%), Ethanol (98%), Sulfuric acid (UNICHEM, India 98%), distilled 

water, glacial acetic acid (Neolab, 96%), Toluene (99%), Acetone (99.5%), Diethyl ether 

(98%).  
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3.3.1.2. Determination of extractives in cassava peel 

Before using the standard methods such as ASTM, TAPPI, or NREL the sample biomass should 

be free of extractives. The extractive free sample was prepared by using a Soxhlet extractor.  

The extractives component of cassava peel was extracted by using the TAPPI (Technical 

Association of Pulp and Paper Industry) standard methods T-204 cm-17 described in [30]. The 

Soxhlet apparatus was used and a two-gram oven-dried sample was placed in an extraction 

thimble. The refluxing solvent ratio is a 1:2 solution of ethanol and toluene mixture. The 

extraction is to be conducted for 8 h. After completing the extraction, the residue was dried in 

an oven at 105℃ and was weighed until a constant weight was obtained. Finally, the amount of 

extractive in the sample was determined from the difference in weight of the sample before and 

after extraction [75]. 

3.3.1.3. Determination of Lignin in cassava peel 

The lignin content in cassava peel was determined following the TAPPI T 222-om (1998) 

standard method for both acid-insoluble and acid-soluble lignin.  

For acid-insoluble lignin (Klason lignin), one gram of the extract-free sample was placed in a 

100 mL beaker, 15 ml of 72 % sulphuric acid was added gradually in small increments while 

stirring the sample with a glass rod. After the sample has dispersed, the beaker was kept in a 

water bath at 50 ℃ for 2 hours with constant string. At the end of the 2 h, the solution was 

diluted to 3% and boiled for 4 hours. Then the solution was left overnight and filtered by using 

a vacuum filter. The solid residue (acid-insoluble lignin) was used for acid-insoluble lignin 

determination and the filtrate is used for the determination of acid-soluble lignin. The acid-

insoluble lignin obtained was washed free of acid with hot water and dried to a constant weight 

at 105 ℃ in the oven [76]. Finally, the acid-insoluble lignin is calculated as: 

 
𝐴𝐼𝐿(%) =

𝐴

𝐵
∗ 100% 

(3.5) 

Where A is the oven-dry weight of Klason lignin, and B is the weight of the initial sample (g).  

Acid-soluble lignin is determined from the filtrate obtained from the determination of acid-

insoluble lignin. The determination was done from ultraviolet absorptance (UV) measured at 

240 nm using 3 % tetra-oxo-sulfate acid (VI) (H2SO4) as a reference. The lignin content in the 

filtrate is calculated as: 

 
𝐴𝑆𝐿 =

𝐴 ∗ 𝑉𝑓 ∗ 𝐷

𝜀 ∗ 𝑚 ∗ 𝑝
 

(3.6) 
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𝐷 =

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑖𝑙𝑢𝑡𝑖𝑛𝑔 𝑠𝑎𝑝𝑚𝑙𝑒 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 

(3.7) 

Where A is the UV-Vis absorptance of the sample at an appropriate wavelength, Vf is the volume 

of the filtrate, D is the dilution factor, 𝜀 is the absorption coefficient of the sample, m is the 

mass of the sample (mg), and p is the path length of the cuvette (cm). Finally, the amount of 

lignin was calculated from the summation of acid-soluble and insoluble lignin [77]. 

3.3.1.4. Determination of Hemicellulose content 

The hemicellulose content is determined according to ASTM D5896-96 (2012) standard 

method described in [77]. To determine hemicellulose 1g sample from a dried extractive-free 

sample was taken and 10 ml of 0.5 mol of NaOH solution was added to it. Then the solution 

was kept in a boiling water bath for 3.5 h at 80°C. Then it was washed with distilled water until 

its pH was neutralized.  

3.3.1.5. Determination Cellulose content 

Cellulose content was determined using Kushner- Hoffer method [78]. Accurately 1 g of the 

oven-dried sample is placed in a 250 mL round bottom flask fitted with a reflux condenser. 15 

mL of 80 % acetic acid and 1.5 mL of concentrated nitric acid (HNO3) were added and the 

mixture was boiled for 20 min. Then, about 20 mL of 95 % cold ethanol was added and the 

resultant mixture was cooled and filtered. The residue was washed successively with hot 

benzene and diethyl ether. The residue was dried overnight to a constant weight and was kept 

in a muffle furnace at about 500℃ for 5 h. The loss in weight upon ignition was taken as a 

measure of the cellulose content. 

3.3.2. Empirical method based on elemental composition 

When no direct information is available on the cellulose, hemicellulose, lignin, and extractives 

contents, the method proposed by Debiagi et al. [30] allows the characterization of  biomass 

feedstock on the basis of its elemental H/C/O composition. This biomass characterization 

method estimates a biochemical composition in terms of seven reference components. The 

predicted biomass composition must satisfy only the three H, C, and O balances, therefore there 

are 5 degrees of freedom converted into 5 splitting parameters (α/β/γ/δ and ε). These parameters 

define the three reference mixtures whose relative concentration is derived by the H/C/O 

balances. 

The biomass was considered as a linear combination of 3 reference mixtures as reported in the 

H/C diagram in Figure 3.2, (RM-1, RM-2, and RM-3), defined by five splitting parameters 
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(α/β/γ/δ and ε). α defines the molar ratio of 60% cellulose and 40% hemicellulose contained in 

RM1. β and γ define the two mixtures RM-2 and RM-3 of the different lignins (80% LIG-O 

and 20% LIG-C, and 80% LIG-H and 20% LIG-C, respectively). (RM-2 and RM-3) are more 

flexible and they can move toward the reference species TGL or TANN, depending on the 

biomass composition. For biomass rich in hydrogen, the amount of TGL progressively increases 

in the RM-2 mixtures. Similarly, for biomass with low hydrogen content, the reference mixture 

RM-3 increases its content of the reference component of tannin species (TANN). 

As an example, the hybrid poplar with an elemental composition of H/C/O = 

0.0565/0.5092/0.4343, can be characterized using α/β/γ/δ/ε = 0.6/0.8/0.8/1/0.8. The value ε = 

0.8 means that 80% of lignins (LIGO and LIGC) and 20% of TANN are combined to define 

RM-3. In this way, the biomass with low H content also enters into the characterization region. 

The amount of the reference mixture RM-2 is very low, because of the low hydrogen content. 

Thus, these biomass results are mostly split between RM-1 and RM-3. Similarly, the olive husks 

with H/C/O = 0.0696/0.5489/0.3815 are characterized by using the splitting parameters: 

α/β/γ/δ/ε = 0.6/0.8/0.8/0.8/1. The value δ = 0.8 means that 80% of lignins (LIGH and LIGC) 

and 20% of TGL are combined to obtain RM-2, and this condition allows this biomass with 

high H content to enter the characterization region. 

As discussed by Debiagi et al. [30] optimal splitting or characterization parameters can be 

obtained by minimizing the square deviations between the predicted and experimental values 

of cellulose, hemicellulose, lignin, and extractives using the feasible boundary conditions 

between 0 and 1 for the splitting parameters. TGL is expected to increase with the H content of 

the biomass sample, while TANN will increase when H content is decreasing. The default 

splitting parameters: α/β/γ/δ/ε= 0.6/0.8/0.8/1/1. While the default values of α/β/γ remain 

unchanged, the splitting parameters δ and ε are progressively reduced, increasing in this way 

the extractive content, in order to respect a feasible composition (i.e., non-negative values for 

all the seven reference components). 
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Figure 3.2. Extended biomass characterization. H% vs C% plot of biomass samples along with 

their reference species. [30] 

3.3.3. Based on the TGA-PKM method [25] 

This method is based on the TGA data. The first step is the normalization of the TG raw data 

in relation to the initial weight of the sample (m0) and the final weight (mf) of the sample. To 

do this, the weight fraction of the volatiles remaining in the sample has been calculated for each 

instant of discrete-time i, as indicated in Equation (3.8). 

 𝑋𝑖 =
𝑚𝑖 −𝑚𝑓

𝑚0 −𝑚𝑓
 

(3.8) 

In this case, 𝑚𝑓 represents the mass of char obtained at the end of each TG analysis and includes 

the mass of ash and fixed carbon at the final temperature of the analysis. 

For the determination of kinetics, it is more useful to use the derivative thermogravimetric 

(DTG) of weight loss as a function of time, because this signal is much more sensitive to small 

changes. The DTG curve was obtained from the weight over time derivative for each 

experimental point, i.e. 

 𝑑𝑋𝑖
𝑑𝑡
=
𝑋𝑖 − 𝑑𝑋𝑖−1
𝑡𝑖 − 𝑡𝑖−1

 
(3.9) 

3.3.3.1. Kinetic model 

The thermochemical decomposition of the biomass can be represented by four main kinetics 

that corresponds to the degradation of hemicellulose, cellulose, lignin, and extractive. The most 
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commonly used model assumes that the process can be represented by the decomposition 

reactions of each of these compounds [79]. In addition, the decomposition of these compounds 

can be represented by a number of parallels and independent first-order Arrhenius-type 

reactions, named pseudo components. Thus, for the adjustment of the DTG curve of each 

biomass, it has been assumed that the process follows the model that consists of the 

decomposition of hemicellulose, cellulose, and lignin independently so that the overall kinetics 

can then be expressed as follows: 

 𝑑𝑋

𝑑𝑡
=
𝑑𝑋𝐻
𝑑𝑡

+
𝑑𝑋𝐶
𝑑𝑡

+
𝑑𝑋𝐿
𝑑𝑡
+
𝑑𝑋𝐸
𝑑𝑡

 
(3.10) 

where H, C, L, and E represent the mass fraction of hemicellulose, cellulose, lignin, and 

extractives, respectively. 

At the same time, the kinetics of each of these fractions can be represented by a set of parallel 

reactions, expressed in the form: 

 𝑑𝑋𝐻
𝑑𝑡

=∑
𝑑𝑋𝐻𝑗
𝑑𝑡

=

𝑚𝐻

𝑗=1

∑𝐴𝐻𝑗𝑒𝑥𝑝 (−
𝐸𝑎𝐻𝑗
𝑅𝑇

)𝑋𝐻𝑗

𝑚𝐻

𝑗=1

 

 

(3.11) 

 𝑑𝑋𝐶
𝑑𝑡

=∑
𝑑𝑋𝐶𝑗
𝑑𝑡

=

𝑚𝐶

𝑗=1

∑𝐴𝐶𝑗𝑒𝑥𝑝 (−
𝐸𝑎𝐶𝑗
𝑅𝑇

)𝑋𝐶𝑗

𝑚𝐶

𝑗=1

 

 

(3.12) 

 𝑑𝑋𝐻
𝑑𝑡

=∑
𝑑𝑋𝐿𝑗
𝑑𝑡

=

𝑚𝐿

𝑗=1

∑𝐴𝐿𝑗𝑒𝑥𝑝 (−
𝐸𝑎𝐿𝑗
𝑅𝑇

)𝑋𝐿𝑗

𝑚𝐿

𝑗=1

 

 

(3.13) 

 𝑑𝑋𝐸
𝑑𝑡

=∑
𝑑𝑋𝐸𝑗
𝑑𝑡

=

𝑚𝐸

𝑗=1

∑𝐴𝐸𝑗𝑒𝑥𝑝 (−
𝐸𝑎𝐸𝑗
𝑅𝑇

)𝑋𝐸𝑗

𝑚𝐸

𝑗=1

 

 

(3.14) 

Where T: temperature, in K; R: ideal gas constant, 8.314 *103 kJ (K mol)-1; j: number of 

pseudocomponents of the fractions of hemicellulose, cellulose, lignin, and extractives, which 

take the values from 1 to the total number of pseudocomponents of each fraction of 

hemicellulose; cellulose, lignin and extractives (mH, mC, mL and mE); AHj, ACj, ALj and AEj: 

pre-exponential factors of the pseudocomponents of the hemicellulose; cellulose, lignin, and 

extractives fractions, expressed in s-1 and EaHj, EaCj EaLj and EaEj: activation energies of the 

pseudocomponents of the hemicellulose; cellulose, lignin, and extractives fractions, expressed 

in kJ mol-1. 

In general, the kinetic equation of each pseudocomponent j, corresponding to fraction F (F = 

H, C, L,E), in a non-isothermal process at constant heating rate 𝛽 = 𝑑𝑇/𝑑𝑡, is given by: 
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 𝑑𝑋𝐹𝑗
𝑋𝐸𝑗

= −
𝐴𝐹𝑗
𝛽
𝑒𝑥𝑝 (−

𝐸𝑎𝐹𝑗
𝑅𝑇

)𝑑𝑇 
 

(3.15) 

The integral of the second term can be resolved by using the exponential integral, defined as 

follows: 

 
∫

𝑒−𝑢

𝑢

∞

𝑢

𝑑𝑢,   𝑢 =
𝐸𝑎

𝑅
 

 

(3.16) 

Thus, Equation (3.15), integrated between T0 and T, can be expressed in the form 

 

𝑋𝐸𝑗,𝑖 = 𝑋𝐸𝑗,0𝑒𝑥𝑝

{
 
 

 
 

−
𝐴𝐹𝑗
𝛽

[
 
 
 
 

𝑇𝑖𝑒𝑥𝑝 (−
𝐸𝑎𝐹𝑗
𝑅𝑇𝑖

) − ∫

𝑒𝑥𝑝 (−
𝐸𝑎𝐹𝑗
𝑅𝑇𝑖

)

𝑇

∞

𝑋𝐸𝑗/𝑅𝑇𝑖

𝑑𝑇

]
 
 
 
 

}
 
 

 
 

 

 

(3.17) 

Therefore, the kinetics of each pseudocomponent depends on three variables: the pre-

exponential factor, the activation energy, and the initial concentration of the pseudocomponent 

in the biomass (𝑋𝐸𝑗,0). 

A restriction that the system must satisfy is that the sum of the mass fractions of all the 

pseudocomponents must be equal to the mass fraction of all volatiles generated for each instant 

of time t = i. 

 

𝑋𝑖 = 𝑋𝐻𝑖 + 𝑋𝐶𝑖 + 𝑋𝐿𝑖 + 𝑋𝐸𝑖 =∑𝑋𝐻𝑗,𝑖

𝑚𝐻

𝑗=1

+∑𝑋𝐶𝑗,𝑖

𝑚𝐶

𝑗=1

+∑𝑋𝐿𝑗,𝑖

𝑚𝐿

𝑗=1

+∑𝑋𝐸𝑗,𝑖

𝑚𝐸

𝑗=1

 

 

(3.18) 

Combining Equations (3.17) and (3.18) for each instant of discrete-time i gives a system of 

equations with 3 * (mH + mC + mL+mE) - 1 unknowns, which needs to be solved 

3.3.3.2. Calculation Procedure 

For the calculation of unknown variables, an optimization method based on the minimization 

by least squares has been used. As an objective function (OF), the square of the errors 

between the values of the experimental curve and the model was used for each instant of time 

i, in which the model was evaluated. 

 
𝑂. 𝐹.= ∑[(

𝑑𝑋

𝑑𝑡
)
𝑖,𝑒𝑥𝑝

− (
𝑑𝑋

𝑑𝑡
)
𝑖,𝑚𝑜𝑑𝑒𝑙

]

2𝑛

𝑖=1

 
 

(3.19) 

The solution was obtained through MATLAB using the lsqcurvefit command to find the 

constants that best fit the system of equations. The final solution was obtained when the 

percentage variation of the OF was less than 0.01% during five consecutive cycles of 200 

iterations each (ΔOF5 < 0.01%).  



37 
 

Additionally, the goodness of fit was evaluated by the adjusted R-squared, R2
Adj, which 

represents the response that is explained by the model and was calculated as the ratio between 

the sum of the square of the residuals (SSE) and the total sum of squares (SST) as follows [80]: 

 

𝑅𝐴𝑑𝑗
2 = 1 −

(𝑛 − 1) ∗ 𝑆𝑆𝐸

(𝑛 − (𝑘 + 1)) ∗ 𝑆𝑆𝑇
= 1 −

(𝑛 − 1) ∗ ∑ [(
𝑑𝑋
𝑑𝑡
)
𝑖,𝑒𝑥𝑝

− (
𝑑𝑋
𝑑𝑡
)
𝑖,𝑚𝑜𝑑𝑒𝑙

]
2

𝑛
𝑖=1

(𝑛 − (𝑘 + 1)) ∗ ∑ [(
𝑑𝑋
𝑑𝑡
)
𝑖,𝑒𝑥𝑝

− (
𝑑𝑋
𝑑𝑡
)
𝑖,𝑒𝑥𝑝

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
]
2

𝑛
𝑖=1

 

 

(3.20) 

where k represents the number of variables. 

The initial values of the constants were taken after an initial analysis of the kinetics, using as 

initial seed values the restrictions on the concentrations of the hemicellulose, cellulose, lignin, 

and extractives fractions obtained from the analytical method. 

The decision tree of the calculation process is as presented in Figure 3.3. 

Figure 3.3. Decision tree of the calculation procedure 

3.4. Kinetics of CP pyrolysis 

The chemical reaction rate dα/dT is generally expressed as: 

 𝑑𝛼

𝑑𝑡
= 𝐾(𝑇)𝑓(𝛼) 

(3.21) 
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Solve ODE’s 
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Nonlinear curve-fitting 
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(lsqcurvefit) 
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𝑑𝑋

𝑑𝑡
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𝑖,𝑚𝑜𝑑𝑒𝑙
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NO 

Kj, Ej, 

and Xj,0 

END 

Output data 

Kj, Ej, and Xj,0 

ΔO.F.<0.01% 
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where f(α) is a function related to conversion, T is the temperature (K), and α represents the 

degree of conversion that is described as: 

 𝛼 =
𝑚0 −𝑚𝑡
𝑚0 −𝑚𝑓

 
(3.22) 

where m0, mt, and mf are the initial mass of the sample, the actual mass of the sample at time t, 

and the final mass of the sample in the reaction. 

Arrhenius equation express k(T) as: 

 
𝐾 = 𝐴𝑒𝑥𝑝 (−

𝐸𝑎

𝑅𝑇
) 

(3.23) 

where A (s−1) is the Arrhenius pre-exponential factor, Ea (J/mol) is the activation energy of 

pyrolysis reaction, and R (J mol−1 K−1) is the universal gas constant. The combination of 

Equations (3.21) and (3.23) gives: 

 𝑑𝛼

𝑑𝑡
= 𝐴𝑒𝑥𝑝 (−

𝐸𝑎

𝑅𝑇
) 𝑓(𝛼) 

(3.24) 

Integrating the heating rate β (K/min) we get: 

 𝑑𝛼

𝑑𝑇
=
𝐴

𝛽
𝑒𝑥𝑝 (−

𝐸𝑎

𝑅𝑇
) 𝑓(𝛼) 

(3.25) 

The integrated form of Equation (3.25) is: 

 
𝐺(𝛼) = ∫

𝑑

𝑓(𝛼)

𝛼

0

=
𝐴

𝛽
∫ 𝑒𝑥𝑝 (−

𝐸𝑎

𝑅𝑇
)𝑑𝑇

𝑇

𝑇0

 
(3.26) 

 𝑇 = 𝑇0 + 𝛽𝑡 (3.27) 

where T0(K) and f(α) are initial temperature and conversion function, respectively. 

It is well known that the isoconversional method can easily give an estimation of Ea even 

without knowing the associated reaction mechanism. Thus, two isoconversional methods, FWO 

and KAS methods are used for activation energy calculation. The FWO method [57] can be 

described as: 

 
𝑙𝑛𝛽 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 − 1.0516

𝐸𝑎

𝑅𝑇𝛼
 

(3.28) 

where for a chosen value of α, the values of lnβ and 1/Tα can be correlated by a straight line and 

the activation energy can be calculated from the slope (Ozawa, 1970). Thus, a series of 

activation energy values can be obtained corresponding to different α. The KAS method [57] is 

also expressed seen as: 

 
𝑙𝑛 (

𝛽

𝑇𝛼2
) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 −

𝐸𝑎

𝑅𝑇𝛼
 

(3.29) 



39 
 

The activation energy is determined from the slope (−Eα/R) of the straight line (Kissinger, 

1957). The parameter estimation using model-free methods does not depend on the mechanism 

of reactions. FWO and KAS methods are widely used for calculating activation energy and 

Arrhenius pre-exponential factor during pyrolysis of carbonaceous material. The activation 

energy is directly related to the fuel reactivity. 

As discussed by Vaibhav et al. [57], there is a more accurate approach called the Friedman 

method. Friedman's method is the simplest and one of the most widely used differential 

isoconversional methods for kinetic analysis. The method was first used by Friedman to study 

the kinetics of char-forming plastics by thermogravimetry. The Friedman equation is stated as 

follows: 

 
𝑙𝑛 (

𝑑𝛼

𝑑𝑡
)
𝛼,𝑖
= 𝑙𝑛[𝑓(𝛼)𝐴𝛼] −

𝐸𝛼
𝑅𝑇𝛼,𝑖

 
(3.30) 

In the above equation, i denotes different temperature programs at which the no isothermal 

TGA runs are being conducted. In the case of isothermal runs, i will denote the individual 

temperature of the experiment. ln(dα/dt)α,i denotes the set of ln(dα/dt) values at a fixed value of 

conversion obtained at different heating rates. Similarly, Tα,i is the temperature at which “α” 

conversion has taken place at different heating rates. For a fixed value of conversion, the term 

ln[f(α)Aα] is constant. Thus, for each value of α, the plot of ln(dα/dt)α,i versus (1/Tα,i) should 

give a straight line with a slope equal to (-Eα/R). 
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Figure 3.4. Steps involved in finding activation energy through isoconversional method 

3.5. Detailed multistep kinetic scheme of biomass pyrolysis  

Always referring to the previous seven reference components of Figure 2.2, a multicomponent 

and multi-step kinetic mechanism of primary biomass pyrolysis is reported in Table 3.1. [28]  
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Table 3.1. Multistep Kinetic Scheme of Biomass Pyrolysis 

N° Pyrolysis Reactions Kinetic Parameters A(s-1),  

Ea (kcal/kmol) 

ΔHr() 

(kcal/kmol) 

Cellulose 

1 CELL  CELLA 1.5 ∗ 1014 ∗ exp (−47000/𝑅𝑇) -1300 

2 CELLA  0.45 HAA+0.2 GLYOX+0.1 MECHO+0.25 HMFU+0.3 

ALD3+0.15 CH3OH+0.4 CH2O+0.31 CO+0.41 

CO2+0.05 H2+0.83 H2O+0.02 HCOOH+0.2 G{CH4} 

+0.05 G{H2}+0.61 CHAR 

2 ∗ 106 ∗ exp (−19100/𝑅𝑇) 27100 

3 CELLA  LVG 4 ∗ 𝑇 ∗ exp (−10000/𝑅𝑇) 23200 

4 CELL  5 H2O+6 CHAR 6.5 ∗ 107 ∗ exp (−31000/𝑅𝑇) -62700 

Hemicellulose 

5 HECELL  0.58 HCE1+0.42 HCE2 1 ∗ 1010 ∗ exp (−31000/𝑅𝑇) -5000 

6 HCE1  0.025 H2O+0.5 CO2+0.025 HCOOH+0.5 CO+0.8 CH2O 

+0.125 ETOH+0.1 CH3OH+0.25 C2H4+0.125 G{H2} 

+0.275 G{CO2}+0.4 G{COH2}+0.45 G{CH3OH}+0.325 G 

{CH4}+0.875 CHAR 

1.2 ∗ 109 ∗ exp (−30000/𝑅𝑇) -500 

7 HCE1  0.25 H2O+0.8 CO2+0.05 HCOOH+0.1 CO+0.15 G{CO} 

+0.15 G{CO2}+0.2 G{H2}+0.3 CH2O+1.2 G{COH2} 

+0.625 G{CH4}+0.375 G{C2H4}+0.875 CHAR 

1.5 ∗ 10−1 ∗ 𝑇 ∗ exp (−8000/𝑅𝑇) -42400 

8 HCE1  XYLAN 3 ∗ 𝑇 ∗ exp (−11000/𝑅𝑇) 17900 

9 HCE2  0.2 H2O+0.175 CO+0.275 CO2+0.5 CH2O+0.1 ETOH 

+0.2 HAA+0.025 HCOOH+0.25 G{CH4}+0.3 G{CH3OH} 

+0.275 G{C2H4}+0.4 G{CO2}+0.925 G{COH2}+CHAR 

5 ∗ 109 ∗ exp (−33000/𝑅𝑇) 12000 

Lignins 

10 LIGC  0.35 LIGCC+0.1 COUMARYL+0.08 FENOL+0.41 C2H4 

+1.0 H2O+0.7 G{COH2}+0.3 CH2O+0.32 CO+0.495 G 

{CH4}+5.735 CHAR 

1.33 ∗ 1015 ∗ exp (−48500/𝑅𝑇) -10300 

11 LIGH  LIGOH+0.5 ALD3+0.5 C2H4+0.25 HAA 6.7 ∗ 1012 ∗ exp (−37500/𝑅𝑇) 30700 

12 LIGO  LIGOH+CO2 3.3 ∗ 108 ∗ exp (−25500/𝑅𝑇) 26000 

13 LIGCC  0.3 COUMARYL+0.2 FENOL+0.35 HAA+0.7 H2O 

+0.65 G{CH4}+0.6 G{C2H4}+G{COH2}+0.4 CO+0.4 G 

{CO}+6.75 CHAR 

1.67 ∗ 106 ∗ exp (−31500/𝑅𝑇) -31100 

14 LIGOH  LIG+0.9 H2O+0.1 CH4+0.6 CH3OH+0.1 G{H2}+0.3 G 1 ∗ 108 ∗ exp (−30000/𝑅𝑇) -26100 
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{CH3OH}+0.05 CO2+0.55 CO+0.6 G{CO}+0.05 HCOOH 

+0.85 G{COH2}+0.35 G{CH4}+0.2 G{C2H4}+4.15 CHAR 

15 LIG  0.7 FE2MACR+0.3 ANISOLE+0.3 CO+0.3 G{CO}+0.3 

MECHO 
4 ∗ 𝑇 ∗ exp (−12000/𝑅𝑇) 46200 

16 LIG  0.95 H2O+0.2 CH2O+0.4 CH3OH+CO+0.2 CH4+0.05 

HCOOH+0.45 G{CO}+0.5 G{COH2}+0.4 G{CH4} 

+0.65 G{C2H4}+0.2 MECHO+0.2 ALD3+5.5 CHAR 

4 ∗ 108 ∗ exp (−30000/𝑅𝑇) -21100 

17 LIG  0.6 H2O+0.4 CO+0.2 CH4+0.4 CH2O+0.2 G{CO}+0.4 G 

{CH4}+0.5 G{C2H4}+0.4 G{CH3OH}+2 G{COH2} 

+6 CHAR 

8.3 ∗ 10−2 ∗ 𝑇 ∗ exp (−8000/𝑅𝑇) -83600 

Extractives 

18 TGL  ACRO+3 FFA 7 ∗ 1012 ∗ exp (−45700/𝑅𝑇) 1300 

19 CTANN  FENOL+ITANN 5 ∗ 101 ∗ exp (−11000/𝑅𝑇) 1300 

20 ITANN  6 CHAR+3 CO+3 H2O 1.5 ∗ 10−2 ∗ exp (−6100/𝑅𝑇) 10100 

Metaplastic 

21 G{CO2}  CO2 1 ∗ 106 ∗ exp (−24000/𝑅𝑇) -29100 

22 G{CO}  CO 5 ∗ 1012 ∗ exp (−50000/𝑅𝑇) -13400 

23 G{COH2}  CO+H2 5 ∗ 1011 ∗ exp (−71000/𝑅𝑇) 48600 

24 G{H2}  H2 5 ∗ 1011 ∗ exp (−75000/𝑅𝑇) 0 

25 G{CH4}  CH4 5 ∗ 1012 ∗ exp (−71000/𝑅𝑇) 0 

26 G{CH3OH}  CH3OH 2 ∗ 1012 ∗ exp (−50000/𝑅𝑇) 0 

27 G{C2H4}  C2H4 5 ∗ 1012 ∗ exp (−71000/𝑅𝑇) 0 
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3.6. Heat transfer model 

During the pyrolysis process, the pores of the solid are enlarged and the solid particle merely 

becomes more porous, the biomass converts into gases, volatiles, and char. Inside the pyrolysis 

particle, heat is transmitted by the following mechanisms: 

• conduction inside the solid particle, 

• convection inside the particle pores and 

• convection and radiation from the surface of the particle/pellet. 

For simplicity, it is assumed that heat is transmitted inside the solid by conduction only. The 

heat transfer coefficient represents the overall effect of the above mechanisms. The temperature 

distribution along the radius of the biomass particle was described by Fourier’s law of heat 

conduction that has the mathematical form: 

 𝜕𝑇

𝜕𝑡
=

𝑘

𝜌𝑡𝑟𝑢𝑒𝐶𝑝
[
𝜕2𝑇

𝜕𝑟2
+
2

𝑟

𝜕𝑇

𝜕𝑟
] 

(3.31) 

with the following boundary conditions: 

 
𝑟 = 0,

𝜕𝑇

𝜕𝑟
= 0 

(3.32) 

 
𝑟 = 𝑅, −𝑘

𝜕𝑇

𝜕𝑟
= ℎ ∗ (𝑇𝑠 − 𝑇𝑠𝑦𝑠) 

(3.33) 

The surface temperature, Ts (K), could be determined by solving Equation (3.33) numerically 

with Crank–Nicolson implicit scheme. In solving Equation (3.32), the temperature change in 

the system during the heating period and the particle shrinkage were included. The initial 

temperature of the particles was assumed to be uniform at room temperature (25°C) in any 

radius position. For simplification, several assumptions were applied in developing the model: 

• the shape of the biomass particle is spherical. 

• the mechanism of heat transfer inside the biomass particle is only conduction. 

• the temperature gradient inside the biomass particle is a function of the radius position 

with surface temperatures less than or equal to the temperature in the system (Ts ≤ Tsys). 

• Some physical properties of the biomass such as density, specific heat capacity, and 

thermal conductivity are constant. 

The set of parameter values used in the calculation is as follows: h = 5.69 + 0.0098 Tsys (Ahuja 

et al.., 1996), Cp = 1449 J kg-1 K-1, k = 0.156Wm-1 K-1, ρbulk = 289 kg m-3 and ν= 0.226 [69]. 

The simulation process was run by using computer programming on the MATLAB platform 
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(Version R2020a). The true density of the biomass particle was calculated by using the 

following equation: 

 𝜌𝑡𝑟𝑢𝑒 =
𝜌𝑏𝑢𝑙𝑘
(1 − 𝜈)

 
(3.34) 

Where ν is the voidage. 

3.7. Solution Strategy 

Since the computational domain consists only of one cell, the only mechanism influencing the 

evolution of the spices concentration and of the temperature are the chemical reactions. The 

evolution of species was determined by the following equation: 

 𝜕𝜌𝑌𝑖
𝜕𝑡

= 𝜔𝑖̇ (𝑌𝑖, 𝑇) 
(3.35) 

Yi, 𝜔𝑖, T,  𝜌, t are the species mass fraction, the reaction rate, the temperature, the density, and 

the time, respectively. 

Briefly summarized the solution can be obtained as follows: 

• Solve the chemistry: The purpose is to get the reaction rates for each species involved 

and the heat realized by the chemical reaction. 

• Solve the species equation: The purpose is to get the species concentration at the new 

time step. 

• Solve the energy equation (heat transfer equation): Here we get the temperature at the 

new time step. 

The source code can be found in appendix C. 

3.7.1. Chemical reactions 

3.7.1.1 Chemical equations 

An elementary chemical reaction involving K species in I reactions are summarized in Table 

3.1 and can be expressed in the following form: 

 

∑𝜈𝑘𝑖
′ 𝜒𝑘

𝐾

𝑘=1

𝑦𝑖𝑒𝑙𝑑𝑠
→    ∑𝜈𝑘𝑖

′′𝜒𝑘

𝐾

𝑘=1

      𝑖 = 1,… 𝐼 
(3.36) 

𝜈𝑘𝑖
′ 𝜈𝑘𝑖

′′ and 𝜒𝑘 are the forward, the backward stoichiometric coefficient, and the chemical 

symbol of the specie k, respectively. 
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3.7.1.2 Chemical reaction rate 

Having established the chemical reactions which are desired to be solved, the next step is to 

describe the velocity at which the chemical reaction occurs, i.e. the change of the concentration 

of the single species with time. The reaction rate of the reaction i can be written as: 

 𝜔𝑖 = 𝑘𝑓𝑖∏[𝑋]𝑘
𝜈𝑘𝑖
′

𝑘

− 𝑘𝑟𝑖∏[𝑋]𝑘
𝜈𝑘𝑖
′′

𝑘

 
(3.37) 

𝑘𝑓𝑖 and 𝑘𝑟𝑖 are the forward and reverse rate constant reaction i. Note that pyrolysis is an 

irreversible reaction, therefore, 𝑘𝑟𝑖 = 0. 𝑘𝑓𝑖 are calculated by the equation (3.23). 

In order to get the reaction rate of the species k, the reaction rates of each reaction containing 

the species k have to be multiplied with the stoichiometric coefficient and summed with a 

positive sign if the species is a product in with, a negative sign if the species is a reactant. It can 

be written as: 

 𝜔𝑘 =∑𝜔𝑖
𝑖

(𝜈𝑘𝑖
′ − 𝜈𝑘𝑖

′′ ) (3.38) 
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CHAPTER 4. RESULT AND DISCUSSION 

4.1 Proximate and elemental composition 

The proximate and ultimate analysis results are presented in Table 4.1. The result from 

proximate analysis show CP contains a high volatile matter content (78.82%), this indicates that 

CP has tremendous potential as a source of biofuel because liquid chemicals mainly originate 

from it. From the ultimate analysis results, the CP contains 59.31% C, 9.78% H, 2.08% N, 

28.74% O, and 0.11% S on a weight dry-ash free weight basis. It is important to note that the 

hydrogen content is relatively high compared to the average of woody biomass. Ash content of 

CP is also lower than woody biomass, note that the ash content and composition may have a 

significant impact on overall biomass pyrolysis performance according to literature, the 

elements contained in it can act as a catalyst. 

During the pyrolysis process, CaO can enhance the hydrogen gas content while also increasing 

the char content as well; Fe2O3-Al2O3 catalyst is known to have a positive impact on hydrogen 

production; Fe2O3 (hematite) can facilitate the breakdown of tar and oxidation of phenols 

produced [12]. Ash composition determination was beyond the scope of the present study but 

we highly recommend further studies to take this into account.  The higher heating value (HHV) 

and lower heating value (LHV) of CP can be calculated by using the equations (4.1) and (4.2). 

 𝐻𝐻𝑉(𝑀𝐽/𝑘𝑔) = 0.338𝐶 + 1.428(𝐻 − 𝑂/8) + 0.095𝑆 (4.1) 

 𝐿𝐻𝑉(MJ/kg)  =  HHV(MJ/kg) –  8.396 ∗ H ∗ 2.442 (4.2) 

where C, H, O, and S are the presence of carbon, hydrogen, oxygen, and sulfur content in CP 

respectively on a weight dry-ash free basis [36]. 

Table 4.1. Main characteristic of cassava peels sample 

Proximate analysis (wt%, as-received basis)  

Moisture 8.28 

Volatile matter 78.82 

Fixed Carbon 7.49 

Ash 5.41 

Ultimate analysis (wt%, dry ash-free basis [81]  

C 59.31 

H 9.78 

N 2.08 

S 0.11 

O 28.74 

Molecular formula CH1.98N0.03S0.0007O0.36 

Heating value (MJ/kg, dry basis)  

HHV 28.29 

LVH 26.88 
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4.2 Thermal degradation process 

The Thermogravimetric analysis was conducted under argon conditions to create an inert 

atmosphere during the experiment. The performance of the TG and DTG curves shows similar 

behavior at different heating rates (Figure 4.1). The degradation of lignocellulosic compounds 

begins at temperature exceeding 150°C [25]. A large peak is observed in the range of 

temperature between 250 and 380 ◦C and corresponds to the degradation of cellulose. Two other 

peaks, which are more or less perceptible depending on the type of biomass, can be seen 

overlapping the cellulose peak. Thus, at temperatures between 200 and 300 ◦C, the degradation 

of hemicellulose occurs, which proves a deformation of the cellulose peak in that temperature 

range. Finally, lignin is the component with the most complex structure, and its decomposition 

range is the widest, occurring from temperatures lesser than 200 ◦C to the final temperature of 

the analysis. The degradation of lignin is more significant near the 450 ◦C zone, where a small 

peak can be observed that overlaps with the end of the cellulose degradation. 

The positions and especially the value of the peaks are dependent on the heating rate of the 

pyrolysis process. The higher the heating rate, the higher are the peaks temperatures as observed 

in Figure 4.1. At a higher heating rate, the heat transfer efficiency is generally low because the 

core temperature would be relatively lower than the outer surface temperature. The heating rate 

also greatly affects the conversion process leading to different product distribution as well. The 

heating rate greatly affects the conversion process leading to different product distribution. 

Ideally, the Thermogravimetric analysis must be done at a constant heating rate for each run, 

the increase of temperature with respect to the time must remain constant. However, as shown 

in Figure 4.1, d, the temperature change over time does not follow a straight line, for 

temperatures below 450 ° C, a constant heating rate is observed and, results in constant slopes 

for the 4 runs (5K / min, 15K / min 20K / min, and 30K / min). Above 450 ° C, the apparatus 

used for the thermogravimetric experiment had difficulty in maintaining constant the heating 

rate, that is why we can observe irregularities. This is due to the low thermal power of the device 

which cannot exceed 30K/min. However, as more than 60% of the degradation takes place at 

less than 400°C, it is still possible to exploit usefully the data of the experiment, but with special 

attention to the high temperatures and heating rate.  
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a)  

 

b)  

 

c)  

 

d) 

 

Figure 4.1. TG and DTG curves of CP pyrolysis. a) X curves; b) DTG curves; c) α curves; d) 

Temperature vs time curves. 

4.3 Lignocellulosic composition 

4.3.1. Analytical/chemical Method 

The lignocellulosic biomass wt.% composition was determined by chemical methods within 

the laboratories of the School of Chemical engineering at Jimma Institute Technology. The 

results are summarized in Table 4.2. The results obtained are in-line with the general 

composition of biomass: Cellulose (30−55 wt %), hemicellulose (13−35 wt %), lignin (14−36 

wt %), and extractives lower than 15−20% [24].  Note that CP contains a large amount of 

extractives: around 15%, this is due to the high starch content of cassava products [82], [83].  

 

 



49 
 

Table 4.2. Lignocellulosic composition of Cassava peels, experimental result on DAF basis 

Component Result Average value 

Run 1 Run 2 Run 3 

Extractives 14.96 15.67 16.06 15.56±0.40 

Hemicellulose 29.79 29.40 29.63 29.59±0.13 

Cellulose 33.90 34.50 33.70 34.03±0.31 

Lignin 20.59 21.02 20.79 20.8±0.14 

NB: the average result is reported as a mean value with average deviation values of three replicates.  

4.3.2 Prediction based on elemental composition 

From the result obtained by elemental analysis, it is clear that CP is a type of biomass rich in 

hydrogen compared to the average of the majority of biomass. The method proposed by Debiagi 

el al. [30], which extends the characterization of biomass from the elemental composition by 

taking into account the extractive compounds, is only valid if the H / C ratios are in a certain 

area as shown in Figure 3.2. The same study conducted on more than 600 types of biomass 

concluded that the TGL content in RM2 species increases with the hydrogen content while for 

biomass low in hydrogen, the TGL content tends towards zero in favor of TANN. Thus, biomass 

rich in hydrogen can be subdivided only into RM1 and RM2 species and those very low in 

hydrogen into RM1 and RM3. Recall that RM1 species contains cellulose and hemicellulose 

(60% cellulose contains 40% hemicellulose by default if the experimental data are not 

available), RM2 includes hydrogen-rich lignin (LIG-H) and a portion of LIG-C in a ratio of 

80% LIG-H against 20% of LIG-C. As for the RM3 group, this contains the oxygen-rich lignin 

(LIG-O) and a small amount of LIG-C in a ratio of 80% LIG-H against 20% LIG-C. 

The reference species RM-1 remains a proper average of cellulose and hemicellulose, the 

reference lignin mixtures (RM-2 and RM-3) are more flexible and they can move toward the 

reference species TGL or TANN, depending on the biomass composition, including, in this 

way, most of the biomass samples. As mentioned earlier, for biomass rich in hydrogen, the 

amount of TGL progressively increases in the RM-2 mixtures. Similarly, for biomass with low 

hydrogen content, the reference mixture RM-3 increases its content of the reference component 

of tannin species (TANN). 

As an example, the hybrid poplar with an elemental composition (on a daf basis) of H/C/O = 

0.0565/0.5092/0.4343, outside the applicability range of the previous model, is now 

characterized including 20% TANN in RM-3. Thus, the splitting parameters become α/β/γ/δ/ε 

= 0.6/0.8/0.8/1/0.8, where the value ε = 0.8 means that 80% of lignins (LIGO and LIGC) and 

20% of TANN are combined to define RM-3. In this way, the biomass with low H content also 
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enters into the characterization region. The solution of the linear system of H/C/O balance 

equations gives the following mass composition of the reference mixtures: 

RM‐1 = 0.5597 RM‐2 = 0.0020 RM‐3 = 0.4384  

The amount of the reference mixture RM-2 is very low, because of the low hydrogen content 

and can be neglected compared to the other references. Thus, these biomass results are mostly 

split between RM-1 and RM-3. Similarly, biomass with high hydrogen content is mostly split 

between RM-1 and RM-2. 

Cassava peels with H / C / O = 0.0978 / 0.5931 / 0.2874 are outside of the scope of applicability 

of this method (Figure 4.2). However, the findings of this study can be valued here and allow 

us mainly to characterize the type of Extractives obtained by the chemical (experimental) 

method on the one hand and on the other hand allow us to logically define the percentage of 

each type of lignin. Thus, using the splitting parameters: α / β / γ / δ / ε = 0.86/0.8/0.8/0.8/1, it 

is possible to characterized our sample. The value α = 0.86 is taken from the experimental result, 

the value δ = 0.8 means that 80% of lignins (LIGH and LIGC) and 20% of TGL are combined 

to obtain RM-2. 

The mass composition for the seven reference species of Cassava Peels are presented in Table 

4.3.

 

Figure 4.2. Biomass characterization. Reference species and Cassava Peel sample in the H% 

vs C% plot 
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Table 4.3. Mass composition for the seven reference species of Cassava Peels  

     LIGNIN EXTRACTIVES     

 CELL HCELL LIGC LIGH LIGO TGL TANN H2O ASH 

DAF 34.0300 29.5900 2.5761 18.2239 0.0000 15.5600 0.0000 - - 

wet AF 31.2327 27.1577 2.3644 16.7259 0.0000 14.2810 0.0000 8.2200 - 

wet+ash 29.3917 25.5569 2.2250 15.7399 0.0000 13.4392 0.0000 8.2200 5.4100 

  

4.2.3 TGA-PKM method 

The TGA-PKM method was proposed by D. Díez, et al. [25] for fast determination of the 

lignocellulosic composition of biomass in weight % on a dry and ash and extractives-free basis. 

From that study D. Díez, et al. [25], it was difficult to isolate the extractives from the other 

components during the thermogravimetric analysis (TGA) since the extractives thermally 

degrade in the temperature range of 200–400 ◦C, which falls within the range in which 

hemicellulose, cellulose, and lignin are degraded. This approach has been proven to be very 

effective for the fast determination of the main component of the majority of biomass namely: 

cellulose, hemicellulose, and lignin. However, for biomass rich in extractives such as cassava 

peels, for example, this method has limits since during thermal degradation, the extractive 

compounds also degrade.  

In this study, it is proposed to extend the method by taking into account extractives compounds, 

this increases the number of pseudocomponents and therefore the number of parameters to be 

estimated. Therefore the convergence of the method becomes very problematic and invites the 

researchers to be more astute in the choice of the initial conditions. 

First, it was necessary to determine the minimum number of pseudocomponents needed to 

adequately represent the evolution of each of the four fractions (cellulose, hemicellulose, lignin, 

and extractive) and all volatiles generated during the thermal degradation process. For this, in 

the present study, the degradation behavior of each one of these four components was assumed 

to be as presented by Debiagi el al. [30] (see Figure 3.3). From the DTG curves of these 

components, it can be clearly seen that cellulose presents only one peak, hemicellulose two 

main peaks, three peaks for lignin, one peek for TGL, and two for TANN. Therefore, for our 

study, the minimum number of pseudocomponents necessary for the quantification of each 

fraction is shown in Table 4.4. The use of a larger number of pseudocomponents could induce 

overfitting. 
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Figure 4.3. TGA and DTG curves of biomass components [30] 

Table 4.4. Minimum number of components for each biomass fraction. 

Component Temperature Range, ◦C Number of Pseudocomponents 

Hemicellulose 200–350 2 

Cellulose 250–350 1 

Lignin 

TGL 

TANN 

150–1000 

280-400 

150-1000 

3 

1 

2 

As discussed previously, this method is very sensitive to the initial conditions of the kinetic 

parameters. These initial values must be chosen carefully (Table 4.6). Moreover, to improve 

the accuracy of estimation of the kinetic parameters, it was found that the use of upper and 

lower limits of the kinetic parameters (Tables 4.7 and 4.8) was necessary, not only to ensure 

adequate values of the pre-exponential and activation energy but, also, to provide adequate seed 

values for the determination of the hemicellulose, cellulose, lignin and extractives fractions. . 

A single heating rate of 20K/min was employed in the determination of the main lignocellulosic 

fractions. A low heating rate achieves a better separation of the degraded compounds and is 

less time-consuming. However, it is possible to use three or more heating rates for the 

quantification of the four main fractions but this is more time-consuming and it does not change 

much to the final results  [25]. 

It is important to note that the greater the number of variables to be estimated, the more difficult 

the algorithm has to converge towards a realistic solution, so it is important to reduce the 

number of variables as much as possible. In this study, as discussed in the previous section, the 

probability of having TANN type extractives is very low and these can therefore be assumed 
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to be non-existent in the sample used in this study, the related pseudocomponents are thus 

reduced to zero in the solution. 

Table 4.6. Initial kinetic parameters of the pseudocomponents (PC). 

Kinetic 

Parameters 
PC 
1 

PC 
2 

PC 
3 

PC 
4 

PC 
5 

PC 
6 

PC 
7 

PC 
8 

PC 
9 

K (s−1) 8.20*106 1.40*105 9.44*1013 5.03*1001 6 1 1.55*105 2.00 2.00 

E (kJ mol−1) 95.00 125.00 175.00 45.00 35.00 50.00 90.00 45.00 45.00 

Xj,0 (wt.%) 0.25 0.09 0.32 0.03 0.18 0.03 0.15 0.00 0.00 

 

Table 4.7. Lower bounds of the pseudocomponents (PC). 

Kinetic 

Parameters 
PC 
1 

PC 
2 

PC 
3 

PC 
4 

PC 
5 

PC 
6 

PC 
7 

PC 
8 

PC 
9 

K (s−1) 5.74*106 9.82*104 6.61*1013 35.2 3.91 72.3 1.08*105 1.40 1.40 

E (kJ mol−1) 66.50 87.50 122.50 31.50 24.50 35.00 63.00 31.50 31.50 

Xj,0 (wt.%) 0.05 0.05 0.32 0.01 0.13 0.00 0.13 0.00 0.00 

 

Table 4.8. Upper bounds of the pseudocomponents (PC). 

Kinetic 

Parameters 
PC 
1 

PC 
2 

PC 
3 

PC 
4 

PC 
5 

PC 
6 

PC 
7 

PC 
8 

PC 
9 

K (s−1) 9.84*106 1.68*105 1.130*1014 60.4 6.71 1.24 1.86*105 2.4 2.4 

E (kJ mol−1) 114.00 150.00 210.00 54.00 42.00 60.00 108.00 54.00 54.00 

Xj,0 (wt.%) 0.25 0.25 0.40 0.05 0.20 0.03 0.20 0.00 0.00 

Finally, considering the above, the values of the kinetic parameters of each pseudocomponents 

were calculated by the TGA-PKM method and are reported in Table 4.9. Note that since we 

considered that all the extractives in our biomass are TGL type, during the calculation TANN 

pseudocomponents were not taken into consideration. Overall, the results obtained in this study 

are in reasonable ranges when compared to the results corresponding to the kinetics of other 

biomasses published, as can be seen in Table 4.10. 

Table 4.9. Kinetic parameters of the pseudocomponents. 

 Hemicellulose Cellulose Lignin Extractives 

Kinetic 

Parameters 
PC 
1 

PC 
2 

PC 
3 

PC 
4 

PC 
5 

PC 
6 

PC 
7 

K (s−1) 9.52*106 1.45*105 6.70*1013 60.8 5.08 1.44 1.08*105 

E (kJ mol−1) 99.52 130.89 171.29 47.84 33.30 40.85 92.51 

Xj,0 (wt.%) 0.25 0.06 0.32 0.06 0.18 0.03 0.13 
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Table 4.10. Kinetic parameters from other studies. 

Component 
Temperature, °C 

E, kJ mol−1 K, min−1 Reference 

Hemicellulose 
200–350 127.00 

83.20–96.40 

9.5 × 1010 

4.55 × 106–1.57 × 108 

[84] 

[85] 

Cellulose 
300–340 227.02 

239.70–325.00 

3.36 × 1018 

16.30 × 1019–3.62 × 1026 

[86] 

[85] 

Lignin 

220–380 

25–900  

160–680 

7.80 

47.90–54.50 

25.20 

2.96 × 10−3 

6.80 × 102–6.60 × 104 

4.70 × 102 

[86] 

[87] 

[88] 

  20.00–29.10 5.35 × 10–3.18 [85] 

Figures 4.4 shows the fit of the model to the DTG experimental data, as well as the contribution 

of the different pseudocomponents to the model. It can be seen that a good fit is achieved 

between the global model, obtained as the envelope resulting from the sum of all 

pseudocomponents, and the experimental curve.  

 

Figure 4.4. Model fitted to the experimental DTG curve. 

By comparison, between the kinetic constants in Table 4.9 and Figure 4.4, it can be seen that 

low activation energy leads to a reaction in the low-temperature zone and vice versa. With 
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respect to the pre-exponential factor, low values cause the reaction rate to be slower and to take 

place over a wider temperature range, which is characteristic of the lignin pseudocomponents. 

On the contrary, high values of the pre-exponential factor increase the reaction rate, leading to 

a narrower temperature range, which is characteristic of cellulose, for example. On the other 

hand, at the same activation energy, a higher pre-exponential factor causes the reaction to take 

place in the high-temperature zone. For example, there are lignin pseudocomponents with 

similar activation energy as hemicellulose pseudocomponents (Table 4.9) but with much lower 

pre-exponential factors, which cause the reaction to take place at higher temperatures. The 

quality of the fit is expressed as R2 = 0.9765, and it is a very good convergence. 

Let us indicate here the difficulty of convergence of the algorithm to differentiate between 

cellulose and extractives of the TGL type, indeed these compounds degrade in the same 

temperature range and at almost the same speed (see Figures 4.4). To force the algorithm, it 

was important, based on the experimental data to set the cellulose limits in a certain range, so 

the algorithm is forced to take into account TGL. It is for this reason that the percentage of 

cellulose in Table 5.9 has fallen to the minimum set in Table 4.7. This difficulty was also 

reported by D. Diez et al. [25], who did not take into account all extractives in their simulation 

to get around this problem. This approach gives acceptable results for biomass less rich in 

extractives, but in our case, this approach would lead to major errors. 

TGA-PKM method, therefore, addresses this major problem for the characterization of biomass 

rich in extractives. TGL behaves almost the same as cellulose, and TANN like lignin (see 

Figure 4.3). However, the method remains very interesting for the fast determination of 

lignocellulosic components on a dry, ash, and extractive-free basis. Therefore we recommend 

this method for the characterization of low extractives biomass. For biomass rich in extractives, 

this method can still be used, but if and only if, before proceeding with the thermogravimetry 

experiment, care has been taken to extract the extractive compounds in the biomass. Note that 

extractives can be easily removed from biomass using organic solvents, such as benzene, 

alcohol, or water [25]. 

For validation and comparison purposes, Table 4.11 shows the comparison between the 

experimentally determined composition and the data obtained with the TGA-PKM method. As 

it can be seen, despite the difficulties and limitations of this method, there is a good agreement 

between the data obtained through the experiment and the TGA-PKM model. 
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Table 4.11. Comparison between the experiment and thermogravimetric analysis 

pseudocomponent kinetic model (TGA-PKM) results. 

Component 

Analytical Method 

wt.%, 

Dry, Ash and 

Extractives-Free Basis 

TGA-PKM Method 

wt.%, 

Dry, Ash and 

Extractives-Free Basis 

Error, 

wt.% 

 

%Error 

Hemicellulose 

Cellulose 

29.59 

34.03 

30.83 

32.00 

-1.24. 

2.03 

-4.19% 

5.96% 

Lignin 20.08 26.81 -6.73 -33.66% 

Extractives 15.56 13.00 2.56 16.45% 

The following error ranges are obtained between the values measured experimentally and those 

inferred by the TGA-PKM method for each of the main fractions: hemicellulose (–1.24%), 

cellulose (–2.03%), lignin (–6.73%), and extractive (2.56). The level of accuracy achieved is 

considered acceptable, taking into account that it is within the error range of the chemical 

methods. For example, Korpinen et al. [85] found that the determination of lignin by different 

chemical methods can be as high as 10 wt.%; Ioelovich et al. [89] also determined a difference 

of 4 wt.% between the TAPPI and NERL methods in the determination of the cellulose content. 

In this way, the TGA-PKM method allows obtaining a fast estimation of the contents of the 

main lignocellulosic fractions within the ranges that would be obtained by chemical analysis. 

Therefore, for biomass with the elemental composition that falls dawn outside, the TGA-PKM 

method is another option for fast determination of lignocellulosic fractions content. 

4.4 Isoconversional kinetic model of CP 

Figures 4.3a, 4.3b and 4.3c show the FWO and KAS and Friedman plots for CP-based pyrolysis 

processes. The first two are integral methods and are the most popular for the analysis of the 

kinetics of biomass material during the pyrolysis [36], [57]; the last, Friedman method, is a 

differential method and is considered to be more precise one as discussed in [57] despite its 

complexity. As mentioned in section 4.2; During the thermogravimetric analysis, the device 

used had difficulty in maintaining the heating rate constant due to its low thermal power, so 

above 400 ° C, the heating rate was fluctuating. This explains the lack of collinearity for 

conversion rate values greater than 50% (see Figure 4.3). For this reason, the energy activation 

values were calculated only for the conversion rate below 50%. A simple linear interpolation 

was applied to estimate the energy activation value above 50% conversion rate. 

On the basis of the results found, it can be noted that the three methods give different values. 

The activation energy varies from 115.52kJ / mol to 341.01kJ / mol for the KSA method, 

123.9kJ /mol to 351.4kJ/mol for the FWO method, and 160.05kJ/mol to 602.92kJ/mol for the 
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Friedman method. The mean activation energy (Ea) of CP calculated using KAS, FWO, and 

Friedman method was 224.87kJ/mol, 234.3kJ/mol, and 347.87kJ/mol respectively in this study. 

These values, especially those obtained by FWO and KSA methods are similar to literature 

values for the traditional biomass pyrolysis process [12]. 

Table 4.12. Kinetics parameters of cassava peels at different degrees of conversion  

  Friedman FWO KSA 

Alpha 

Ea 

(kJ/mol) A (1/sec) R2 Ea (kJ/mol) A (1/sec) R2 

Ea 

(kJ/mol) A (1/sec) R2 

0.10 160.05 5.16E+09 0.91 123.90 2.17E+07 0.99 115.52 6.03E+06 0.98 

0.20 198.75 1.70E+12 0.98 162.93 7.95E+09 0.95 154.11 2.11E+09 0.94 

0.30 219.94 4.00E+13 0.95 183.67 1.79E+11 0.95 174.61 4.60E+10 0.95 

0.40 255.10 7.40E+15 0.85 200.78 2.30E+12 0.86 191.50 5.76E+11 0.85 

0.50 379.05 6.41E+23 0.54 253.11 5.52E+15 0.51 243.51 1.33E+15 0.49 

0.60 443.81 8.56E+27  281.96 3.94E+17  272.11 9.19E+16  

0.70 523.37 9.73E+32  316.68 6.63E+19  306.56 1.49E+19  

0.80 602.92 1.08E+38  351.40 1.10E+22  341.01 2.39E+21  

Mean 347.87 1.25E+37 0.85 234.30 1.29E+21 0.85 224.87 2.79E+20 0.84 

 

a)  
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b)   

c)   

Figure 4.5. Model-free kinetics. a) KAS model. b) FWO model. c) Friedman model 

4.5 Thermodynamics of CP 

Arrhenius pre-exponential factor (A), enthalpy (ΔH), Gibbs free energy(ΔG), and entropy (ΔS) 

are the important thermodynamic parameters. As described in [57], these parameters can be 

calculated based on the activation energy by the following equations.  

 

𝐴𝛼 =
𝛽𝐸𝛼𝑒𝑥𝑝 (

𝐸𝛼
𝑅𝑇𝑚

)

𝑅𝑇𝑚2
 

(4.3) 
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 ΔH𝛼 = E𝛼 − RT𝛼 (4.4) 

 
ΔG𝛼 = E𝛼 − RT𝑚𝑙𝑛 (K𝐵  

T𝑚
hA𝛼

) 
(4.5) 

 
ΔS𝛼 =

ΔH𝛼 − ΔG𝛼
T𝑚

 
(4.6) 

where KB is the Boltzmann constant (1.38064852*10-23m2kgs-2K-1), h is Plank’s constant 

(6.62607004*10-34m2kg s-1),  𝛽  is the heating rate, and Tm is the peak temperature. 

Figure 4.6 demonstrates the thermodynamic parameters of CP using the Friedman method. The 

Arrhenius exponential factor implies the empirical relation between reaction rate coefficient 

and temperature, varies from 238.16 s−1 to 1.71*1021 s−1 with a mean value of 1.02*1021s-1. The 

enthalpy, total heat content of the system, ranges from 33.48 to 241.26 kJ/mol with a mean 

value of 111.68 kJ/mol.  The Gibbs free energy may be inferred as the energy for the formation 

of the activated complex. It is also the available energy from biomass associated with the 

pyrolysis process. The Gibbs free energy (142.64–155.32 kJ/mol) does not change much for 

either method for different conversion. It has a mean value of 148.61kJ/mol. The likelihood of 

the pyrolysis reaction can be determined from the difference between activation energy and 

enthalpy values. At thermodynamic equilibrium, the change in Gibbs free energy is 0. Since the 

products are withdrawn from the system continuously, the system never reaches true 

thermodynamic equilibria as evidenced from the results.  The Entropy, the measure of disorder, 

changes from −217.26 J/K to 162.91 J/K with a mean value of -65.84J/K.  

As biomass pyrolysis is a complex process, a negative entropy value can occur. It is possible to 

have a lower degree of disorder of the products compared to the reactants due to the bond 

dissociation. A lower value of ΔS may relate to only physical change and little chemical 

reactivity. However, higher reactivity and rapid activated complex formation are marked by a 

higher value of ΔS Kaur et al. [90]. 
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a)  

b)   

c)  
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d)  

Figure 4.6. Thermodynamic parameters of CP from Friedman, FWO, and KSA method. a) 

Activation energy. b) Change in Enthalpy. c) log10 (Arrhenius exponential factor). d) Change 

in Entropy. 

4.6 Effect of pyrolysis parameters on released products 

This section presents and discusses the findings of the main objective of this thesis work which 

was to investigate the influence of pyrolysis operating parameters on the bio-oil yield from CP. 

For a given rector, the main parameters that influence the pyrolysis process are mainly the 

heating rate, pyrolysis temperature, vapor residence time, biomass residence time, and particle 

size of the biomass. For the particle size less than 0.5mm, the effect of the size of the particle 

can be neglected (see Figure 4.7 and 4.8), this assumption allows considering that the particle 

heats up instantaneously and therefore we can neglect the temperature difference in the particle 

as well as heat transfer by convection and radiation within the porous media of the particle. 

Thus, only the heat transfer by conduction in the particle is dominant. 
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Figure 4.7. Temperature gradient between the surface and the center of the particle 

(HR=100K/min) 

  

Figure 4.8. Temperature profile as function of reaction time, position at 100K/min 

The longer the biomass traps in the reactor, the more all the biomass has the chance to be broken 

down into byproducts. Since the objective of this study is to convert all biomass into byproducts 

(char, gas, and bio-oil), it is important to keep the biomass in the reactor until it is completely 

converted. So in this section, the objective is to study the effect of the heating rate, vapor 

residence time, and pyrolysis temperature on the byproduct yields using the multistep detailed 

kinetics. 

An original Matlab code had been developed to solve the detailed multistep kinetics of biomass 

pyrolysis with 27 reactions and 48 species. The developed code gives a similar result to the 

commercial code developed by Politecnico di Milano inside the CRECK project. Table 4.13 
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compared the result obtained by the code used in this study with the ones obtained by CRECK 

software for the same type of biomass. The difference is between -4.35 to -3.89% for solid 

yield, 0.75 to 1.04 % for gas yield, and 2.36 to 3.4 % for liquid yield, suggesting a very good 

agreement. 

Table 4.13. Comparison between code developed in this study and CRECK software results 

 Pine Sawdust Wheat Straw   

Temperature 700°C 700°C   

Heating rate 80K/min 80K/min   

 Ranzi et 

al. [23] 

Present 

work 

Ranzi et 

al. [23] 

Present 

work 

Error  % Error 

Gas yield, % 13.9 13.15 13.3 12.26 0.75-1.04 5.39-7.81% 

Liquid yield, 

% 

65.6 62.2 64.5 62.14 2.36-3.4 3.79-6.7% 

Solid yield, % 20.3 24.65 21.7 25.59 -4.35 to -3.89 -20.14 to -19.16% 

4.6.1 Effect of the heating rate 

The heating rate is a very important parameter in the design of pyrolysis reactors. For the same 

maximum temperature, the higher the heating rate, the faster the biomass is devolatized and the 

more likely we are to produce a large quantity of bio-oil. Remember that the main objective of 

slow pyrolysis is the production of biochar, while fast and flash pyrolysis mainly aims to 

produce bio-oil. However, during pyrolysis, the bio-oil trend undergoes a secondary reaction 

commonly known as "tar cracking". the tar cracking depends mainly on the temperature of the 

reactor and vapor residence time inside the reactor, it does not depend on the heating rate so 

that this process takes place at the temperature of the reactor. 

Studying the effect of all these parameters simultaneously would require more complex 

algorithms and consume a lot of time. Therefore, in this study, at first, the effect of the heating 

rate only is investigated by neglecting the effect of tar cracking and for a single pyrolysis 

temperature. For this, a temperature of 1000K was chosen to ensure that all the biomass was 

converted. Table 4.14 presents the findings of the present investigation, the bio-oil yield 

increase with the heating rate. 
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Table 4.14. Effect of heating rate on the CP pyrolysis released product. 

    10K/min 30K/min 50K/min 80K/min 100K/min 300K/min 1000K/min 

s CELL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s CELLA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s HCE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s HCEA1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s HCA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s LIG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s LIG-C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s LIG-H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s LIG-O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s LIG-CC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

s LIG-OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s TGL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s TANN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s ITANN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s GCO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s GCO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s GCOH2 6.97 6.84 6.78 6.72 6.32 6.53 6.32 

s GH2 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

s GCH4 1.48 1.48 1.49 1.49 1.53 1.50 1.53 

s GCH3OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s GC2H4 1.88 1.87 1.86 1.85 1.79 1.82 1.79 

s GCH2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

s CHAR 7.80 7.33 7.18 7.07 7.03 6.94 7.03 

s Ash 5.41 5.41 5.41 5.41 5.41 5.41 5.41 

 Total Solid 23.58 22.97 22.75 22.58 22.51 22.23 22.13 

l ACRO 0.76 0.76 0.76 0.76 0.77 0.76 0.77 

l ALD3 1.81 1.97 2.05 2.13 2.60 2.36 2.60 

l ANISOL 0.66 0.65 0.64 0.62 0.45 0.55 0.45 

l C2H5OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

l C3H4O2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

l CH2O 3.18 3.29 3.36 3.42 3.92 3.64 3.92 

l CH3OH 2.62 2.70 2.74 2.79 3.23 2.97 3.23 

l COUMARYL 0.24 0.24 0.24 0.24 0.24 0.24 0.24 

l ETOH 0.61 0.63 0.63 0.64 0.72 0.67 0.72 

l FE2MACR 2.96 2.92 2.87 2.80 2.03 2.47 2.03 

l FFA 11.47 11.44 11.43 11.43 11.52 11.44 11.52 

l GLYOX 0.55 0.65 0.70 0.74 0.98 0.86 0.98 

l H2O 12.87 12.34 12.15 12.02 11.69 11.77 11.69 

l HAA 3.41 3.65 3.76 3.87 4.37 4.14 4.37 

l HCOOH 0.38 0.38 0.39 0.39 0.42 0.41 0.42 

l HMFU 1.50 1.77 1.89 2.01 2.65 2.34 2.65 

l LVG 14.72 14.47 14.25 14.00 12.18 13.13 12.18 

l MECHO 0.50 0.55 0.57 0.59 0.69 0.64 0.69 

l PHENOL 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

l XYL 7.52 7.73 7.80 7.83 7.17 7.73 7.17 

 Total Liquid 65.87 66.25 66.35 66.38 66.38 66.22 65.72 

g H2 0.00 0.01 0.01 0.01 0.01 0.01 0.01 

g CO 3.18 3.29 3.35 3.42 3.98 3.67 3.98 

g CO2 6.71 6.81 6.86 6.91 7.27 7.07 7.27 

g CH4 0.09 0.10 0.10 0.10 0.14 0.13 0.14 

g C2H4 0.56 0.57 0.58 0.59 0.74 0.66 0.74 

 Total Gas 10.55 10.78 10.90 11.04 11.10 11.54 12.14 

   TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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From the result reported in Table 4.14, It can be seen that the bio-oil yield increase with the 

heating rate up to a maximum between 80K/min and 100K/min. This is logical because when 

we move from slow pyrolysis to fast pyrolysis, the bio-oil yield increases. Beyond 100K/min 

the bio-oil yield starts decreasing when the heating rate increases. 

From the above mentioned predicted results, it was inferred that for a given temperature, the 

bio-oil yield is maximal when the heating rate is between 80K/min and 100K/min, it is therefore 

advantageous to have a heating rate in that range, but this must match with the technical 

feasibility of the pyrolysis reactor.  

4.6.2 Effect of vapor residence time and pyrolysis temperature. 

If one were to neglect tar cracking, the reactor temperature may not have an effect on the yield 

of bio-oil since the latter does not undergo any secondary conversion in the reactor. On the 

other hand, it is not realistic to neglect the tar cracking during pyrolysis because the vapors stay 

some time inside the reactor before it is evacuated, and during this time, they are undergoing a 

secondary transformation. As it can be logically understood, the greater the residence time, the 

more the bio-oil is expected to get cracked into gas. To maximize the bio-oil, for a given 

pyrolysis temperature, it is, therefore, preferable to minimize the vapor residence time in the 

reactor. The residence time depends mainly on the nitrogen (or other inert gas used) flow rate 

per volume of the reactor, the larger the reactor, the more inert gas is needed to reduce. 

A cost analysis must be carried out in the optimization of vapor residence time for a given 

reactor since using a high flow rate of nitrogen to create the inert conducive condition for the 

pyrolysis may be costly in the long term. For some applications, the gas produced by the 

pyrolysis is used as fuel to heat the reactor, so it is possible to use the CO2 from the combustion 

as pyrolysis inert gas to reduce the cost that the use of nitrogen would incur for example. Figure 

4.9. gives an illustration of the effect of vapor residence time on bio-oil yield at 800K and 

heating rate of 80K/min. It is assumed that the reactor temperature remains constant and equal 

to 800K. 
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Figure 4.9. Effect of vapor residence time on bio-oil yield at 800K, β=100K/min 

So far, the effects of the heating rate and the vapor residence time on the bio-oil yield from CP 

pyrolysis were discussed. However, one of the key parameters remains the pyrolysis 

temperature which at the same time influences the byproduct yields, the pyrolysis time, and the 

tar cracking. Although it is recommended to have the heating rate between 80K/min and 

100K/min and the residence time as lower as possible, for practical reasons and taking into 

account the technical feasibility, the impact of the pyrolysis temperature was analyzed by 

setting β = 100K/min and RT = 0.25, 0.5, 0.75 and 1s.  

From the results reported in Figure 4.10, one can see that the bio-oil yield increases with the 

temperature until around 475°C and starts decreasing. For temperatures below 475°C, the tar 

cracking effect is not very significant but all the biomass did not undergo complete conversion, 

which justifies a large amount of solids at the end of the process. Above 475°C, the biomass 

conversion is high but a part of bio-oil is transformed into gas, which justifies the increase in 

gas in this area. Hence, It can be concluded that the optimum temperature is around 475°C but 

it is important to note that each type of reactor configuration requires a specific study to 

optimize the residence time taking into account the geometry and the cost analysis and then 

move on to the optimization of the temperature. 
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a)  

b)  

Figure 4.10. Effect of pyrolysis temperature on a) bio-oil yield; b) gas yield 

For the sake of comparison, the result from the present model prediction was compared to the 

experimental result for cassava stalk (CS) and rhizome (CR) published by Pattiya et al.[20]. 

Their pyrolysis was conducted in a free-fall reactor made up of 304 stainless steel tubes of 1m 

height and 7.7mm internal diameter, the nitrogen flow rate was equal to 3l/min. From Figure 

4.11, one can see that results from this study follow a similar trend with the results from Cassava 

Stalk (CR) experiment with a maximum bio-oil yield at approximatively 475°C. 
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Figure 4.11. Comparison with experimental data, RT=0.25s 

The similarity between the pyrolysis behavior of cassava peels and cassava stalk can be 

explained by their high hydrogen content. Indeed, the H2 content of CR is lower compared to 

CS [73] and CS. Since the elemental composition of cassava stalk is close to the one of cassava 

peels, the lignocellulosic composition also may be close.   
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CHAPTER 5. GENERAL CONCLUSION AND 

RECOMMENDATIONS 

The objectives of this work were to study the influence of pyrolysis operating parameters on 

the bio-oil yield from cassava peels. Cassava peels were collected from fresh cassava tubers, 

dried, and ground to get particle size less than 0.5mm. The thermogravimetric analysis carried 

out allowed to experimentally study the behavior of the thermal devolatilization of CP under 

four different heating rates. From the integral (FWO and KSA methods) and differential 

(Friedman method), it was possible to determine the simple one-step kinetic parameters of CP 

pyrolysis and deduce the thermodynamic parameters such as a change in enthalpy, Gibbs 

energy, and entropy. Proximate and Ultimate analysis performed, helped to characterize the CP 

sample and the lignocellulosic composition was determined experimentally using chemical 

methods. Furthermore, the feasibility of using the TGA-PKM method to determine the 

lignocellulosic composition was carried out, and finally, using the detailed multistep kinetics 

models developed by Ranzi et al. [23], a parametric sensitivity analysis was conducted to study 

the influence of pyrolysis parameters on the released product yield. 

Calculation program codes were developed in Matlab for the numerical simulation of 

mathematical models. From the results obtained, the following conclusions can be drawn: 

- From proximate analysis alone, it was noticed that CP contains a great potential for 

producing bio-oil via thermochemical conversion due to its high content in volatile 

matters (78.82%). Their high hydrogen content (9.5%) was also found to be higher than 

the average for woody biomass. 

- Due to the performance problem of the TGA equipment, it was difficult to maintain the 

heating rate as constant above 400°C, thus the TGA data above that temperature was 

not obtained based on a constant heating rate. However, to work around this problem 

when determining kinetics parameters, computations were made for the conversion rate 

less than 50% and linear interpolation was used for the conversion rate greater than 

50%. The results obtained by KSA and FWO methods were more close to those listed 

in the literature compared to those obtained by Friedman methods. Friedman's method 

gave relatively higher values. 

- The TGA-PKM method for the fast determination of the lignocellulosic composition of 

biomass is a very good method for biomass with fewer extractives content. But for the 



70 
 

biomass rich in extractives, this method presents a limitation since the extractive values 

are devolatized in the same temperature range as the cellulose and the lignin, and it thus 

becomes difficult to distinguish between the compounds. Thus it was recommended for 

these types of biomass rich in extractives, to proceed with the removal of extraction 

content before going to the TGA experiment so that the analysis is done on dry ash and 

extractive-free basis. 

- The analysis of the influences of pyrolysis operating parameters on the byproduct yield 

helped to notice that the study of the optimization of these parameters cannot rest only 

on the technical basis but should involve the cost analysis. The heating rate has a 

proportional influence on the bio-oil yield but the technical feasibility limits it to 

increase it indefinitely. The RT should be reduced to a minimum to limit the effect of 

tar cracking, however for a real reactor it is impossible to override this parameter, 

however, it can be reduced by increasing the flow rate of the gas used to create the inert 

condition inside the reactor. Since using a large amount of inert gas can be expensive, 

the cost analysis must be included when optimizing this parameter. 

- Bio-oil production from CP pyrolysis is a very attractive option not only from an 

environmental point of view by valorizing the cassava residues and thus reducing the 

pollution due to this waste but also and above all, for its energy contribution, its great 

potential to produce biofuel from waste. Thus bio-oil from CP pyrolysis can 

significantly contribute to the UN SDGs in terms of energy, environment, reduction of 

poverty, and creation of employment. 

However, it would be pretentious and illusory to think that the study on the effect of pyrolysis 

operating parameters on the byproduct yields can be considered as complete from the present 

study. Any other contribution aimed at improving and/or supplementing this present work was 

of paramount importance. For example: 

- In this study, following the problems from TGA data, it was not possible to determine 

accurately the pyrolysis kinetics parameter for the conversion rate greater than 50%. It 

is recommended to carry out a new experiment with more precise and reliable 

equipment in order to complete the results obtained by interpolation in this study. Even 

a second attempt using another TGA apparatus also failed due to miscellaneous 

problems. 

- The TGA-PKM method for the determination of the lignocellulosic composition of the 

biomass was shown to have limits for extractive-rich biomass and it had been 
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recommended to remove all extractive compounds before conducting the TGA 

experiment for more precision in the estimation of cellulose, hemicellulose, and lignin 

on dry ash and extractive free basis. 

- The vapor residence time greatly affects the bio-oil yield from pyrolysis, and this RT 

depends mainly on the pyrolysis reactor and inert gas flow rate. In order to optimize this 

parameter, it was found that cost considerations must be taken into account since to 

reduce RT one must increase the inert gas flow rate and this involves additional 

operating cost. A detailed study in this direction is therefore strongly encouraged. 

- For the sake of simplicity, the algorithm used in this study does not take into account 

heat transfer by convection and radiation in the porous media of the biomass particle, 

however, this assumption can only be applied if the particle size is less than 0.5mm. it 

is therefore difficult to assess the effect of the particle size on the pyrolysis process. This 

complexity can be overcome by using more robust algorithms contained in software 

such as OpenFOAM or ANSYS. This implies inserting the detailed biomass kinetics 

into the Multi-Phase Particle In Cell (MPPIC) solver designed for the Computational 

Particle Fluid Dynamics (CPFD). 

In short, all the recommendations made can be taken as scope for further work toward 

accomplishing and improving the study presented in this dissertation. To this end, we encourage 

a complementary experimental study is highly encouraged.  
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APPENDIX 

Appendix A: TGA data (after smoothing and reduction) 

  5K/min 15K/min 20K/min 30K/min 

Alpha T dadt T dadt T dadt T dadt 

0.00 150.10 0.00376 149.27 0.00864 149.89 0.01201 150.61 0.01624 

0.02 174.48 0.00406 190.00 0.00974 188.06 0.01245 190.67 0.01699 

0.04 195.86 0.00468 220.63 0.01570 218.67 0.01665 222.79 0.02327 

0.06 214.22 0.00564 241.41 0.02718 241.75 0.02467 246.91 0.03489 

0.08 229.77 0.00680 250.64 0.03991 256.99 0.03635 263.14 0.05395 

0.10 242.35 0.00891 257.87 0.04985 267.50 0.05395 273.65 0.08122 

0.12 251.71 0.01207 264.00 0.05817 274.63 0.07492 280.74 0.10999 

0.14 258.61 0.01589 269.38 0.06522 279.95 0.09511 286.24 0.13610 

0.16 263.97 0.01987 274.26 0.07122 284.31 0.11326 290.85 0.15910 

0.18 268.37 0.02347 278.78 0.07633 288.07 0.12923 294.88 0.17915 

0.20 272.19 0.02651 283.02 0.08064 291.43 0.14307 298.52 0.19647 

0.22 275.64 0.02895 287.06 0.08426 294.49 0.15490 301.87 0.21125 

0.24 278.86 0.03084 290.95 0.08724 297.36 0.16486 305.02 0.22370 

0.26 281.91 0.03221 294.71 0.08962 300.07 0.17303 308.01 0.23393 

0.28 284.87 0.03307 298.39 0.09146 302.68 0.17950 310.89 0.24207 

0.30 287.77 0.03344 302.00 0.09277 305.20 0.18432 313.68 0.24819 

0.32 290.66 0.03330 305.58 0.09357 307.68 0.18755 316.41 0.25238 

0.34 293.58 0.03267 309.12 0.09388 310.12 0.18922 319.10 0.25465 

0.36 296.58 0.03155 312.67 0.09369 312.56 0.18932 321.78 0.25501 

0.38 299.72 0.02997 316.23 0.09300 315.00 0.18788 324.46 0.25347 

0.40 303.07 0.02796 319.82 0.09180 317.47 0.18489 327.16 0.25002 

0.42 306.69 0.02557 323.47 0.09006 320.00 0.18033 329.90 0.24460 

0.44 310.70 0.02289 327.19 0.08775 322.60 0.17420 332.71 0.23715 

0.46 315.23 0.02006 331.01 0.08485 325.31 0.16645 335.61 0.22759 

0.48 320.46 0.01717 334.97 0.08131 328.16 0.15705 338.64 0.21582 

0.50 326.64 0.01430 339.12 0.07707 331.20 0.14599 341.85 0.20174 

0.52 334.15 0.01154 343.50 0.07207 334.50 0.13324 345.29 0.18521 

0.54 343.65 0.00901 348.20 0.06620 338.15 0.11882 349.06 0.16610 

0.56 355.80 0.00711 353.35 0.05932 342.29 0.10285 353.30 0.14433 

0.58 370.45 0.00610 359.16 0.05126 347.15 0.08567 358.23 0.11991 

0.60 386.86 0.00563 366.03 0.04181 353.11 0.06803 364.27 0.09337 

0.62 404.34 0.00543 374.95 0.03091 360.79 0.05130 372.32 0.06715 

0.64 422.35 0.00530 388.21 0.02082 371.16 0.03725 383.60 0.04658 

0.66 441.20 0.00500 405.97 0.01584 385.14 0.02764 398.40 0.03537 

0.68 461.20 0.00461 424.65 0.01621 402.53 0.02317 415.61 0.03121 

0.70 482.67 0.00427 441.07 0.01771 421.85 0.02249 434.01 0.02905 

0.72 504.97 0.00410 455.80 0.01743 441.45 0.02306 453.56 0.02654 

0.74 527.95 0.00407 470.24 0.01543 460.88 0.02260 474.26 0.02417 

0.76 551.34 0.00406 485.86 0.01149 481.05 0.01995 495.59 0.02197 
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0.78 575.53 0.00392 503.70 0.00725 503.61 0.01574 517.80 0.01982 

0.80 599.88 0.00385 523.37 0.00523 531.22 0.01245 541.95 0.01734 

0.82 625.73 0.00363 546.84 0.00485 563.83 0.01060 568.93 0.01523 

0.84 652.27 0.00382 580.18 0.00507 596.82 0.00982 596.50 0.01397 

0.86 676.46 0.00438 620.60 0.00595 627.70 0.00988 623.82 0.01310 

0.88 697.93 0.00452 658.36 0.00684 656.70 0.01059 652.06 0.01295 

0.90 719.80 0.00412 688.76 0.00638 683.68 0.01042 680.90 0.01116 

0.92 743.25 0.00396 715.53 0.00575 709.15 0.00973 708.54 0.00836 

0.94 766.02 0.00436 741.10 0.00562 735.85 0.00854 735.68 0.00652 

0.96 786.10 0.00496 766.84 0.00564 763.31 0.00729 763.19 0.00651 

0.98 803.90 0.00552 792.57 0.00567 790.79 0.00650 790.72 0.00666 

1.00 819.42 0.00606 818.26 0.00572 818.36 0.00608 818.30 0.00716 

 

Appendix B: Detailed pyrolysis kinetics data 

B.1. Species properties 

 NAME Formula C H O 

Molar  

Weight 

 

NAME Formula C H O 

Molar  

Weight 

s CELL C6H10O5 6 10 5 162 l ALD3 C3H6O 3 6 1 58 

s CELLA C6H10O5 6 10 5 162 l ANISOL C6H5OCH3 7 8 1 108 

s HCE C5H8O4 5 8 4 132 l C2H5OH C2H5OH 2 6 1 46 

s HCEA1 C5H8O4 5 8 4 132 l C3H4O2 C3H4O2 3 4 2 72 

s HCA2 C5H8O4 4 8 4 120 l CH2O CH2O 1 2 1 30 

s LIG C11H12O4 11 12 4 208 l CH3OH CH3OH 1 4 1 32 

s LIG-C C15H14O4 15 14 4 258 l COUMARYL C9H10O2 9 10 2 150 

s LIG-H C22H28O9 22 28 9 436 l ETOH C2H5OH 2 6 1 46 

s LIG-O C20H22O10 20 22 10 422 l FE2MACR C11H12O4 11 12 4 208 

s LIG-CC C15H14O4 15 14 4 258 l FFA C18H32O2 18 32 2 280 

s LIG-OH C19H22O8 19 22 8 378 l GLYOX C2H2O2 2 2 2 58 

s TGL C57H100O7 57 100 7 896 l H2O H2O 0 2 1 18 

s TANN C15H12O7 15 12 7 304 l HAA C2H4O2 2 4 2 60 

s ITANN C9H6O6 9 6 6 210 l HCOOH HCOOH 1 2 2 46 

s GCO2 CO2 1 0 2 44 l HMFU C6H6O3 6 6 3 126 

s GCO CO1 1 0 1 28 l LVG C6H10O5 6 10 5 162 

s GCOH2 COH2 1 2 1 30 l MECHO CH3CHO 2 4 1 44 

s GH2 H2 0 2 0 2 l PHENOL C6H6O1 6 6 1 94 

s GCH4 CH4 1 4 0 16 l XYL C5H8O4 5 8 4 132 

s GCH3OH CH3OH 1 4 1 32 g H2 H3 0 2 0 2 

s GC2H4 C2H4 2 4 0 28 g CO CO 1 0 1 28 

s GCH2 CH3 1 3 0 15 g CO2 CO2 1 0 2 44 

s CHAR C 1 0 0 12 g CH4 CH4 1 4 0 16 

l ACRO C2H3CHO 3 4 1 56 g C2H4 C2H4 2 4 0 28 
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B.2. Kinetics Matrix  
  C

E
L

L
 

C
E

L
L

A
 

C
E

L
L

A
 

C
E

L
L

 

H
C

E
 

H
C

E
A

1
 

H
C

E
A

1
 

H
C

A
1
 

H
C

E
A

2
 

L
IG

-C
 

L
IG

-H
 

L
IG

-O
 

L
IG

-C
C

 

L
IG

-O
H

 

L
IG

 

L
IG

 

L
IG

 

T
G

L
 

T
A

N
N

 

IT
A

N
N

 

G
C

O
2
 

G
C

O
 

G
C

O
H

2
 

G
H

2
 

G
C

H
4
 

G
C

H
3

O

H
 

G
C

2
H

4
 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

s CELL -1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s CELLA 1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s HCE 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s HCEA1 0 0 0 0 0.58 -1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s HCA2 0 0 0 0 0.42 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s LIG 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0 

s LIG-C 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s LIG-H 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s LIG-O 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s LIG-CC 0 0 0 0 0 0 0 0 0 0.35 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s LIG-OH 0 0 0 0 0 0 0 0 0 0 1 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 

s TGL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 

s TANN 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 

s ITANN 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 

s GCO2 0 0 0 0 0 0.275 0.15 0.4 0.4 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 

s GCO 0 0 0 0 0 0 0.15 0 0 0 0 0 0.4 0.6 0.3 0.45 0.2 0 0 0 0 -1 0 0 0 0 0 

s GCOH2 0 0 0 0 0 0.4 1.2 0.925 0.925 0.7 0 0 1 0.85 0 0.5 2 0 0 0 0 0 -1 0 0 0 0 

s GH2 0 0.05 0 0 0 0.125 0.2 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0 -1 0 0 0 

s GCH4 0 0.2 0 0 0 0.325 0.625 0.25 0.25 0.495 0 0 0.65 0.35 0 0.4 0.4 0 0 0 0 0 0 0 -1 0 0 

s GCH3OH 0 0 0 0 0 0.45 0 0.3 0.3 0 0 0 0 0.3 0 0 0.4 0 0 0 0 0 0 0 0 -1 0 

s GC2H4 0 0 0 0 0 0 0.375 0.275 0.275 0 0 0 0.6 0.2 0 0.65 0.5 0 0 0 0 0 0 0 0 0 -1 

s GCH2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

s CHAR 0 0.61 0 6 0 0.875 0.875 1 1 7.735 0 0 6.75 4.15 0 5.5 6 0 0 6 0 0 0 0 0 0 0 

l ACRO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

l ALD3 0 0.3 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0.2 0 0 0 0 0 0 0 0 0 0 0 

l ANISOL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0 0 0 0 0 0 0 0 0 0 0 0 

l C2H5OH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l C3H4O2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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l CH2O 0 0.4 0 0 0 0.8 0.3 0.5 0.5 0.3 0 0 0 0 0 0.2 0.4 0 0 0 0 0 0 0 0 0 0 

l CH3OH 0 0.15 0 0 0 0.1 0 0 0 0 0 0 0 0.6 0 0.4 0 0 0 0 0 0 0 0 0 1 0 

l COUMARYL 0 0 0 0 0 0 0 0 0 0.1 0 0 0.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l ETOH 0 0 0 0 0 0.125 0 0.1 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l FE2MACR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7 0 0 0 0 0 0 0 0 0 0 0 0 

l FFA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 

l GLYOX 0 0.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l H2O 0 0.83 0 5 0 0.025 0.25 0.2 0.2 1 0 0 0.7 0.9 0 0.95 0.6 0 0 3 0 0 0 0 0 0 0 

l HAA 0 0.45 0 0 0 0 0 0.2 0.2 0 0.25 0 0.35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l HCOOH 0 0.02 0 0 0 0.025 0.05 0.025 0.025 0 0 0 0 0.05 0 0.05 0 0 0 0 0 0 0 0 0 0 0 

l HMFU 0 0.25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l LVG 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l MECHO 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0.2 0 0 0 0 0 0 0 0 0 0 0 

l PHENOL 0 0 0 0 0 0 0 0 0 0.08 0 0 0.2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

l XYL 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

g H2 0 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 

g CO 0 0.31 0 0 0 0.5 0.1 0.175 0.175 0.32 0 0 0.4 0.55 0.3 1 0.4 0 0 3 0 1 1 0 0 0 0 

g CO2 0 0.41 0 0 0 0.5 0.8 0.275 0.275 0 0 1 0 0.05 0 0 0 0 0 0 1 0 0 0 0 0 0 

g CH4 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0.2 0.2 0 0 0 0 0 0 0 1 0 0 

g C2H4 0 0 0 0 0 0.25 0 0 0 0.41 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
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Appendix C: Matlab Codes 

C.1. TGA data smoothing and reduction 

%% Initialization  
R=8.314/1000; 
t05=xlsread('TGA','800K','B5:B6639

'); 
t15=xlsread('TGA','800K','I5:I2976

'); 
t20=xlsread('TGA','800K','P5:P2010

'); 
t30=xlsread('TGA','800K','W5:W1692

'); 

  
T05=xlsread('TGA','800K','C5:C6639

'); 
T15=xlsread('TGA','800K','J5:J2976

'); 
T20=xlsread('TGA','800K','Q5:Q2010

'); 
T30=xlsread('TGA','800K','X5:X1692

'); 

  
m05=xlsread('TGA','800K','E5:E6639

'); 
m15=xlsread('TGA','800K','L5:L2976

'); 
m20=xlsread('TGA','800K','S5:S2010

'); 
m30=xlsread('TGA','800K','Z5:Z1692

'); 

  
Beta=[5 15 20 30]; 

  
plot(T05,m05,'r',T15,m15,'k',T20,m

20,'b',T30,m30,'g') 
xlabel('Temperature (°C)') 
ylabel('Weight loss (mg)') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 

  
figure 
plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Time (min)') 
ylabel('Temperature (°C)') 
grid on 
%% Smoothing 

  
t1=smooth(t05,0.1,'loess'); 
t2=smooth(t15,0.2,'loess'); 
t3=smooth(t20,0.1,'loess'); 
t4=smooth(t30,0.1,'loess'); 

  
T1=smooth(T05,0.1,'loess'); 
T2=smooth(T15,0.2,'loess'); 

T3=smooth(T20,0.1,'loess'); 
T4=smooth(T30,0.1,'loess'); 

  
m1=smooth(m05,0.1,'loess'); 
m2=smooth(m15,0.2,'loess'); 
m3=smooth(m20,0.1,'loess'); 
m4=smooth(m30,0.1,'loess'); 

  
figure 
plot(T1,m1,'r',T2,m2,'k',T3,m3,'b'

,T4,m4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight loss (mg)') 
grid on 
figure 
plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Time (min)') 
ylabel('Temperature (°C)') 
grid on 
%% Data filtering 

  
n11=numel(T1); 
n21=numel(T2); 
n31=numel(T3); 
n41=numel(T4); 

  
T1(T1<150)=[]; 
T2(T2<150)=[]; 
T3(T3<150)=[]; 
T4(T4<150)=[]; 

  
n12=numel(T1); 
n22=numel(T2); 
n32=numel(T3); 
n42=numel(T4); 

  
n1=n11-n12+1; 
n2=n21-n22+1; 
n3=n31-n32+1; 
n4=n41-n42+1; 

  
t1=t1(n1:n11); 
t2=t2(n2:n21); 
t3=t3(n3:n31); 
t4=t4(n4:n41); 

  
m1=m1(n1:n11); 
m2=m2(n2:n21); 
m3=m3(n3:n31); 
m4=m4(n4:n41); 

  
figure 
plot(T1,m1,'r',T2,m2,'k',T3,m3,'b'

,T4,m4,'g') 
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legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight loss (mg)') 
grid on 

  
figure 
plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Time (min)') 
ylabel('Temperature (°C)') 
grid on 
%% calcutlation of alpha, and dadT 

  
a1=(max(m1)-m1)/(max(m1)-min(m1)); 
a2=(max(m2)-m2)/(max(m2)-min(m2)); 
a3=(max(m3)-m3)/(max(m3)-min(m3)); 
a4=(max(m4)-m4)/(max(m4)-min(m4)); 

  

  
for i=1:length(T1) 
    if i==1 
        dadT1(i,1)=(a1(i)-

a1(i+1))/(T1(i)-T1(i+1)); 
    else 
        dadT1(i,1)=(a1(i)-a1(i-

1))/(T1(i)-T1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadT2(i,1)=(a2(i)-

a2(i+1))/(T2(i)-T2(i+1)); 
    else 
        dadT2(i,1)=(a2(i)-a2(i-

1))/(T2(i)-T2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadT3(i,1)=(a3(i)-

a3(i+1))/(T3(i)-T3(i+1)); 
    else 
        dadT3(i,1)=(a3(i)-a3(i-

1))/(T3(i)-T3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadT4(i,1)=(a4(i)-

a4(i+1))/(T4(i)-T4(i+1)); 
    else 
        dadT4(i,1)=(a4(i)-a4(i-

1))/(T4(i)-T4(i-1)); 
    end 
end 

  
figure 

plot(T1,a1,'b',T2,a2,'k',T3,a3,'r'

,T4,a4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('degree of conversion 

(\alpha, wt.%)') 
grid on 
figure 
plot(T1,dadT1,'b',T2,dadT2,'k',T3,

dadT3,'r',T4,dadT4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/K)') 
grid on 

  
%% dadt 
for i=1:length(T1) 
    if i==1 
        dadt1(i,1)=(a1(i)-

a1(i+1))/(t1(i)-t1(i+1)); 
    else 
        dadt1(i,1)=(a1(i)-a1(i-

1))/(t1(i)-t1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadt2(i,1)=(a2(i)-

a2(i+1))/(t2(i)-t2(i+1)); 
    else 
        dadt2(i,1)=(a2(i)-a2(i-

1))/(t2(i)-t2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadt3(i,1)=(a3(i)-

a3(i+1))/(t3(i)-t3(i+1)); 
    else 
        dadt3(i,1)=(a3(i)-a3(i-

1))/(t3(i)-t3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadt4(i,1)=(a4(i)-

a4(i+1))/(t4(i)-t4(i+1)); 
    else 
        dadt4(i,1)=(a4(i)-a4(i-

1))/(t4(i)-t4(i-1)); 
    end 
end 

  
figure 
plot(T1,dadt1,'b',T2,dadt2,'k',T3,

dadt3,'r',T4,dadt4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
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ylabel('DTG (wt.%/min)') 
grid on 
%% Weight loss X and dXdt 
X1=1-((max(m1)-m1)/(max(m1)-

min(m1))); 
X2=1-((max(m2)-m2)/(max(m2)-

min(m2))); 
X3=1-((max(m3)-m3)/(max(m3)-

min(m3))); 
X4=1-((max(m4)-m4)/(max(m4)-

min(m4))); 

  

  
for i=1:length(T1) 
    if i==1 
        dadt1(i,1)=(X1(i)-

X1(i+1))/(t1(i)-t1(i+1)); 
    else 
        dadt1(i,1)=(X1(i)-X1(i-

1))/(t1(i)-t1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadt2(i,1)=(X2(i)-

X2(i+1))/(t2(i)-t2(i+1)); 
    else 
        dadt2(i,1)=(X2(i)-X2(i-

1))/(t2(i)-t2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadt3(i,1)=(X3(i)-

X3(i+1))/(t3(i)-t3(i+1)); 
    else 
        dadt3(i,1)=(X3(i)-X3(i-

1))/(t3(i)-t3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadt4(i,1)=(X4(i)-

X4(i+1))/(t4(i)-t4(i+1)); 
    else 
        dadt4(i,1)=(X4(i)-X4(i-

1))/(t4(i)-t4(i-1)); 
    end 
end 

  
figure 
plot(T1,X1,'b',T2,X2,'k',T3,X3,'r'

,T4,X4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight-loss (X, wt.%)') 
grid on 
figure 
plot(T1,dadt1,'b',T2,dadt2,'k',T3,

dadt3,'r',T4,dadt4,'g') 

legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
grid on 

  
%% Reduction of data 

  
j=0; 
for ai=0:0.02:1 
    j=j+1; 
    Ai(j,1)=ai; 
    t01(j,1)=interp1(a1,t1,ai); 
    t02(j,1)=interp1(a2,t2,ai); 
    t03(j,1)=interp1(a3,t3,ai); 
    t04(j,1)=interp1(a4,t4,ai); 

     
    T01(j,1)=interp1(a1,T1,ai); 
    T02(j,1)=interp1(a2,T2,ai); 
    T03(j,1)=interp1(a3,T3,ai); 
    T04(j,1)=interp1(a4,T4,ai); 

     
    

dadt01(j,1)=interp1(a1,dadt1,ai); 
    

dadt02(j,1)=interp1(a2,dadt2,ai); 
    

dadt03(j,1)=interp1(a3,dadt3,ai); 
    

dadt04(j,1)=interp1(a4,dadt4,ai); 
end 

  
figure 
plot(T01,Ai,'b',T02,Ai,'k',T03,Ai,

'r',T04,Ai,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 
figure 
plot(T01,dadt01,'b',T02,dadt02,'k'

,T03,dadt03,'r',T04,dadt04,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 

  
%% Smoothing 2 

  
t01=smooth(t01,0.1,'loess'); 
t02=smooth(t02,0.1,'loess'); 
t03=smooth(t03,0.1,'loess'); 
t04=smooth(t04,0.1,'loess'); 

  
T01=smooth(T01,0.1,'loess'); 
T02=smooth(T02,0.1,'loess'); 
T03=smooth(T03,0.1,'loess'); 
T04=smooth(T04,0.1,'loess'); 

  
dadt01=smooth(dadt01,0.1,'loess'); 
dadt02=smooth(dadt02,0.1,'loess'); 
dadt03=smooth(dadt03,0.1,'loess'); 
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dadt04=smooth(dadt04,0.1,'loess'); 

  
figure 
plot(T01,Ai,'b',T02,Ai,'k',T03,Ai,

'r',T04,Ai,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 
figure 
plot(T01,dadt01,'b',T02,dadt02,'k'

,T03,dadt03,'r',T04,dadt04,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 

C.2.TGA-PKM method code  

%% Initialization  
R=8.314/1000; 
t05=xlsread('TGA','800K','B5:B6639

'); 
t15=xlsread('TGA','800K','I5:I2976

'); 
t20=xlsread('TGA','800K','P5:P2010

'); 
t30=xlsread('TGA','800K','W5:W1692

'); 

  
T05=xlsread('TGA','800K','C5:C6639

'); 
T15=xlsread('TGA','800K','J5:J2976

'); 
T20=xlsread('TGA','800K','Q5:Q2010

'); 
T30=xlsread('TGA','800K','X5:X1692

'); 

  
m05=xlsread('TGA','800K','E5:E6639

'); 
m15=xlsread('TGA','800K','L5:L2976

'); 
m20=xlsread('TGA','800K','S5:S2010

'); 
m30=xlsread('TGA','800K','Z5:Z1692

'); 

  
Beta=[5 15 20 30]; 

  
% 

plot(T05,m05,'r',T15,m15,'k',T20,m

20,'b',T30,m30,'g') 
% xlabel('Temperature (°C)') 
% ylabel('Weight loss (mg)') 
% 

legend('5K/min','15K/min','20K/min

','30K/min') 
% grid on 
%  
% figure 

% 

plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
% 

legend('5K/min','15K/min','20K/min

','30K/min') 
% xlabel('Time (min)') 
% ylabel('Temperature (°C)') 
% grid on 
%% Smoothing 

  
t1=smooth(t05,0.1,'loess'); 
t2=smooth(t15,0.2,'loess'); 
t3=smooth(t20,0.1,'loess'); 
t4=smooth(t30,0.1,'loess'); 

  
T1=smooth(T05,0.1,'loess'); 
T2=smooth(T15,0.2,'loess'); 
T3=smooth(T20,0.1,'loess'); 
T4=smooth(T30,0.1,'loess'); 

  
m1=smooth(m05,0.1,'loess'); 
m2=smooth(m15,0.2,'loess'); 
m3=smooth(m20,0.1,'loess'); 
m4=smooth(m30,0.1,'loess'); 

  
n11=numel(T1); 
n21=numel(T2); 
n31=numel(T3); 
n41=numel(T4); 

  
T1(T1<150)=[]; 
T2(T2<150)=[]; 
T3(T3<150)=[]; 
T4(T4<150)=[]; 

  
n12=numel(T1); 
n22=numel(T2); 
n32=numel(T3); 
n42=numel(T4); 

  
n1=n11-n12+1; 
n2=n21-n22+1; 
n3=n31-n32+1; 
n4=n41-n42+1; 

  
t1=t1(n1:n11); 
t2=t2(n2:n21); 
t3=t3(n3:n31); 
t4=t4(n4:n41); 

  
m1=m1(n1:n11); 
m2=m2(n2:n21); 
m3=m3(n3:n31); 
m4=m4(n4:n41); 

  
%% calcutlation of X, and dXdT  

and dXdt 
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X1=1-((max(m1)-m1)/(max(m1)-

min(m1))); 
X2=1-((max(m2)-m2)/(max(m2)-

min(m2))); 
X3=1-((max(m3)-m3)/(max(m3)-

min(m3))); 
X4=1-((max(m4)-m4)/(max(m4)-

min(m4))); 

  

  
for i=1:length(T1) 
    if i==1 
        dadT1(i,1)=(X1(i)-

X1(i+1))/(T1(i)-T1(i+1)); 
    else 
        dadT1(i,1)=(X1(i)-X1(i-

1))/(T1(i)-T1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadT2(i,1)=(X2(i)-

X2(i+1))/(T2(i)-T2(i+1)); 
    else 
        dadT2(i,1)=(X2(i)-X2(i-

1))/(T2(i)-T2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadT3(i,1)=(X3(i)-

X3(i+1))/(T3(i)-T3(i+1)); 
    else 
        dadT3(i,1)=(X3(i)-X3(i-

1))/(T3(i)-T3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadT4(i,1)=(X4(i)-

X4(i+1))/(T4(i)-T4(i+1)); 
    else 
        dadT4(i,1)=(X4(i)-X4(i-

1))/(T4(i)-T4(i-1)); 
    end 
end 

  
for i=1:length(T1) 
    if i==1 
        dadt1(i,1)=(X1(i)-

X1(i+1))/(t1(i)-t1(i+1)); 
    else 
        dadt1(i,1)=(X1(i)-X1(i-

1))/(t1(i)-t1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadt2(i,1)=(X2(i)-

X2(i+1))/(t2(i)-t2(i+1)); 
    else 

        dadt2(i,1)=(X2(i)-X2(i-

1))/(t2(i)-t2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadt3(i,1)=(X3(i)-

X3(i+1))/(t3(i)-t3(i+1)); 
    else 
        dadt3(i,1)=(X3(i)-X3(i-

1))/(t3(i)-t3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadt4(i,1)=(X4(i)-

X4(i+1))/(t4(i)-t4(i+1)); 
    else 
        dadt4(i,1)=(X4(i)-X4(i-

1))/(t4(i)-t4(i-1)); 
    end 
end 

  
%% Reduction of data 
j=0; 
for ai=0:0.005:1 
    j=j+1; 
    X(j,1)=ai; 
    T01(j,1)=interp1(X1,T1,ai); 
    T02(j,1)=interp1(X2,T2,ai); 
    T03(j,1)=interp1(X3,T3,ai); 
    T04(j,1)=interp1(X4,T4,ai); 

     
    

dXdT01(j,1)=interp1(X1,dadT1,ai); 
    

dXdT02(j,1)=interp1(X2,dadT2,ai); 
    

dXdT03(j,1)=interp1(X3,dadT3,ai); 
    

dXdT04(j,1)=interp1(X4,dadT4,ai); 

     
    t01(j,1)=interp1(X1,t1,ai); 
    t02(j,1)=interp1(X2,t2,ai); 
    t03(j,1)=interp1(X3,t3,ai); 
    t04(j,1)=interp1(X4,t4,ai); 

     
    

dXdt01(j,1)=interp1(X1,dadt1,ai); 
    

dXdt02(j,1)=interp1(X2,dadt2,ai); 
    

dXdt03(j,1)=interp1(X3,dadt3,ai); 
    

dXdt04(j,1)=interp1(X4,dadt4,ai); 
end 

  
%% Smoothing 2 

  
T01=smooth(T01,0.1,'loess'); 
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T02=smooth(T02,0.1,'loess'); 
T03=smooth(T03,0.1,'loess'); 
T04=smooth(T04,0.1,'loess'); 

  
dXdT01=smooth(dXdT01,0.1,'loess'); 
dXdT02=smooth(dXdT02,0.1,'loess'); 
dXdT03=smooth(dXdT03,0.1,'loess'); 
dXdT04=smooth(dXdT04,0.1,'loess'); 

  
t01=smooth(t01,0.1,'loess'); 
t02=smooth(t02,0.1,'loess'); 
t03=smooth(t03,0.1,'loess'); 
t04=smooth(t04,0.1,'loess'); 

  
dXdt01=smooth(dXdt01,0.1,'loess'); 
dXdt02=smooth(dXdt02,0.1,'loess'); 
dXdt03=smooth(dXdt03,0.1,'loess'); 
dXdt04=smooth(dXdt04,0.1,'loess'); 

  
figure 
plot(T1,X1,'b',T2,X2,'k',T3,X3,'r'

,T4,X4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight-loss (X, wt.%)') 
grid on 

  
figure 
plot(T1,dadT1,'b',T2,dadT2,'k',T3,

dadT3,'r',T4,dadT4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/K)') 
grid on 

  
figure 
plot(T1,dadt1,'b',T2,dadt2,'k',T3,

dadt3,'r',T4,dadt4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
grid on 
%% Algorithme  
%% Initialisation of K E X 
R=8.314e-3; 
K=xlsread('TGA','KEX','C5:I5'); 
E=xlsread('TGA','KEX','C6:I6'); 
XFo=xlsread('TGA','KEX','C7:I7'); 
TK=273.+T03; 
T=T03; 
t=t03; 
beta=Beta(3); 
dXdT=dXdT03; 
dXdte=dXdt03; 

   
%% Solve ODE 

  

for j=1:length(K) 
    e=-E(j)/R; 
    i=0; 
    for i=1:length(TK) 
        

A(i,j)=TK(i).*exp(e./TK(i)); 
        S=0; 
        n=0; 
        tol=1; 
        h=0.1; 
        x0=-e/TK(i); 
        x=x0; 
        nmax=1e+10; 
        while tol>1e-8 && n<nmax 
            y=x+h; 
            B=exp(e./y)./y; 
            b=exp(e./x)./x; 
            I=(B+b)*(h/2); 
            So=S+I; 
            tol=abs(So-S); 
            S=So; 
            x=x+h; 
            n=n+1; 
            if n<1000 
                tol=1; 
            end         
        end 
        C(i,j)=I; 
    end 
end 
D=A-C; 
XX=zeros(length(TK),length(K)); 
XF=zeros(length(TK),length(K)); 
i=0; 
j=0; 
for j=1:length(K) 
     i=0; 
     Ko=-K(j)/beta; 
     XX(:,j)=Ko.*D(:,j); 
     TT(:,j)=T; 
     for i=1:length(TK) 
         

XF(i,j)=XFo(j).*exp(XX(i,j)); 
     end 
end 
S=0; 
i=0; 
j=0; 
for i=1:length(TK) 
    S=0; 
    j=0; 
    for j=1:length(K) 
        S=S+XF(i,j); 
    end 
    Xm(i)=S; 
end 
%TT=[T T T T T T T]; %!!!!!!!!!!!! 
figure 
plot (T,Xm,'*') 
grid on 
hold on 
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plot (T,X) 

  
%% dxdtmodel 
i=0; 
j=0; 
for j=1:length(K) 
    i=0; 
    for i=1:length(TK) 
        Z(i,j)=i; 
        if i==length(TK) 
            dXdTm(i,j)=(XF(i,j)-

XF(i-1,j))/(TK(i)-TK(i-1)); 
        else 
            dXdTm(i,j)=(XF(i,j)-

XF(i+1,j))/(TK(i)-TK(i+1)); 
        end 
    end 
end 
i=0; 
j=0; 
for j=1:length(K) 
    i=0; 
    for i=1:length(TK) 
        Z(i,j)=i; 
        if i==length(TK) 
            dXdtm(i,j)=(XF(i,j)-

XF(i-1,j))/(t(i)-t(i-1)); 
        else 
            dXdtm(i,j)=(XF(i,j)-

XF(i+1,j))/(t(i)-t(i+1)); 
        end 
    end 
end 
% dXdtm=beta.*dXdTm; 
figure 
plot(TT,dXdtm) 
grid on 
hold on 
S=0; 
i=0; 
j=0; 
for i=1:length(TK) 
    S=0; 
    j=0; 
    for j=1:length(K) 
        S=S+dXdtm(i,j); 
    end 
    dXdtmt(i,1)=S; 
end 
plot (T,dXdtmt,'k') 
plot (T,dXdte,'b*') 
%% Non linear curve-fitting by 

least squares (lsqcurvefit) 
lb=xlsread('TGA','KEX','C9:I11'); 
ub=xlsread('TGA','KEX','C13:I15'); 
Cff0=[K; E; XFo]; 
xdata=TK; 
ydata=dXdte; 
nn=1; 
toll=1; 
%% 

while toll>1e-4 && nn<3 
    

[Cff,resnorm,residual,exitflag,out

put] =lsqcurvefit(@fun, 

Cff0,xdata,ydata,lb,ub); 
    toll=resnorm; 
    %CC(nn)=Cff; 
    Cff0=Cff; 
    nn=nn+1; 
end 
v=fun(Cff,xdata); 
vv=fun1(Cff,xdata); 
figure 
plot (T,vv) 
grid on 
hold on 
plot(T,v,'k',T,dXdte,'b*') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
legend('pseudocomponent 

1','pseudocomponent 

2','pseudocomponent 

3','pseudocomponent 

4','pseudocomponent 

5','pseudocomponent 

6','pseudocomponent 

7','Model','Experimental') 

  
%% OF, QOF anf R^2 

  
OF=0; 
QOF=0; 
SST=0; 
for i=1:length(v) 
    s1=((dXdte(i))-(v(i)))^2; 
    s2=(((((dXdte(i))-

(v(i)))^2)/(length(v)))^0.5)/(abs(

min(dXdte))); 
    sst=((dXdte(i))-

(mean(dXdte)))^2; 
    OF=OF+s1; 
    QOF=QOF+(100*s2); 
    SST=SST+sst; 
    SSE=OF; 
end 
n=length(dXdtm); 
R2=1-(((n-1)*SSE)/((n-

(21+1))*SST)); 

 

C.3. Kinetic parameters by 

Isoconversional method 

Note here that the output from this code is 

transferred in excel for final processing  

%% Initialization  
R=8.314/1000; 
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t05=xlsread('TGA','800K','B5:B6639

'); 
t15=xlsread('TGA','800K','I5:I2976

'); 
t20=xlsread('TGA','800K','P5:P2010

'); 
t30=xlsread('TGA','800K','W5:W1692

'); 

  
T05=xlsread('TGA','800K','C5:C6639

'); 
T15=xlsread('TGA','800K','J5:J2976

'); 
T20=xlsread('TGA','800K','Q5:Q2010

'); 
T30=xlsread('TGA','800K','X5:X1692

'); 

  
m05=xlsread('TGA','800K','E5:E6639

'); 
m15=xlsread('TGA','800K','L5:L2976

'); 
m20=xlsread('TGA','800K','S5:S2010

'); 
m30=xlsread('TGA','800K','Z5:Z1692

'); 

  
Beta=[5 15 20 30]; 

  
plot(T05,m05,'r',T15,m15,'k',T20,m

20,'b',T30,m30,'g') 
xlabel('Temperature (°C)') 
ylabel('Weight loss (mg)') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 

  
figure 
plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Time (min)') 
ylabel('Temperature (°C)') 
grid on 
%% Smoothing 

  
t1=smooth(t05,0.1,'loess'); 
t2=smooth(t15,0.2,'loess'); 
t3=smooth(t20,0.1,'loess'); 
t4=smooth(t30,0.1,'loess'); 

  
T1=smooth(T05,0.1,'loess'); 
T2=smooth(T15,0.2,'loess'); 
T3=smooth(T20,0.1,'loess'); 
T4=smooth(T30,0.1,'loess'); 

  
m1=smooth(m05,0.1,'loess'); 
m2=smooth(m15,0.2,'loess'); 
m3=smooth(m20,0.1,'loess'); 

m4=smooth(m30,0.1,'loess'); 

  
figure 
plot(T1,m1,'r',T2,m2,'k',T3,m3,'b'

,T4,m4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight loss (mg)') 
grid on 
figure 
plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Time (min)') 
ylabel('Temperature (°C)') 
grid on 
%% Data filtering 

  
n11=numel(T1); 
n21=numel(T2); 
n31=numel(T3); 
n41=numel(T4); 

  
T1(T1<150)=[]; 
T2(T2<150)=[]; 
T3(T3<150)=[]; 
T4(T4<150)=[]; 

  
n12=numel(T1); 
n22=numel(T2); 
n32=numel(T3); 
n42=numel(T4); 

  
n1=n11-n12+1; 
n2=n21-n22+1; 
n3=n31-n32+1; 
n4=n41-n42+1; 

  
t1=t1(n1:n11); 
t2=t2(n2:n21); 
t3=t3(n3:n31); 
t4=t4(n4:n41); 

  
m1=m1(n1:n11); 
m2=m2(n2:n21); 
m3=m3(n3:n31); 
m4=m4(n4:n41); 

  
figure 
plot(T1,m1,'r',T2,m2,'k',T3,m3,'b'

,T4,m4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight loss (mg)') 
grid on 

  
figure 
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plot(t05,T05,'r',t15,T15,'k',t20,T

20,'b',t30,T30,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Time (min)') 
ylabel('Temperature (°C)') 
grid on 
%% calcutlation of alpha, and dadT 

  
a1=(max(m1)-m1)/(max(m1)-min(m1)); 
a2=(max(m2)-m2)/(max(m2)-min(m2)); 
a3=(max(m3)-m3)/(max(m3)-min(m3)); 
a4=(max(m4)-m4)/(max(m4)-min(m4)); 

  

  
for i=1:length(T1) 
    if i==1 
        dadT1(i,1)=(a1(i)-

a1(i+1))/(T1(i)-T1(i+1)); 
    else 
        dadT1(i,1)=(a1(i)-a1(i-

1))/(T1(i)-T1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadT2(i,1)=(a2(i)-

a2(i+1))/(T2(i)-T2(i+1)); 
    else 
        dadT2(i,1)=(a2(i)-a2(i-

1))/(T2(i)-T2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadT3(i,1)=(a3(i)-

a3(i+1))/(T3(i)-T3(i+1)); 
    else 
        dadT3(i,1)=(a3(i)-a3(i-

1))/(T3(i)-T3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadT4(i,1)=(a4(i)-

a4(i+1))/(T4(i)-T4(i+1)); 
    else 
        dadT4(i,1)=(a4(i)-a4(i-

1))/(T4(i)-T4(i-1)); 
    end 
end 

  
figure 
plot(T1,a1,'b',T2,a2,'k',T3,a3,'r'

,T4,a4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel(' Temperature(°C)') 
ylabel('Degree of conversion(%)') 
grid on 
figure 

plot(T1,dadT1,'b',T2,dadT2,'k',T3,

dadT3,'r',T4,dadT4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/K)') 
grid on 

  
%% dadt 
for i=1:length(T1) 
    if i==1 
        dadt1(i,1)=(a1(i)-

a1(i+1))/(t1(i)-t1(i+1)); 
    else 
        dadt1(i,1)=(a1(i)-a1(i-

1))/(t1(i)-t1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dadt2(i,1)=(a2(i)-

a2(i+1))/(t2(i)-t2(i+1)); 
    else 
        dadt2(i,1)=(a2(i)-a2(i-

1))/(t2(i)-t2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dadt3(i,1)=(a3(i)-

a3(i+1))/(t3(i)-t3(i+1)); 
    else 
        dadt3(i,1)=(a3(i)-a3(i-

1))/(t3(i)-t3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dadt4(i,1)=(a4(i)-

a4(i+1))/(t4(i)-t4(i+1)); 
    else 
        dadt4(i,1)=(a4(i)-a4(i-

1))/(t4(i)-t4(i-1)); 
    end 
end 

  
figure 
plot(T1,dadt1,'b',T2,dadt2,'k',T3,

dadt3,'r',T4,dadt4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
grid on 
%% Weight loss X and dXdt 
X1=1-((max(m1)-m1)/(max(m1)-

min(m1))); 
X2=1-((max(m2)-m2)/(max(m2)-

min(m2))); 
X3=1-((max(m3)-m3)/(max(m3)-

min(m3))); 



90 
 

X4=1-((max(m4)-m4)/(max(m4)-

min(m4))); 

  

  
for i=1:length(T1) 
    if i==1 
        dXdt1(i,1)=(X1(i)-

X1(i+1))/(t1(i)-t1(i+1)); 
    else 
        dXdt1(i,1)=(X1(i)-X1(i-

1))/(t1(i)-t1(i-1)); 
    end 
end 
for i=1:length(T2) 
    if i==1 
        dXdt2(i,1)=(X2(i)-

X2(i+1))/(t2(i)-t2(i+1)); 
    else 
        dXdt2(i,1)=(X2(i)-X2(i-

1))/(t2(i)-t2(i-1)); 
    end 
end 
for i=1:length(T3) 
    if i==1 
        dXdt3(i,1)=(X3(i)-

X3(i+1))/(t3(i)-t3(i+1)); 
    else 
        dXdt3(i,1)=(X3(i)-X3(i-

1))/(t3(i)-t3(i-1)); 
    end 
end 
for i=1:length(T4) 
    if i==1 
        dXdt4(i,1)=(X4(i)-

X4(i+1))/(t4(i)-t4(i+1)); 
    else 
        dXdt4(i,1)=(X4(i)-X4(i-

1))/(t4(i)-t4(i-1)); 
    end 
end 

  
figure 
plot(T1,X1,'b',T2,X2,'k',T3,X3,'r'

,T4,X4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight-loss (%kg/kg)') 
grid on 
figure 
plot(T1,dXdt1,'b',T2,dXdt2,'k',T3,

dXdt3,'r',T4,dXdt4,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
grid on 

  
%% Reduction of data 

  

j=0; 
for ai=0:0.02:1 
    j=j+1; 
    xi=1-ai; 
    Xi(j,1)=xi; 
    Ai(j,1)=ai; 
    t01(j,1)=interp1(a1,t1,ai); 
    t02(j,1)=interp1(a2,t2,ai); 
    t03(j,1)=interp1(a3,t3,ai); 
    t04(j,1)=interp1(a4,t4,ai); 

     
    T01(j,1)=interp1(a1,T1,ai); 
    T02(j,1)=interp1(a2,T2,ai); 
    T03(j,1)=interp1(a3,T3,ai); 
    T04(j,1)=interp1(a4,T4,ai); 

     
    

dadt01(j,1)=interp1(a1,dadt1,ai); 
    

dadt02(j,1)=interp1(a2,dadt2,ai); 
    

dadt03(j,1)=interp1(a3,dadt3,ai); 
    

dadt04(j,1)=interp1(a4,dadt4,ai); 

     
    

dXdt01(j,1)=interp1(X1,dXdt1,xi); 
    

dXdt02(j,1)=interp1(X2,dXdt2,xi); 
    

dXdt03(j,1)=interp1(X3,dXdt3,xi); 
    

dXdt04(j,1)=interp1(X4,dXdt4,xi); 
end 

  
figure 
plot(T01,Ai,'b',T02,Ai,'k',T03,Ai,

'r',T04,Ai,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Degree of conversion(%)') 
grid on 
figure 
plot(T01,dadt01,'b',T02,dadt02,'k'

,T03,dadt03,'r',T04,dadt04,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
grid on 

  
figure 
plot(T01,Xi,'b',T02,Xi,'k',T03,Xi,

'r',T04,Xi,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('Weight-loss (wt.%)') 
grid on 
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figure 
plot(T01,dXdt01,'b',T02,dXdt02,'k'

,T03,dXdt03,'r',T04,dXdt04,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
xlabel('Temperature (°C)') 
ylabel('DTG (wt.%/min)') 
grid on 

  
%% Smoothing 2 

  
t01=smooth(t01,0.1,'loess'); 
t02=smooth(t02,0.1,'loess'); 
t03=smooth(t03,0.1,'loess'); 
t04=smooth(t04,0.1,'loess'); 

  
T01=smooth(T01,0.1,'loess'); 
T02=smooth(T02,0.1,'loess'); 
T03=smooth(T03,0.1,'loess'); 
T04=smooth(T04,0.1,'loess'); 

  
dadt01=smooth(dadt01,0.1,'loess'); 
dadt02=smooth(dadt02,0.1,'loess'); 
dadt03=smooth(dadt03,0.1,'loess'); 
dadt04=smooth(dadt04,0.1,'loess'); 

  
dXdt01=smooth(dXdt01,0.1,'loess'); 
dXdt02=smooth(dXdt02,0.1,'loess'); 
dXdt03=smooth(dXdt03,0.1,'loess'); 
dXdt04=smooth(dXdt04,0.1,'loess'); 

  
figure 
plot(T01,Ai,'b',T02,Ai,'k',T03,Ai,

'r',T04,Ai,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 
figure 
plot(T01,dadt01,'b',T02,dadt02,'k'

,T03,dadt03,'r',T04,dadt04,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 

  
figure 
plot(T01,Xi,'b',T02,Xi,'k',T03,Xi,

'r',T04,Xi,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 
figure 
plot(T01,dXdt01,'b',T02,dXdt02,'k'

,T03,dXdt03,'r',T04,dXdt04,'g') 
legend('5K/min','15K/min','20K/min

','30K/min') 
grid on 

  
%% Activation Energy determination 

FWO 
T=[T01,T02,T03,T04]; 

for a=1:1:51         

%a=1:1:length(Ai) 
    for b=1:1:4 
        X(b)=(-1)/(T(a,b)); 
        Y(b)=log(Beta(b)); 

  
    end 
    fitcst=polyfit(X,Y,1); 
    M=fitcst(1); 
    E(a)=-M*(R/1.0516); 
end 
 figure 
plot(T01,E); 
grid on 
figure 
 plot(Ai,E) 
 grid on 

  

  
 %% Friedman methode (more 

acurate) 

  
T=[T01,T02,T03,T04]; 
DaDt=[dadt01,dadt02,dadt03,dadt04]

; 

  
 for a=1:1:length(Ai) 
    for b=1:1:4 
        X(a,b)=1/T(a,b); 
        Y(a,b)=log(DaDt(a,b)); 
    end 
    fitcst=polyfit(X,Y,1); 
    M=fitcst(1); 
    Efm(a)=-M*R/1; 
end 

  
figure 
plot(T01,Efm); 
grid on 

  
figure 
plot(Ai,Efm)   
grid on 

     

 

C.4. Heat Transfer in the particle 

%% Constant parameters 
ro=650; 
TI=25+273; 
TF=800+273; 
nu=0.226; 
g=9.81; 
R=287; 
R0=(0.5e-3)/2; 
dr=1e-5; 
dt=1e-4; 
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Beta=100/60; 
dT=Beta*dt; 
tf=(TF-TI)/Beta; 

  
nt=(tf/dt)+1; 

  
nr=(R0/dr)+1; 

  
%% Initialization 
A=zeros(nr-2 ,nr-2); 
Tn=zeros(nr-2, 1); 
Tn(1:nr-2, 1)=TI; 
T=zeros(nr-2,1); 
T(1:nr-2, 1)=TI; 

  
%% Maint loop 
i=1; 
for t=0:dt:tf 
    %Initialisation 
    Tsys=TI+(t*Beta); %% 
    h=2000; %5.69+(0.0098*Tsys); 
    % Discretization parameters + 

Matrix coeff 
    for j=1:nr-2 
        k=0.13+(0.0003*(T(j)-

273)); 
        Cp=1112+(4.85*(T(j)-273)); 
        D=(Cp*ro)/k; 
        r=dr*j; 
        a=dt/(D*(dr^2)); 
        b=(2*dt)/(r*dr*D); 
        c=(h*dr)/k; 
        if j==1 
            AE=a; 
            AW=0; 
            AP=1-a; 
            A(j,1:2)=[AP AE]; 
        elseif j==nr-2 
            AE=0; 
            AW=a-b; 
            AP=(1-

(2*a)+b)+((a)/(1+c)); 
            A(j,j-1:j)=[AW AP]; 
        else 
            AE=a; 
            AW=a-b; 
            AP=1-(AE+AW); 
            A(j,j-1:j+1)=[AW AP 

AE]; 
        end 
    end 

     
    %Solution of the system of 

equations 
    for n=1:nr-2 
            if n==1 
                T(n)=(A(n,:)*Tn); 
            elseif n==nr-2 

                

T(n)=(A(n,:)*Tn)+(Tsys*((a*c)/(1+c

))); 
            else 
                T(n)=(A(n,:)*Tn); 
            end       
    end 
    Tn=T; 
    pt=rem(t,5); 
    if pt==0 
        tt(i)=t; 
        TO(i)=Tn(1); 
        Ti(:,i)=Tn; 
        

Ts(i)=((c*Tsys)/(1+c))+((Tn(nr-

2))/(1+c));  
        TSYS(i)=Tsys; 
        i=i+1; 
    end 
end 

  
TB=[TO; Ti; Ts]; 
XX=[TB;TSYS]; 
AAA=XX(26,:); 
BBB=XX(1,:); 
CCC=AAA-BBB; 
plot (AAA,CCC) 
xlabel('Temperature [K]') 
ylabel('Temperature Gradient [K]') 
grid on 

  
RR=linspace(0,0.25,26); 

  
figure 
surf(tt,RR,TB) 
xlabel('time in [sec]') 
ylabel('radius  [mm]') 
zlabel('Temperature [K]') 

  
figure 
contour(tt,RR,TB) 
xlabel('time [sec]') 
ylabel('radius [mm]') 

C.5. Byproduct yield prediction 

Note here that the output from this code is 

transferred in excel for final processing  

%% initialization 

  
R=8.314; 
neq=27; 
ns=48; 
k=xlsread('Data kinetics','Kin 

data','M56:AM58'); 
Y=xlsread('Data kinetics','Kin 

data','M5:AM52'); 
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X(:,1)=xlsread('Data 

kinetics','Kin data','AT5:AT52');  
xi(1,:)=xlsread('Data 

kinetics','Kin data','M2:AM2');  

  
dT=0.1; 
beta=100/60; 
dt=dT/beta; 
t=0; 

  
Ts=425; 

  
T1=25+273; 

  
Lr=1; 
Dr=0.0077; 
Dn2=0.02; 
Vr=(3.14/4)*(Dr^2)*Lr; 
Vn2=7; 
Sn2=(3.14/4)*(Dn2^2); 
Qn2=Vn2*Sn2; 
rt=Vr/Qn2; 
Q=(0.6e-3/60); 
RT=Vr/Q; 

  
%% Main loop 

  
Tsys=Ts+273; 
Tc(1)=25; 
j=1; 
tr=0; 
XR=1; 
T=T1; 
while XR>0.0001 && t<300 
    T=T+dT; 
    if T>=Tsys 
        T=Tsys; 
        tr=tr+dt; 
    end 
    t=t+dt; 
    Tc(j+1)=T-273; 

     
    for x=1:neq 

  
            

K(j,x)=k(1,x)*(T^k(3,x))*exp((-

k(2,x))/(R*T)); 
    end 

     
    %Wi=sum (Yi*Ki*xi) 
    for y=1:ns 
        W(y,j)=0; 
        w=0; 
        for x=1:neq 
            

w=Y(y,x)*K(j,x)*xi(j,x); 
            W(y,j)=W(y,j)+w; 
        end 
    end 

  
    for z=1:ns 
        xip(z,j)=W(z,j)*dt; 
        X(z,j+1)=X(z,j)+xip(z,j); 
        if X(z,j)<0 
            X(z,j)=0; 
            X(z,j+1)=0; 
        end 
    end 

     
    for i=1:neq 
        if i>=18 
            xi(j+1,i)=X(i-6,j); 
        elseif (15<=i)&&(i<=17) 
            xi(j+1,i)=X(6,j); 
        elseif (6<=i)&&(i<=8) 
            xi(j+1,i)=X(4,j); 
        elseif (10<=i)&&(i<=14) 
            xi(j+1,i)=X(i-3,j); 
        elseif i==1 || i==4 
            xi(j+1,i)=X(1,j); 
        elseif i==2 || i==3 
            xi(j+1,i)=X(2,j); 
        elseif i==5 
            xi(j+1,i)=X(3,j); 
        elseif i==9 
            xi(j+1,i)=X(5,j); 
        end 
    end 
    % Residual biomass 
    i=0; 
    XR=0; 
    for i=1:13 
        XR=XR+X(i,j); 
    end 

     
    j=j+1; 
end 
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Appendix D : Thermochemical properties of Cassava Rhizome and Cassava 

Stalk (source Pattiya et al. 2011 [21]) 

 

 

 

 

 


