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ABSTRACT 

The exploration and depletion of fossil fuels accompanied by the global warming and climate 

change challenge the world faces motivate the need for optimized pretreatment technique and 

efficient thermochemical conversion of biomass waste into energy at bench scale and industrial 

scale. This study focused on optimally using pine sawdust as a solid fuel. Particularly, this 

study aimed to understand the effect of process conditions on pine sawdust pretreatment (PSD). 

Two pretreatment techniques were considered: torrefaction process and solvolysis process. The 

process conditions studied between the two pretreatment techniques were based on literature 

and were benchmarked for easy comparison. Effects of process conditions on the pretreatment 

of PSD via the two techniques mentioned above and the kinetic analysis of the isothermal 

degradation of PSD during torrefaction were investigated.  

Research efforts on using biomass as an alternative fuel source have continued to gain more 

focus with emphases on pretreatment, which could result in efficient thermochemical 

conversion processes. This is because of the significant improvement in the fuel properties of 

biomass (such as energy densification, increase in carbon content, and deoxygenation)  offered 

by pretreatment processes. Therefore, understanding the process conditions during biomass 

pretreatment is essential in producing high-quality fuel for energy production and designing an 

efficient energy generation plant. The effect of process conditions such as temperature, time, 

Nitrogen-to-Solid ratio (NSR) and Liquid-to-Solid ratio (LSR) on the pretreatment of waste 

pine sawdust (PSD) via torrefaction and solvolysis was studied. Desirability function approach 

and genetic algorithm (GA) were employed in the investigation. Response surface 

methodology (RSM) based on Box-Behnken Design (BBD) was used to investigate the effect 

of the process conditions mentioned above on the higher heating value (HHV), mass yield 

(MY) and energy enhancement factor (EEF) of biochar/hydrochar obtained from the waste 

PSD. A total of 17 experiments were designed each for torrefaction and solvolysis process. The 
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benchmarked process conditions were temperature (200 – 300 °C), time (30 – 120 min) and 

NSR/LSR (4 – 5). In this study, the operating temperature was the most influential variable 

influencing the pre-treated PSD's fuel properties, with NSR and LSR having the least effect. 

The oxygen-to-carbon ratio and the HHV of the pre-treated fuel sample were compared for the 

two investigated pretreatment methods. Solvolysis showed a higher reduction in the oxygen-

to-carbon ratio (47 %) of the PSD, while 44 % reduction was obtained for the torrefaction 

process. A higher mass loss and energy content was also recorded for solvolysis than that of 

the torrefaction process. From the optimization process results, the accuracy of the optimal 

process conditions was higher for GA (299 °C, 30.07 min & 4.12 NSR for torrefaction and 

295.10 °C, 50.85 min & 4.55 LSR for solvolysis) than that of desirability function based on 

RSM. Each predictive model's significance was established using Fisher's test, Probability 

value, coefficient of determination (R2) and Lack of Fitness test. The predictive model for the 

higher heating value during torrefaction recorded a predicted R2 of 0.9805 while solvolysis 

recorded a predicted R2 of 0.8593. The predictive model for the mass yield during torrefaction 

recorded a predicted R2 of 0.8942 while solvolysis recorded a predicted R2 of 0.9434. The 

developed models were reliable for evaluating the effect of the process conditions considered 

in this study by explaining at least 86 % (as seen in the predicted R2) of the variation in the fuel 

(PSD) physicochemical properties during torrefaction and solvolysis.  

The reaction kinetics of solid fuel is a critical aspect of energy production. This importance is 

because the fuel's energy component is determined during the process, and the overall fuel 

quality is evaluated to account for a defined energy need. In this study, a two-step first-order 

reaction mechanism was used to model the rate of mass loss of pine sawdust (PSD) during 

torrefaction using a thermogravimetric analyzer. The kinetic analysis was carried in a 

MATLAB environment using MATLAB R2020b software. Five temperature regimes 

including; 220 °C, 240 °C, 260 °C, 280 °C and 300 °C and retention time of 2 hours were used 
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to study the mechanism of the solid fuel reaction. Similarly, a combined demarcation time (i.e. 

estimating the time that demarcates the first stage and the second stage) and iteration techniques 

were used to determine the actual kinetic parameters that described the fuel's mass loss during 

torrefaction process. The fuel's kinetic parameters were estimated, while the kinetic model 

developed for the process was validated using the experimental data. The solid and gas 

distribution of the pseudo-components in the reaction mechanism were also reported. The first 

stage of the degradation process was characterized by the rapid mass loss evident at the start 

of the torrefaction process. In contrast, the second stage was characterized by a slower mass 

loss phase which followed the first stage. The activation energies for the first and second stage 

were 10.29 kJ mol-1 and 141.28 kJ mol-1 respectively, to form the solids. The developed model 

showed 98 – 99.9 % accuracy in predicting the mass loss of PSD during torrefaction at various 

temperatures. The biochar produced from the torrefaction process contained a high amount of 

the intermediate product (Pseudo-component B) that may benefit energy production. However, 

the final amount of biochar formed at the end of the process increased with increase in 

torrefaction severity (i.e. increase in temperature and time).  

The outcome of this study has made available the technical set of data which can pave the way 

for further research in this field and offer relevant information for the implementation of these 

processes on a pilot scale. The knowledge derived from this study may also be extended to the 

pretreatment of other abundant and invasive biomass for efficient energy production.  

Keywords: Pretreatment; Torrefaction; Solvolysis; Biomass; Genetic Algorithm; Desirability 

Function; Response Surface Methodology; Optimization; Isothermal Degradation; Kinetics; 

Thermogravimetric Analysis; Two-step Reaction Mechanism; Modelling.  
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CHAPTER ONE 

1. INTRODUCTION 

1.1. Background of Study 

In recent years, Africa's population has increased dramatically, culminating in different 

challenges such as the rise in agricultural practices to provide basic human needs (e.g. food, 

housing, and clothes, to name a few). These practices have contributed to the rise in biomass 

production. Another consequence of this population boom is the rise in electricity and fuel 

demand to run our homes, businesses, cars. It has been projected that Africa's population will 

reach around 1.7 billion in 2025 (United Nations (UN), 2015), thereby compounding the 

challenges mentioned above. 

Biomass can be described simply as a renewable organic material. According to the U.S. 

Department of Energy (DOE) and U.S. Department of Agriculture (USDA) (2009), biomass is 

simply an organic matter with stored energy. From literature, after the several descriptions 

attributed to biomass, one can say that biomass can be described as any organic matter made 

from wood (woody biomass) or crops (agro biomass) or animal waste, that can be a renewable 

source of energy. There has been a misunderstanding between biomass and fossil fuel, though 

they are closely related and interwoven. The difference between biomass and fossil fuel is the 

"age" (U.S. Department of Energy (DOE); U.S. Department of Agriculture (USDA), 2009).  

Trees and crops collapse to the earth's surface. They usually are deposited beneath the earth's 

crust (the uppermost layer of the earth's atmosphere) for millions of years after multiple human 

operations on the planet. This extracted biomass is referred to as fossil fuels, after going 

through natural processes underneath the earth's atmosphere. Such fossil fuels act as an 

essential natural resource, but they are unrenewable and are the fundamental causes of global 

warming. On the other hand, agro-waste, which can sometimes be referred to as biomass, has 

been described as the valueless residue of agricultural products (Abou et al., 2010). In a more 
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comprehensive literature description, agricultural practices yield two outcomes: the product 

also known as the yield, and the waste also known as the residue. This residue is called agro 

waste, as the name implies "agro – agriculture" and "waste – valueless".  Among other biomass 

uses, biomass for electricity generation has been given much attention in recent years. This 

attention has been due to the energy content present in biomass—this energy content in biomass 

results from the sunlight stored by plants during photosynthesis. 

In 2010, a study was carried out to quantify the utilization of agro-waste in Egypt. It was 

revealed that about 30 – 35 million tons of agro-waste are generated yearly and only about one-

third is being used as organic manure to grow more crops and animal feed (Abou et al., 2010). 

The need to utilize the recent significant increase in biomass generated due to the increase in 

farming activities cannot be overemphasized. Biomass is sometimes discarded by open-

burning which brings about the emission of greenhouse gases. These gases are harmful to the 

environment and the ozone layer, thereby causing global warming. Biomass is also allowed to 

rot, which causes environmental and air pollution at the initial stage and after some years, rot 

underground, thereby forming coal. Ways of reducing global warming have been the main 

discussion internationally. For the global temperature to reduce to about 2 oC, the 

Intergovernmental Panel on Climate change and the International Energy Agency have 

recommended that sustainable use of biomass against open burning disposal, should be 

employed (Mahawar et al., 2015). 

Without ignoring the existing useful products gotten from biomass, research efforts have been, 

in recent years, concentrated on converting biomass into useful resources. Some of such are; 

the use of onion matrix for treatment of wastewater from textile industry using an ion-exchange 

technique (Bello et al., 2016); the use of orange seed as a corrosion inhibitor; the use of coconut 

bark to produce activated Carbon, to mention a few. A recent idea is the production of 

electricity using citrus fruits through the process of electrolysis. Energy, which is also a basic 
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need of man, can be generated from biomass through a process known as gasification. Fossil 

fuel is the most prevalent energy source, but its depreciable nature has created the need to 

source alternative energy sources. To find solutions to the prevalent non-renewable fossil fuels 

and global warming, research efforts on biomass as a clean and renewable energy source have 

been embraced and given priority (Piotrowska et al., 2010). Research evidence from the 

production of energy (bioenergy) from biomass indicates that bioenergy will become the most 

common energy source in the coming years (Kaushal & Tyagi, 2017). However, to effectively 

migrate from the thermochemical conversion (i.e. gasification) of fossil fuel (coal) to biomass, 

gasification process needs to be understood and why coal has been used. Understanding the 

importance of coal during the gasification process will also highlight the important fuel 

properties of coal and how biomass can provide similar quality to achieve equal or greater 

efficiency when gasifying biomass in place of coal.  

Therefore, gasification could be described as a process whereby coal or a coal-like material is 

subjected to heat in the presence of steam or oxygen to produce mainly hydrogen gas and 

carbon mono-oxide (Anukam et al., 2017). Gasification is usually done between 600 oC and 

1000 oC depending on the type of gasification (either at high temperature or with a catalyst) 

and the gasifier (Umeda et al., 2019). Gasification has been proposed as one of the most 

efficient thermochemical conversion processes of biomass to bioenergy.  

Some of the fuel properties which has favoured the use of coal over the years as a feed material 

for the gasification process are its; higher heating value, carbon-to-oxygen ratio, hydrogen-to-

oxygen ratio, to mention a few. Over time, from past research, it has been proposed that coal 

is classified into four, namely; lignite, sub-bituminous, bituminous, and anthracite in increasing 

age, higher heating value and fuel quality.  

However, the proximate analysis of biomass has shown promising results posing that it is a 

suitable supplement/replacement for coal and exhibits similar characteristics of lignite coal 
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having a heating value between 29.92 – 30.54 MJ/Kg (Bogale, 2010). Still, these physical and 

chemical characteristics can be improved through thermal pretreatment, chemical pretreatment 

and biochemical pretreatment (Yu et al., 2014). Therefore, biomass pretreatment could be 

described simply as a process through which biomass's physical and chemical properties are 

improved. 

1.2. Problem Statement  

Currently, the energy industry worldwide is under pressure to generate electricity without 

threats to the environment. Non-renewable energy systems and sources (e.g. coal & petroleum) 

are considered responsible for pollution that endangers the planet. Renewable sources (e.g. 

biomass, solar, wind, hydro.) are environmentally sustainable, but some appear intermittent 

and costly relative to fossils (non-renewable). Today, researchers are focused on various 

technologies and process conditions that will improve energy security and efficiency to satisfy 

the rising worldwide energy demands. Coal reserves are substantial in Africa (e.g. South Africa 

and Nigeria). Nigeria also has large oil reserves for energy generation, while South Africa 

depends on coal to produce about 95 % of its electricity (Falcon, 2013). Both countries' coal 

and petroleum are fast depleting, and their conversions into energy pose a huge environmental 

threat due to emissions. The new 10-year innovation plan proposed by the Minister of Science 

and Technology, South Africa, has also shown a need to address energy shortages in South 

Africa (South Africa, 2016). 

Furthermore, South Africa and Nigeria have abundant agricultural waste materials resulting 

from different agricultural activities in the countries. For example, the two countries are the 

largest corn and sugarcane producers in Africa (Mohlala et al., 2016). The implication is that 

both countries generate a lot of wastes, such as corn cobs, stover, and bagasse. Furthermore, 

both countries have enormous forestry and timber industries through which wood waste such 

as pine sawdust (PSD) are produced (Lopez et al., 2018). Such waste materials are disposed 
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indiscriminately and are therefore environmentally harmful. The use of non-waste biomass 

materials for energy production is not cost-effective (Zafar, 2018). However, the conversion of 

coal and biomass blends through gasification will significantly reduce emissions and energy 

generation costs. Secondly, recycling waste materials into useful products such as biofuels will 

be instrumental in waste management in South Africa and Nigeria.  

The limitations to the effective use of biomass as a replacement for coal are; its high moisture 

content, oxygen content, low bulk and energy densities, and poor grindability (Hernández et 

al., 2018; Serowik et al., 2017; Tumuluru, 2015). For an effective process, the fuel materials 

should be pre-treated. Significantly, the fuel (coal and biomass) quality can be upgraded 

through biomass pretreatment (e.g. by torrefaction & solvolysis pretreatment). Some of the 

benefits of these pretreatments are the energy densification and deoxygenation of biomass 

(Louwes et al., 2017). The pretreatment of biomass will also limit the difficulties associated 

with operating the gasifier efficiently, save the cost of energy production and gas cleaning, and 

enhance the gasifier's performance. Although this process improves the biomass's fuel quality, 

it degrades the biomass, further affecting the energy yield. Furthermore, while going green and 

considering the drop in the fuel properties of biomass compared to coal, the co-combustion/co-

gasification of pre-treated biomass with coal can effectively foster the implementation of these 

pretreatment methods and subsequently the valorization of biomass. Hence, studies on 

improving the fuel properties of biomass need to be done to promote the co-combustion of 

pretreated biomass with coal as this will reduce the use of coal gradually while augmenting for 

the drop in the fuel properties of biomass.  

Therefore, it is vital to understand and develop a model that will predict the rate of degradation 

of biomass with respect to torrefaction temperature and residence time. Almeida et al. (2010) 

established that the degree of torrefaction could efficiently be measured quantitatively using 

biomass degradation. The design of an efficient reactor for torrefaction depends on the 
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residence time required to achieve a complete biomass feed conversion. This time is dependent 

on mass transfer, heat transfer, and the solid degradation rate during the process. Many 

researchers have used an empirical approach to model the degradation of biomass due to the 

lack of a mechanistic model based on a physical law (Lee & Lee, 2014). However, recent 

studies have shown that kinetics gives an efficient description of the process. Therefore, the 

thermal degradation of biomass can be accurately predicted by the pretreatment process's 

reaction kinetic model. Unlike torrefaction, the introduction of water in solvolysis pretreatment 

process limits the degradation of biomass modelling to an empirical approach because of the 

absence of a physical law describing the process.   

Understanding the process conditions to achieve the objectives mentioned above was essential 

to ensure the gasification process's energy efficiency and the sustainability of the biomass 

resource in South Africa and Nigeria. In this context, this study aimed at establishing kinetic 

and empirical models for predicting improved fuel characteristics (such as; the yield, the 

higher heating value and the energy enhancement factor) of pre-treated pine sawdust 

biomass. Two pretreatment methods were employed, namely; solvolysis and torrefaction 

pretreatments. Validation of the models was also carried out. Therefore, the following 

fundamental research questions and goals were intended to ensure that the research 

objectives were fulfilled. 

1.3. Research Questions 

1. Can a predictive empirical model, based on regression analysis technique, be developed 

to predict fuel characteristics (mass yield (MY), higher heating value (HHV), and 

energy enhancement factor (EEF)) of PSD and explain the effect of operating 

temperature, residence time and Liquid-to-Solid Ratio/Nitrogen-to-Solid Ratio, during 

torrefaction and solvolysis pretreatment method? 

2. Can Genetic Algorithm (GA) be used to optimize the pretreatment process in (1)? 
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3. Is there a difference in the quantity and quality of biochar produced from these two 

pretreatment methods?  

4. Can a suitable kinetic model be developed to explain the isothermal degradation of Pine 

sawdust (PSD) of South African origin during torrefaction process using the 

experimental dataset from a thermo-gravimetric analyzer (TGA)? 

1.4. Specific Objectives 

1. To develop an empirical model that can predict the fuel characteristics (MY, HHV, and 

EEF) of PSD  and explain the effect of operating temperature, residence time and 

Liquid-to-Solid Ratio/Nitrogen-to-Solid Ratio during torrefaction and solvolysis 

pretreatment methods, and compare the quality of biochar produced from both 

pretreatment methods. 

2. To optimize the pretreatment processes in (1) using a Genetic Algorithm (GA). 

3. To develop a 2-step kinetic model to explain the isothermal degradation of PSD of 

South African origin during torrefaction process using the experimental dataset from a 

thermo-gravimetric analyzer (TGA). 

1.5. Scope of the Study and Benefits of this Research 

This study investigated the effect of process conditions on the pretreatment of pine sawdust 

(PSD). The pretreatment methods were limited to torrefaction and solvolysis, and the process 

conditions studied were restricted to temperature, time, liquid-to-solid ratio, and nitrogen-to 

solid ratio. This study did not cover the lignocellulosic composition and proximate analysis 

changes after pretreatment but was limited to the mass yield, ultimate analysis and the energy 

content changes. The fuel (PSD) used in this study was obtained in South Africa, and all 

analyses were done on an air-dried basis. This study did not cover the fuel's non-isothermal 

degradation but developed a kinetic model explaining the isothermal degradation of PSD 

during only the torrefaction process. The data used for developing the kinetic model was 
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restricted to the data obtained from the thermogravimetric analyzer. The study did not include 

an economic and feasibility study of the pretreatment processes investigated. Notwithstanding, 

the following are highlighted as the benefits that can be derived from this study. 

1. This study provides insight for implementing torrefaction and solvolysis pretreatment 

processes on a large scale by providing optimal operating conditions that will ensure 

increased efficiency.  

2. Knowledge on the comparison between torrefaction and solvolysis process regarding 

the physicochemical properties of the char produced was established. This knowledge 

will give informed decision to further research on the process to adopt based on 

different factors.  

3. Relevant kinetic data that explains the thermal degradation of PSD was provided to the 

research body of knowledge which will assist in designing an optimized and efficient 

reactor for carrying out the pretreatment of PSD and can be extended to similar biomass.  

4. This study also provides relevant data to evaluate the torrefaction process's efficiency, 

considering the minimum energy needed, which will play a vital role in simulating 

pretreatment processes in a static and dynamic environment.  

5. Lastly, this research's execution significantly contributes to further advancement in the 

quest to provide green energy and green economy. These advancements will add to the 

efforts made by other researchers in offering solutions to climate change and global 

energy insecurity, resulting from the indiscriminate burning of biomass waste, and the 

non-renewable nature of fossil fuels, respectively.   

As a result of these benefits, this research can pave the way for further research in this field. 

More relevant data can be made available to stakeholders to make informed decisions on 

implementing these technologies on an industrial scale in a coal-biomass co-firing power 

plant.   
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1.6. Thesis Layout 

Contained in this thesis are six (6) chapters. Chapter one serves as the introductory chapter to 

this thesis. It contains the identified problems relevant to this field of study and motivates for 

the research's execution. It also contains the objectives, scope and contributions of this study. 

Chapter two contains a review of relevant and recent literature concerning the objectives and 

scope of this research. Chapter three contains the experimental procedure and analysis carried 

out in this study. Chapter four focuses on the effect and optimization of process conditions 

during solvolysis and torrefaction of PSD using desirability function based on RSM and genetic 

algorithm (GA). Chapter five focuses on the kinetic study of the isothermal degradation of PSD 

during torrefaction process. Chapter six contains the conclusions drawn from the execution of 

this research and possible recommendations that can help improve the experiment's efficiency 

and the results obtained from this study. Figure 1.1 shows the overall thesis layout and road 

map taken in the execution of this study.  
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Figure 1.1. Overall Thesis layout and road map 

UNDERSTANDING KINETICS AND EFFECT OF PROCESS CONDITIONS 
DURING PRE-TREATMENT OF PINE-SAWDUST (PSD) USING TORREFACTION AND SOLVOLYSIS

Utilization of Biomass; Torrefaction and Solvolysis Pre-treatment Review

(Chapter Two)

Experimental Procedure and Analysis

(Chapter Three)

Torrefaction experiment Solvolysis experiment Thermogravimetric Analyzer 

Optimization technique 

Desirability Function: RSM Genetic Algorithm
Effect of Process Conditions and Optimization

(Chapter Four)

Model validation
Model development 

and solution

Kinetic Study

(Chapter Five)

Conclusion and Recommendation

(Chapter Six)
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CHAPTER TWO 

2. LITERATURE REVIEW 

2.1. Introduction  

This chapter presents a thorough and comprehensive review of the two pretreatment processes, 

namely; torrefaction and solvolysis process, for the effective thermochemical conversion 

process of biomass. It begins with presenting a brief introduction of the pre-existing fossil fuel 

(coal) used for energy conversion via thermochemical conversion and its challenges, paving 

the way to explore biomass as an alternative. Furthermore, previous studies on the torrefaction 

and solvolysis processes were thoroughly reviewed and reported. The effects and optimization 

of various process conditions employed in the pretreatment processes were also critically 

reviewed. These reviewed process conditions stood as a basis for the experimental procedures 

employed in this study (Chapter three). Penultimately, previous studies centred on modelling 

the iso-thermal degradation of biomass via thermogravimetric analysis were reviewed, and 

pilot studies were reported in detail in Chapter six. Finally, other literature highlighting pilot 

studies where torrefaction and solvolysis have been employed, coupled with the results 

obtained and the knowledge gap identified in this research field are also reported in this chapter.  

2.2. Utilization of Coal and its Global Challenges 

Coal has generally been defined as a sedimentary rock, usually brown or black, with high 

Carbon and energy contents (Energy Information Administration, 2008). It is regarded as a 

non-renewable source of energy because it takes millions of years to get formed. Coal forms 

through physical, chemical and biological processes of accumulated plants residues 

(Kharagpur and Web, 2019). It is one of the most essential and common solid fuel known to 

man for energy generation and is a typical example of fossil fuel.  

Coal is classified based on its characteristics such as; age, higher heating value, colour, 

proximate and ultimate analysis. Ranks of coal are classified according to the metamorphism 
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of the coal. Table 2.1 shows the proximate and ultimate analysis of the different ranks of coal. 

The ranks of coal in increasing order are; lignite coal, sub-bituminous coal, bituminous coal 

and anthracite coal and their approximate ages are 60 million years, 100 million years, 300 

million years and 350 million years, respectively.  

There have been similarities in the analysis of coal carried out by different researchers. As 

shown in Table 2.2, the lignite coal studied by Sanwal et al. (2018) has shown that most of the 

characteristics fell within the range of values reported by the other researchers. Coal as a fuel 

has different characteristics which play vital roles when it is used for energy generation. For 

instance, the calorific value, volatile matter, and ash content are considered before its use for 

energy production. Typically, the attraction towards coal as a source of energy is due to its high 

calorific value, also known as the higher heating value (HHV). Grootegeluk, common coal in 

South Africa, has been studied to have a calorific value of 19.8 MJ/kg and a relatively high ash 

content of 34.9 %. The high energy content of coal can be seen through its high calorific value.  

Table 2.1. Proximate and ultimate analysis of the ranks of coal. Radovic (1997). 

Proximate analysis (%)   Ultimate analysis (%)  

 VM FC MC   C H N O S HHV(MJ) 

kg-1 

Lignite   70-30   65-72 5 <1 30 0 <16.28 

Sub-

bituminous 

  30-10   72-76 5-2 1 29-1 0-4 ~23.26 

Bituminous 15-31 69-86 10-5   76-90 5-2 2 29-1 4 27.91-34.88 

Anthracite 2-14 87-98 5   90-95 2 >2 1 4-0 >34.88 
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Table 2.2. Proximate and Ultimate analysis of coal. Sanwal et al. (2018). 

  Proximate analysis (%)   Ultimate analysis (%) 

  M V FC A   C H N S O 

Lignite coal  32.24 28.66 26.54 9.4   52.658 3.982 0.22 4.789 38.351  

It was estimated that as of 2010, the estimated amount of coal in the South African's coal 

reserve was about 15 billion tonnes (Hartnady, 2010). Given South Africa's large dependency 

on coal for the generation of electricity, measuring up to about 88 % of coal consumed by 

Africa (Ma et al., 2018), there has been a predicted production peak in 2020 which could cause 

an adverse effect on the economy and climate of South Africa. South Africa's dependency on 

coal for power generation is a big concern. South Africa stands as the 6th largest coal miners 

and exporters globally and in possession of 6 % of the world's coal reserve. The coal industry 

contributes the largest quota of foreign exchange earnings and has the highest income from 

mining activities. It has been reported that coal contributes positively to South Africa's 

economy, and it serves as the mainstay of industrialization, contributing many employments to 

the people and an appreciable income (Falcon, 2013).  

However, due to the extended numbers of years required for coal to form naturally beneath the 

earth surface, it has generally been classified as a non-renewable form of energy. As a fossil 

fuel, coal causes a large volume of green-house gas emission during its thermochemical 

conversion process. These emissions make it a non-eco-friendly source of energy. As a result 

of its carbon emission, coal exploration contributes to the world's global warming challenges. 

Furthermore, coal's high ash content may reduce the energy conversion system's efficiency, 

hence; increasing operational difficulties. 

2.3. Biomass as a Sustainable Source of Renewal Energy and its Limitations 

In recent years, the world has given increasing attention to the utilization of waste biomass 

feedstocks for energy generation via thermochemical conversion processes due to its 
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abundance, renewability, and considerable low carbon emission (Duan et al., 2020). This 

interest by the global energy industry is fostered by the constant fluctuation of petroleum 

products over the years; the concerns of climate change which results from global warming; 

and a need for energy security which cannot be offered by a non-renewable source.  

In this study, Biomass can be described as any organic matter that includes; crops, woods, 

animal waste, that has high energy content. The energy content of agro-based (wood and crop) 

biomass are gotten from the process termed photosynthesis. Photosynthesis is the process 

whereby the plant absorbs carbon dioxide and water in the presence of sunlight, to produce 

carbohydrates (energy in the form of chemical, consisting of starch, sugar, cellulose, and lignin) 

and oxygen. The sunlight being absorbed is responsible for the high energy content. One of the 

challenges, peculiar to the efficient utilization of solar energy, is storage. Biomass through 

photosynthesis offers some form of a solution by storing some energy from the sun. This energy 

can in-turn be converted into other forms via thermochemical conversion processes.  

The fuel and energy gotten from biomass are called biofuel and bioenergy, respectively. 

According to the Renewable Energy (Electricity) Act 2000 (Ness & Moghtaderi, 2003), the 

following are the primary biomass; agricultural crop residues, woody wastes, forestry wastes, 

and waste from food production industry, animal husbandry waste, municipal wastes, and black 

liquor. According to Dowaki & Mori (2005), biomass is regarded as one of the most sustainable 

sources of energy, and as a result, should be explored.  

Biomass produces cleaner fuel than coal or other fossil fuels (e.g. petroleum) that produces 

many greenhouse gases. Biomass exhibits carbon-neutral characteristic and contains 

insignificant sulphur content, thereby eliminating the threat of emitting sulphur oxides (Mohan 

et al., 2006). An estimated figure of about 14 % of the world's energy has been attributed to 

biomass. This figure has to rise as it has a significant role in carrying out global energy planning 
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and ensuring energy security (Şensöz, 2003). In accordance to the Renewable Fuel Standard, 

established by the Energy Policy Act of the United States in 2005, 4 billion gallons of 

renewable fuel was produced in 2006, and an expected increase to 36 billion gallons is expected 

by 2022 (United States EPA, 2020). Figure 2.1 shows the potential and more eco-friendly 

sources of biomass fuels for energy generation.  

    

(a)                                                                                  (b) 

    

(c)                                                                                     (d) 

Figure 2.1. (a) Woody biomass (b) Crop biomass (c) Municipal waste (d) Animal waste 

Source: www.biomassmagazine.com 

First accessed: 01-Oct-2019 

Figure 2.2 shows the distribution of the various renewable energy sources currently being 

explored (Antonio et al., 2016). Amongst the key findings of Antonio and colleagues, wood 

fuel was reported as the most (68 %) supplier of energy amongst the biomass resources, with 

hydrogenated vegetable oil being the lowest (0.3 %) since 2013. This shows the feasibility of 

utilizing woody biomass for effective thermochemical conversion process. During the South 

Africa International Renewable Energy Conference (SAIREC) in 2015, it was estimated that 

7.7 million jobs were created globally in 2014. In 4 decades for the first time, 2014 was the 

http://www.biomassmagazine.com/
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first year a significant growth in the economy was not associated with the growth of CO2 from 

the use of fossil fuels, which stood as a record for renewable energy (Adib et al., 2015).  

The recent research focus on biomass has significantly shown the several benefits of biomass 

and bioenergy. Some of these merits are; it is a renewable and sustainable source of energy; 

the fuel produced from biomass is CO2 neutral (i.e. it leaves a zero-carbon footprint, which 

tends to proffer solutions to global warming). The valorization of biomass also enables the use 

of nonedible matters, which creates a ripple effect on solving environmental pollution by 

reducing biomass waste. Also, biomass contains relatively low ash, high fixed carbon and little 

or no trace elements. It creates new jobs and income for the ever-growing population. The 

exploration of biomass tends to create diversification in energy sources to guarantee energy 

security and conserve fossil fuels. As waste biomass has zero value, it is a cheap raw material 

source for all the biomass-derived useful products such as fertilizers, building materials, 

biofuels, to mention a few.  

 

Figure 2.2. Distribution of various sources of renewable energy. (Antonio et al., 2016) 

However, biomass has its limitations in terms of its application for energy generation. For 

example, raw biomass's moisture content makes the transportation of raw biomass from the 

waste sites (e.g. farm) to the plant site energy and cost-inefficient. This inefficiency is because 

68%

10%

7%

4%
3%

1%2%1% 0% 2%2%

wood fuel charcoal
black liquor ethanol
municipal solid waste wood pallets
forestry byproduct industrial residues
hydrogenated vegetable oil biogas
biodiesel
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a significant amount of the cost of transportation and energy will be used to transport water 

encompassed in the moisture content of raw biomass. Likewise, raw biomass has auto-decaying 

properties, which poses a challenge for storage over a long time. The lignocellulosic nature of 

biomass reduces the biomass's grindability, thereby increasing transportation costs due to its 

size. Another limitation of using biomass for energy generation is inadequate knowledge to 

consider various biomass qualities and properties. This knowledge will be critical in carefully 

reviewing different biomass, and subsequently authenticating them for biofuel production. 

Other limitations attributed the use of biomass is; the high investment cost associated with it; 

the insufficient knowledge on the proper pretreatment technologies employed on biomass; and 

optimization of biofuel product for usage. Therefore, it is crucial to improve the raw biomass 

qualities to increase the efficiency of the thermochemical conversion process. Importantly, 

solving the energy in-security and emission of GHG issues in Africa and the world at large 

through the utilization of unconsolidated biomass waste should be considered as a priority 

(Pathak et al., 2010). 

The process of improving the fuel qualities of biomass material is called biomass pretreatment. 

There are different methods by which this can be achieved. They include; mechanical 

(physical), biological, chemical, and thermal pretreatments. Each of these methods is utilized 

depending on the quality of fuel required and its subsequent use. Generally, biomass exhibits 

some characteristics that require them to be pre-treated before conversion into biofuels and 

biogas.  

Woody biomass is considered lignocellulosic biomass because of its CHL (Cellulose, 

Hemicellulose and Lignin) properties (Vassilev et al., 2010). The cellulose is responsible for 

the firmness and stiffness of plants. It is an organic compound with the formula (C6 H12 O5)n 

with an unbranched polymer of glucose. Hemicellulose belongs to a group of different 

polysaccharides which contains both 5-carbon and 6-carbon sugars. Lignin is a more complex 
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molecule other than cellulose and hemicellulose, with a 3-D structure having phenyl-propane 

units linked to its chain.  

In the processing of lignocellulosic biomass, the first step is the pretreatment step, i.e., 

removing the lignocellulosic biomass's refractory behaviour. Pretreatment of biomass leads to 

a change in the biomass's chemical structure orientation, as shown in Figure 2.3. According to 

Ashok et al. (2015), pretreatment of biomass is simply a process whereby the natural resistive 

behaviour of the carbohydrate lignin shield inhibits the interaction between the enzymes, heat 

or chemical hemicellulose is removed. Pretreatment is an essential step to take to upgrade the 

fuel quality of biomass. In this case, pretreatment is therefore defined as a process whereby the 

inhibiting characteristics of biomass are reduced through different methods, to improve the 

quality of fuel produced from it under a given optimal condition. For this study, torrefaction 

and solvolysis pretreatment methods will only be covered in this review.  

 

Figure 2.3. Schematic representation of the pretreatment of biomass. Adapted from Paulien et 

al. (2010).  

2.4. Overview of Torrefaction Pretreatment Process 

Torrefaction is a thermal pretreatment process that involves processing a biomass feedstock 

(either grown or waste) in a torrefaction reactor often referred to as a torrefier. This process 

produces a charred product termed "biochar", that can be used as fuel for thermochemical 
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conversion in a coal-fired power plant (Anukam et al., 2017; Barskov et al., 2019). Torrefaction 

involves the heating of a known mass of biomass in an inert atmosphere (absence of oxygen) 

for a particular time and producing a torrefied product. This product generally poses improved 

fuel properties compared to raw biomass. For this study's purpose, the benefits of biochar as 

regards bioenergy generation will only be considered.  

Torrefaction is often referred to as a mild pyrolysis process because of the low range operating 

temperatures between 200 and 300 °C in an inert atmosphere (usually nitrogen) as the carrier 

gas to prevent full combustion within a residence time of 15 mins – 2 hrs (Li et al., 2018; van 

der Stelt et al., 2011; Yu et al., 2019). During the torrefaction process, different reactions occur, 

namely: loss of free moisture content, devolatilization of light compounds, decomposition of a 

fraction of the lignocellulosic composition, and biochar formation (Cha et al., 2016). The 

biochar produced after these processes has a similar physical appearance as conventional coal 

with similar chemical and fuel properties. Hence, torrefied biomass can considerably measure 

up to coal by producing good quality energy via thermochemical conversion (Sikarwar et al., 

2017). 

Three main products are gotten from a typical torrefaction process, namely; the solid product 

which is called the biochar, the liquid product which is called the condensable volatile organic 

compounds (majorly consisting of water, some organics and aromatic compounds), and the gas 

which is known as the un-condensable inorganic compounds (majorly consisting of CO, CO2, 

traces of H2 and CH4) (Felfli et al., 2005; Stelte, 2012). The main essence of carrying out 

torrefaction is to improve the fuel properties of biomass. These fuel properties are; the Higher 

Heating Value (HHV), the grindability, the hydrophobicity, the oxygen-to-carbon ratio and 

hydrogen-to-carbon ratio. Torrefaction pretreatment process has been reported to improve the 

fuel properties mentioned above (Brachi et al., 2019; Grycova et al., 2020; Rago et al., 2020).  
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Numerous efforts have been made to give insights and critically review the techno-economic 

assessment of replacing coal with torrefied biomass in a coal-fired power plant for hydrogen-

rich syn-gas production (Akbari et al., 2020; Ozonoh et al., 2019). A wide range of biomass 

(both cultured and waste) has been used as feedstocks for the torrefaction process. Some of 

these biomasses are; spruce, straw, grass, rice husk (Grycova et al., 2020), oil palm fibre, 

eucalyptus (Lu et al., 2012), beechwood (Ohliger et al., 2013), pinewood (Chen et al., 2016), 

pine sawdust (Gong et al., 2016), sap and heartwood (Phanphanich and Mani, 2011), corncob 

(Li et al., 2018), birch wood (van der Stelt et al., 2011), timothy hay (Nhuchhen et al., 2018). 

Some other biomass that has been used are sugarcane bagasse, bamboo, banyan, willow, reed 

canary grass, walnut shell, tomato peels and bug weed, to mention a few.   

Recent review papers have been published to highlight the progress and new areas of interest 

in the torrefaction process. With increased understanding of this process over the years, 

breakthroughs and promising observations have been reported in recent review articles. For 

instance, Barskov et al. (2019) reviewed experimental procedures for the torrefaction of 

lignocellulosic, food waste and non-lignocellulosic biomass and enumerated that average 

torrefaction process conditions yielded enhanced biofuels. Nunes et al. (2014), reviewed the 

viability of using torrefied biomass and coal in a co-firing plant for generating power. Ribeiro 

et al. (2018) reviewed the already existing techniques employed in carrying out torrefaction. 

The importance of process parameters employed during torrefaction pretreatment process on 

the product biochar was also highly emphasized. Emphases of the effect of the torrefier design 

on the product were also made. Olugbade & Ojo (2020) reviewed pre-existing torrefaction 

technologies including; wet, dry and ionic-liquid torrefaction and their different operating 

mechanism. Great attention was focused on both the torrefier design and the techno-economical 

aspect of implementing the thermochemical conversion of torrefied biomass. Cahyanti et al. 

(2020a&b) reviewed impact of torrefaction process on the environment. The economic 
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challenges such as the high competitiveness faced by torrefied biomass were also evaluated. 

The review concluded that the integration of torrefaction with other processes would 

significantly increase its economic viability.  

Although numerous review journals have been published on the various aspects of torrefaction 

process in the last decade, very few of these researchers have given attention to the review of 

detailed effects of process conditions employed during torrefaction process on the produced 

biochar, modelling the process as well as optimizing the operating parameters for optimal 

biochar yield. Hence, the following subsections give a short review of the recent studies centred 

around the interactional effect of operating temperature, residence time and mass of biomass 

feed employed during torrefaction process and optimizing the process. 

2.4.1. Torrefaction pretreatment process: Effect of process conditions 

The decomposition of the lignocellulosic composition of biomass during torrefaction process 

plays a significant role in producing quality biochar. The operating temperatures employed 

during torrefaction is greatly responsible for this decomposition (Kumar et al., 2020). Some 

other process conditions contributing to this decomposition reaction are the biomass's residence 

time in the torrefier, the flow rate of carrier gas, and the biomass feed mass.  

The effect of mass feed on torrefaction of biomass has been investigated using a 

thermogravimetric analyzer. This effect is being highlighted by the HTZ (i.e. the total 

temperature width at half the maximum mass loss rate) recorded using a TA instrument. A 

large mass of biomass feed translates to a large quantity of biomass particles between the 

surfaces inside the torrefier. Due to the low conductivity property of biomass, studies have 

reported a limitation in the transference of heat from the heating source of the torrefier to the 

biomass sample. This limitation results in an increase in the temperature gradient around the 

biomass sample's cross-sectional area as the heating rate increases (Ceylan, 2015; Gai et al., 
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2013; Gajera et al., 2020). As a result of this heating limitation, this suggests that higher 

temperatures will be required to ensure uniform decomposition of the lignocellulosic 

components throughout the biomass sample.  

Several researchers have studied the effect of the operating conditions employed during the 

torrefaction pretreatment process to compare the biochar's fuel properties to the raw biomass 

feed. Grycova et al. (2020) carried out a study to determine the operating temperature and 

residence time at which quality biochar can be produced from the torrefaction of sorghum 

biomass, straw and rice husk. The experiments were carried out within a temperature range of 

200 and 300 °C and residence time of 10 and 45 min. It was reported that at torrefaction 

temperatures between 275 and 300 °C, it was significant enough to decompose the 

hemicellulose. The further degradation of cellulose and a fraction of the lignin suggested that 

the heating time should preferably be increased than the temperature. It was also reported that 

although the fuel properties of biochar kept increasing with increasing temperature, the increase 

in the carbon-to-oxygen ratio content and the higher heating value at the start temperature of 

200 °C was insignificant for all the biomass samples. This observation suggested that 

torrefaction temperature had a more significant effect on the biochar. However, the increase in 

temperature resulted in a massive decrease in the mass yield, which affected the biochar's 

energy yield. It was concluded that the minimum residence time for torrefaction should be 45 

min to see a significant change in biochar qualities. The torrefaction process should also be 

kept at an average temperature (225 – 250 °C) to minimize the mass loss to be economically 

viable.  

Jagodzińska et al. (2020) studied the effect of torrefaction temperature and residence time on 

the biochar properties. This investigation was carried out on wheat-barley straws and wheat-

rye chaff. Temperature range of 280 – 320 °C and residence time of 30 – 75 min were studied. 
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It was reported that the influence temperature has on the product yield of biochar is higher than 

that of time. It was concluded that the biochar produced at 320 °C while holding the biomass 

for 75 mins in the batch reactor was considered a quality fuel. Employing these operating 

conditions reduced the mass of biomass by 40 %.  

The torrefaction of four different biomasses of Columbia origin, namely; Pinus Maximinoi; 

Pinus Patula; Eucalyptus Grandis; Gmelina Arborea, were studied by Pérez et al. (2019). 

While holding the torrefaction time constant at 30 min, the effect of torrefaction temperature 

between 200 and 300 °C were reported. As traditionally observed, the mass yield of the biochar 

significantly dropped with the increase in temperatures. It was observed that early temperatures 

such as 200 °C recorded an insignificant reduction in mass. Furthermore, a reduction in energy 

yield was recorded with increasing temperature. Although there was only a slight increase in 

the fuel ratio (fixed carbon-to-volatile matter ratio) for one of the biomass sample at 200 °C 

(this is as a result of the proximate analysis of the specie), there was a highly significant 

reduction in the VM-to-FC ratio for all samples for temperatures beyond 200 °C. It was 

concluded that torrefaction provides a promising future for the thermochemical conversion of 

biomass. Similarly, Nhuchhen et al. (2018) reported that the variation of the heating rate of the 

torrefaction process below 50 °C/min relatively has a lower impact on the fuel properties of 

biomass.  

Yılgın et al. (2019) reported the biochar properties produced from beechwood sawdust. The 

investigated torrefaction temperature was between 220 and 300 °C. The residence time was left 

at 10 min while the heating rate was set such that it took 40 min to reach the operating 

temperature. No moisture was recorded for the biochar produced. This observation was because 

the minimum temperature was well enough to remove all free moisture present in the biomass 

sample. A 35 % increase in the higher heating value of the biochar (being the highest) was 
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recorded at 300 °C, and it recorded a massive 50 % reduction in mass yield of biochar. It was 

concluded that mild torrefaction (260 °C) would be most suitable to avoid a massive mass 

reduction in biomass and produce coal-like biochar that measures up to its higher heating value.  

Wang et al. (2018) reported the physicochemical properties of biochar produced from stem 

wood, stump and bark. Operating temperatures and residence time of 225 – 300 °C and 30 – 

60 min were employed. The severity of torrefaction is proportional to the temperature and time 

employed during the process. It was reported that both the hemicellulose and cellulose 

compositions reduced with increase in severity. The study also suggested that the impact of 

temperature on the mass yield of biochar was significantly higher than the influence of time. 

The same observation was reported for the higher heating value of biochar. Higher torrefaction 

severity (i.e. higher temperature and time) resulted in a decrease in the hydrogen-to-carbon 

ratio and the oxygen-to-carbon ratio. The significant reduction in particle size and the energy 

required for the grinding of biochar with increasing torrefaction severity was also reported. It 

was concluded that the mild torrefaction of biomass (275 °C) was efficient to significantly 

improve the fuel properties and grindability of biochar while obtaining a relatively high mass 

yield.  

The effect of temperature, time and flow rate of carrier gas on torrefied ground coffee residue 

was studied by Pathomrotsakun et al. (2020). While varying the temperature, time and flow 

rate of gas between 200 – 300 °C, 30 – 60 min and 50 – 250 mL/min respectively, it was 

reported that temperature had the most significant effect on the fuel properties. In contrast, the 

flow rate effect was marginal. Hence, the least gas flow rate studied (50 ml/min) was suggested 

as the best condition to employ, with a severe temperature of 300 °C and residence time of 30 

min. It was concluded that torrefaction of biomass while employing these conditions, can 

efficiently produce biochar with comparable properties as sub-bituminous coal.  
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Li et al. (2018) carried out a comparative analysis of corncob biomass's torrefaction in a carbon 

dioxide and nitrogen atmosphere. Although CO2 was recommended for the torrefaction process 

based on the results obtained, both atmospheres significantly improved corncob's fuel 

properties. At the most severe torrefaction temperature (300 °C), under the nitrogen and carbon 

dioxide atmosphere, the biochar's heating values improved by a factor of 1.5 and 1.46 

respectively.  

Martín-Lara et al. (2017) studied process parameters' effect on torrefied olive tree pruning's 

fuel properties. This study reported a significant improvement in the fuel properties of raw 

olive tree biomass. The effect of torrefaction temperature was reported to have higher 

significance than operating time on the biomass sample's proximate and ultimate analyses. 

However, operating time was reported to significantly improve the higher heating value of 

biomass than the torrefaction temperature. It was also reported that the decomposition of 

hemicellulose during torrefaction was predominant while a mild decomposition of cellulose 

took place at severe torrefaction temperatures. The promising future of the torrefaction process 

was established as it could convert lignocellulosic biomass into coal-like materials. This 

conclusion was made based on the improvement in carbon-to-oxygen and carbon-to-hydrogen 

ratios and the decomposition of the lignocellulosic composition of raw biomass at severe 

temperature (300 °C).  

A study on enhancing fuel properties of torrefied energy and sweet sorghum biomass was 

carried out by Yue et al. (2017). While employing torrefaction temperatures between 250 and 

300 °C and residence time of 30 min, it was reported that the mass yield significantly reduced 

with increase in torrefaction temperature. The higher heating value of energy and sweet 

sorghum was significantly improved compared to raw biomass. However, as the torrefaction 



26 
 

temperature increased from 275 to 300 °C, the higher heating value reduced for only energy 

sorghum.  

Table 2.3 provides detailed process conditions employed by different authors and their 

corresponding fuel properties of biochar produced from torrefaction pretreatment process. The 

difference in the various biochar's fuel properties can be attributed to the difference in the 

different biomass's chemical structure and composition. Also, the use of different operating 

conditions can result in different fuel properties of biochar. The difference in the fuel properties 

of biochar produced from pinewoods between different authors, as seen in Table 2.3 suggests 

that the same type of biomass can exhibits different properties when subjected to different 

process conditions.  

In conclusion, the process condition such as; operating temperature, residence time, the flow 

rate of inert gas, and the mass of biomass feed substantially impact the mass and energy yield 

of torrefied biomass, with temperature having the most influence on the fuel properties of 

biochar. Though severe torrefaction temperature produces a coal-like product with enhanced 

fuel properties, employing a mild temperature with a long residence time, relatively produce 

biochar comparable to coal while conserving a large mass of the biomass feed. The enhanced 

biochar produced via torrefaction pretreatment process can efficiently be co-gasified with coal 

in a coal firing plant.
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Table 2.3. Process conditions employed for the torrefaction of different biomass and their corresponding improved fuel properties. 

Biomass T (°C) t (min) flowrate 

(mL/min) 

MY (%) EY (%) HHV 

(MJ/kg) 

Ref. 

Sugarcane bagasse 300 5 500 80 90 20.19 Anukam et al. (2017) 

Corncob  220 – 300  30 100 69 – 95  85 – 95  17 – 25  Li et al. (2018) 

Wood pellets 210 – 310  15 – 60  10000 86 – 39  61 – 99 20 – 27 Yu et al. (2019) 

Wood residues  220 – 270  30 – 75  NR 43 – 94  50 – 97  21 – 23  Felfli et al. (2005) 

Empty fruit bunch 

Mesocarp fibre 

Kernel shell 

220 – 300  30 500 27 – 46 

48 – 67  

70 – 80  

NR 17 – 20 

19 – 22 

19 – 22  

Uemura et al. (2011) 

Woody fir pellets 

Olive pomace  

200 – 250  15 3300 52 – 90 

56 – 80  

65 – 94  

75 – 95  

21 – 24  

24 – 27  

Brachi et al. (2019) 

Sorghum 

Straw  

Rice husk 

Spruce 

200 – 300  10 – 45  10000 25 – 82  

20 – 84  

45 – 90  

30 – 90  

55 – 95  

50 – 95  

57 – 97  

52 – 98  

17 – 23  

17 – 23  

17 – 19  

20 – 24  

Grycova et al. (2020) 

Mango branches 

Waste newspaper 

Polyethylene 

300 30 500 70 

73 

99 

NR 21 

19.56 

47.54 

Rago et al. (2020) 

Beechwood  270 – 300  15 – 60  500 –1000  NR NR NR Ohliger et al. (2013) 

Pine wood 220 – 280  30 400 NR NR NR Chen et al. (2016) 

Pine saw dust 230 – 290  30 – 60  400 50 – 95  70 – 97  20 – 26  Gong et al. (2016) 

Pine chips  

Sap and heart wood 

225 – 300  30 200 52 – 89  

52 – 88  

71 – 94  

72 – 92  

18 – 25  

19 – 28  

Phanphanich et al. (2011) 
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Wheat-barley straw 

Wheat-rye chaff 

280 – 320  30 – 75  NR NR NR NR Jagodzińska et al. (2020) 

Pinus maximinoi 

Pinus patula 

eucalyptus grandis 

Gmelina arborea 

200 – 300  30 150 70 – 98  

68 – 98  

70 – 98  

55 – 98  

75 – 98 

77 – 97  

80 – 97 

65 – 96  

NR Pérez et al. (2019) 

Beech wood  220 – 300  10 100 50 – 90  68 – 94  NR Yılgın et al. (2019) 

Spruce stem 

Spruce stump 

Spruce bark 

225 – 300  30 – 60  1000 58 – 92  

46 – 93  

61 – 90  

68 – 93  

56 – 94  

72 – 97  

20 – 24  

20 – 23  

21 – 24  

Wang et al. (2018) 

Coffee residue  200 – 300  30 – 60   50 – 250  NR NR 25 – 32  Pathomrotsakun et al. (2020) 

Olive tree 200 – 300  10 – 60  4000 57 – 87  64 – 102 19 – 20 Martín-Lara et al. (2017) 

Sweet sorghum  

Energy sorghum  

250 – 300  30 2000 43 – 65 

51 – 70  

NR 20 – 27  

21 – 24  

Yue et al. (2017) 

Timothy hay 220 – 300  15 – 45  4000 50 – 90  38 - 82 19 - 23 Nhuchhen et al. (2018) 

T – Temperature; t – Time; LSR – Liquid-to-Solid Ratio; NSR – Nitrogen-to-Solid Ratio; MY – Mass Yield; EY – Energy Yield; HHV – Higher 

Heating Value; NR – Not Reported. 
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2.4.2 Optimization of torrefaction process 

Several researchers have indicated the need to optimize the process conditions employed 

during the torrefaction process. From literature, it can be observed that the higher heating value 

of torrefied biochar increases as the mass yield reduces. Hence, there is a need to achieve an 

optimized process to ensure an optimal energy yield (i.e. both the higher heating value and the 

mass yield). Also, the quantity and quality of biochar produced as a feedstock for coal firing 

plants can be improved by optimizing the process. Therefore, it can be said that the 

optimization of the torrefaction process is simply the maximizing of the higher heating value 

of biochar and the minimizing of the mass loss of feed biomass.  

Lee & Lee (2014) carried out the optimization of the torrefaction of some biomass samples via 

regression analysis. Seven biomass samples, namely; Eucalyptus, Larch, Acacia, Mixed 

softwood, Yellow poplar, Albasia and Oil palm residues, were used as feed biomass for the 

process. The technique used for the optimization was known as the mass loss and energy gain 

method. Regression analysis technique was used to model the higher heating value and the 

mass loss of the process with respect to the severity (i.e. torrefaction temperature and residence 

time) of the process. It was reported that the optimization technique used was efficient in 

optimizing the process. The authors concluded that the optimal conditions for the seven types 

of biomass's torrefaction were averagely 248.55 °C and 60 min.  

Singh et al. (2019) optimized the process conditions for the torrefaction of Acacia Nilotica 

biomass using the Response Surface Methodology (RSM) based on Face central Composite 

Design (FCCD). This design was chosen because it requires a relatively small number of 

experiments and provides adequate means of studying the process conditions' interactional 

effect. The developed models were significant and accurate enough to predict the higher 

heating value and energy yield as a function of the torrefaction temperature, residence time and 

heating rate. It was concluded that the optimal operating conditions for the torrefaction process 
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were 252 °C, 60 min and 5 °C/min. Also, the authors indicated torrefaction as a promising 

technology for enhancing the fuel properties of biomass. In conclusion, the authors reported 

that the importance of optimizing torrefaction process is; it helps to reduce operational cost 

when upscaling to an industrial level. These improved fuel properties also increase the 

efficiency during the thermochemical conversion of the biochar in a coal firing plant.  

The same experimental design was employed by Kumar et al. (2020) to optimize the 

torrefaction of Eucalyptus biomass. Similar observations that temperature and time had 

negative and positive effects on the mass yield and higher heating value of biochar, 

respectively, were reported by the authors with temperature having a more significant effect. It 

was concluded that the optimal torrefaction operating conditions were near 280 °C and 60 min.  

RSM based on Central Composite Design was also used by Keivani et al. (2018) to optimize 

the process conditions during red pine wood biomass torrefaction. Significant effect of 

torrefaction temperature and residence time on fuel properties of biochar was reported, and the 

optimal conditions were recorded to be approximately 300 °C and 30 min. As previous authors 

have concluded, it was also reported by Keivani and colleagues that torrefied biomass could 

efficiently act as a supplement fuel in a coal-fired plant.  

Buratti et al. (2018) used RSM based on Box-Behnken Design (BBD) to optimize the process 

conditions during coffee residues' torrefaction. A three-level, 3-factor approach was used to 

determine the interactional effect of the process conditions. The models developed based on 

BBD were reported to give high statistical accuracy. The optimal torrefaction temperature and 

time were reported to be 271.7 °C and 20 min, respectively.   

As observed from the above literature, different optimal conditions have been suggested for 

the torrefaction of different biomass types. It can therefore be inferred that the optimal 

conditions for the torrefaction of any biomass sample depend on the type of biomass; the 
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experimental procedures employed; the operating conditions studied; and the fuel properties 

that are of interest. Although various optimization techniques have been used to optimize this 

pretreatment process, Response Surface Methodology has been widely reported to give high 

statistical accuracy for modelling this process. The developed models, techniques employed, 

and their optimized process conditions reviewed in this chapter are summarised in Table 2.4 

for torrefaction pretreatment method. 

The standard technique behind the different methods employed to optimize the torrefaction 

process is to maximize the energy content while achieving a sizeable mass yield of biochar. 

Lee & Lee (2014) used the severity factor to combine the operating temperature and time effect, 

as shown in Equation (2.1).  

The severity factor (SF) equation illustrates that while SF increases linearly with time, the SF 

increases exponentially with temperature. This equation shows the strong influence of 

operating temperature on the final fuel properties of char produced.  

𝑆𝐹 =  log {𝑡 × 𝑒𝑥𝑝 [
𝑇𝑟− 𝑇𝑜

14.75
] }                  (2.1) 

Where SF is Severity Factor; t is time (min); Tr is torrefaction temperature (°C); To is reference 

temperature (100 °C). 
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Table 2.4. Summary of developed predictive models explaining the interactional effect of process conditions during torrefaction. 

Biomass Model Technique Model Optimal 

Condition 

Ref. 

Eucalyptus 

 

 

Larch 

 

 

Yellow poplar 

 

 

Mesocarp 

 

 

Acacia 

 

 

Albasia 

 

 

Energy gain and 

Mass loss 

𝐻𝐻𝑉 = 0.0289𝑆𝐹 + 0.7670 

𝑀𝐿 = −0.1351𝑆𝐹 + 1.7603 

 

𝐻𝐻𝑉 = 0.0699𝑆𝐹 + 0.5168 

𝑀𝐿 =  −0.0802𝑆𝐹2 + 0.8591𝑆𝐹 − 1.29 

 

𝐻𝐻𝑉 =  0.0685𝑆𝐹 +  0.526 

𝑀𝐿 =  −0.1652𝑆𝐹 +  1.941 

 

𝐻𝐻𝑉 =  0.04𝑆𝐹2 −  0.427𝑆𝐹 +  2.048 

𝑀𝐿 =  −0.198𝑆𝐹 +  2.137 

 

𝐻𝐻𝑉 =  0.039𝑆𝐹 +  0.707 

𝑀𝐿 =  −0.037𝑆𝐹2  +  0.317𝑆𝐹 +  0.375 

 

𝐻𝐻𝑉 =  0.041𝑆𝐹 +  0.694 

𝑀𝐿 =  −0.037𝑆𝐹2 +  0.319𝑆𝐹 +  0.373 

245.3 °C 

60 min 

 

250.5 °C 

60 min 

 

245.3 °C 

60 min 

 

246.8 °C 

60 min 

 

247.8 °C 

60 min 

 

248.2 °C 

60 min 

 

Lee & Lee 

(2014) 
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Mixed softwood  

𝐻𝐻𝑉 =  0.065𝑆𝐹3 −  1.15𝑆𝐹2   +  6.81𝑆𝐹 −  12.57 

𝑀𝐿 = −0.12𝑆𝐹3  +  2.09𝑆𝐹2 −  12.26𝑆𝐹 +  25.05 

256.0 °C 

60 min 

Acacia nilotica RSM (FCCD) 𝐻𝐻𝑉 = 21.26 − 0.73𝑇 − 0.028𝑡 − 0.028𝛽 

+0.0001𝑇𝑡 + 0.0001𝑇𝛽 − 0.00008𝑡𝛽 + 0.00002𝑇2 

−0.0003𝑡2 − 0.0002𝛽2 

𝑀𝑌 = −287.37 + 3.307𝑇 − 0.337𝑡 + 0.470𝛽 

+0.0003𝑇𝑡 − 0.0018𝑇𝛽 + 0.0046𝑡𝛽 − 0.0074𝑇2 + 0.0027𝑡2

− 0.0184𝛽2  

252.0 °C 

60 min 

5 °C/min 

Singh et al. 

(2019) 

Eucalyptus RSM (FCCD) 𝐻𝐻𝑉 = 21.39 + 2𝑇 + 0.46𝑡 − 0.05𝑇𝑡 + 0.72𝑇2 

−0.17𝑡2 

𝑀𝑌 = 59.49 − 17.93𝑇 − 2.17𝑡 + 1.10𝑇𝑡 + 1.22𝑇2 

+0.524𝑇2 

280.0 °Ca 

60 min 

Kumar et al. 

(2020) 

Pinewood RSM (FCCD) 𝐻𝐻𝑉 = 155.95 + 9.93𝑇 + 10.5𝑡 + 4.73𝑇𝑡 

−3.15𝑇2 − 3.06𝑡2 

𝑀𝑌 = 61.42 − 19.74𝑇 − 14.29𝑡 − 0.7874𝑇𝑡 

+5.15𝑇2 + 12.39𝑡2 

299.7 °C 

28 min 

Keivani et al. 

(2018) 

Coffee chaff 

 

 

RSM (BBD) 

 

 

𝐻𝐻𝑉 = 22215.6 + 1923.9𝑇 + 305.7𝑡 − 41.7𝛽 

+408.4𝑇2 + 403.6𝑡2 + 285.7𝛽2 − 271.6𝑇𝑡 

271.1 °C 

20 min 

5 °C/min 

Buratti et al. 

(2018) 
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Spent coffee 

grounds 

 

 

 

RSM (BBD) 

 

−370.4𝑇𝛽 + 354.5𝑡𝛽 

𝑀𝐿 = 28.81 + 14.75𝑇 + 4.27𝑡 + 0.87𝛽 − 1.14𝑇2 

−0.62𝑡2 + 0.91𝛽2 − 0.30𝑇𝑡 − 0.76𝑇𝛽 + 0.25𝑡𝛽 

 

𝐻𝐻𝑉 = 27409.4 + 3859.5𝑇 + 403.3 𝑡 + 412.6𝛽 

−246.8𝑇2 + 551.2𝑡2 + 279.5𝛽2 − 477.4𝑇𝑡 

−227.3𝑇𝛽 − 346.5𝑡𝛽 

𝑀𝐿 = 24.694 + 15.73𝑇 + 4.11𝑡 + 1.12𝛽 − 2.16𝑇2 

+0.36𝑡2 + 0.213𝛽2 + 0.42𝑇𝑡 − 0.123𝑇𝛽 − 0.852𝑡𝛽 

 

 

 

256.0 °C 

20 min 

25 °C/min 

 

 

 

Buratti et al. 

(2018) 

HHV (MJ/kg) – Higher Heating Value; ML (%) – Mass Loss; MY (%) – Mass Yield; SF (-) – Severity Factor; T (°C) -Temperature; t (min) – Time; β (°C/min) – Heating 

rate; RSM – Response Surface Methodology; FCCD – Face Central Composite Design; BBD – Box-Behnken Design; a – Determined based on maximum HHV.  
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2.5. Overview of Solvolysis Pretreatment Process  

In recent years, solvolysis pretreatment has begun to gain research attention due to its 

promising results in enhancing biomass fuel properties. Solvolysis pretreatment, often referred 

to as a liquid hot water pretreatment process has been described as an eco-friendly biomass 

pretreatment process because of its non-usage of chemicals and deionized water (Jin et al., 

2016; Lei et al., 2013). Other terminologies used to describe this process are hydrothermal, 

hydro thermolysis, aqueous fractionating and subcritical water pretreatment (Paulien et al., 

2010).  

Solvolysis pretreatment is a process whereby biomass is immersed into water at high 

temperatures between 150 – 260 °C (Hassan et al., 2018; He et al., 2018; Rackemann et al., 

2019; Yang et al., 2015). Generally, this process, at a mild temperature of 150 °C, initially lead 

to partial solubilization of the hemicellulose present in the biomass. As the temperature 

approaches 180 °C and above, the lignin begins to dissolve. The common nomenclature for 

solvolysis product is termed “hydrochar”. This hydrochar can be furtherly used as a fuel for 

energy production and sometimes for soil amendment. For this study's purpose, only hydrochar 

as a coal supplement in a coal-firing plan will be discussed. 

Like the torrefaction process, higher temperatures and residence time have been reported to 

decrease the solid yield and increase the higher heating value of biomass (Wang et al., 2018). 

The typical operating conditions employed during solvolysis pretreatment process entails the 

use an inert gas (i.e. Nitrogen gas) to purge out the oxygen from the reactor, with the operating 

temperature between 150 – 260 °C and residence time of 5 – 240 min (Kambo & Dutta, 2014; 

Rafein et al., 2015).  

Several reactions take place during the solvolysis pretreatment process. Three main products 

are derived from solvolysis pretreatment of biomass namely; the liquid product (which contains 
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some useful ions extracted from biomass such as phosphorus and bio-oil), the gaseous product 

(which comprises of H2O, CO2, H2, CO and CH4), and the solid product (hydrochar, i.e. a 

carbon-rich material). For this study, attention is given to only the solid product. This product 

known as hydrochar has been indicated to measure up to the quality of coal and be efficiently 

used as fuel in a coal firing plant for thermochemical conversion (Wu et al., 2018).  

2.5.1. Solvolysis reaction mechanism 

The reaction that explains the mechanism behind the conversion of biomass into a coal-like 

fuel during the solvolysis pretreatment process and the kinetics has been reported to be 

currently unknown. This knowledge gap is due to the limited research studies carried out in 

this area (Ahmed et al., 2019; Funke et al., 2010). As shown in Figure 2.4, solvolysis (i.e. 

hydrothermal carbonisation) reaction occurs at the subcritical water region (Kruse & Karlsruhe, 

2008). This subcritical water region is characterised by water being held by pressure between 

a  temperature higher than the boiling point of water (100 °C) and the critical temperature (374 

°C) of water. Andrea & Karlsruhe considered three different reactions that could take place at 

different temperatures and pressures, with the three reactions being able to convert biomass 

into various valuable products. The three possible reactions are namely; Hydrothermal 

Carbonisation (HC) (i.e. solvolysis), Hydrothermal Liquefaction (HL), and Hydrothermal 

Gasification (HG).  

As a general knowledge from physical science, the properties of water under a subcritical 

condition change spontaneously. As the subcritical temperature is reached, the dielectric 

constant of water decreases. Hence, reducing hydrogen bonds' strength in water produces a 

high ionization constant, leading to water transformation into an acidic hydronium ion and 

basic hydroxide ions (Gordillo & Mart, 2001; Savage, 1999). 
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Figure 2.4. Stages of hydrothermal conversion of biomass. (Adapted from Kruse & Karlsruhe 

(2008)).  

The acidic mutation of water at the subcritical temperature region provides a suitable medium 

for acid catalysed reaction of the organic compounds during solvolysis without any additional 

acid solvent. During solvolysis pretreatment of biomass, the biomass sample's moisture content 

also provides a suitable medium for this reaction.  

Decomposition reaction of the lignocellulosic component of biomass is quite different from the 

decomposition under an inert atmosphere. The hemicellulose reactivity, cellulose, and lignin 

in a hydrothermal medium are relatively more complicated than in a torrefaction process. As a 

result of the weak hydrothermal stability of hemicellulose, Bach & Skreiberg (2016) reported 

that the decomposition of hemicellulose efficiently occurs at low solvolysis temperatures 

between 150 – 200 °C. Since cellulose possesses a more crystalline structure than 

hemicellulose, it makes it more hydrothermally stable, pushing its decomposition temperature 

range to 200 – 250 °C. The hydrothermal operating temperature has been inferred as 

insufficient to decompose the lignin component of biomass due to lignin's high thermal stability 

(Kruse et al., 2011).  
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Several studies have been carried out on the pretreatment of some biomass via solvolysis 

method. Some of these biomasses are oil palm (Nakason et al., 2017), corn stalk (Lei & Tian, 

2016), prairie cordgrass (Lei et al., 2013), miscanthus (Kambo and Dutta, 2014), food waste 

(Ul et al., 2018), cedarwood (Li et al., 2018). Some other biomass types previously studied are 

corn stover, rice husk, Tahoe mix, loblolly pine, stem spruce, stem birch, to mention a few.  

Various researchers have identified solvolysis pretreatment method as a promising technology 

for enhancing the fuel properties of biomass such as the higher heating value, the oxygen-to-

carbon ratio, the hydrogen-to-carbon ratio, the grindability. Over the last decade, some 

researchers have compiled and reviewed the various aspects of solvolysis process. For instance, 

Ahmed et al. (2019) reviewed the various effect of process conditions employed in the 

production of hydrochar from lignocellulosic biomass. They gave insights to the promising 

prospects of this technology for the energy industry. Bach & Skreiberg (2016) and He et al. 

(2018) reviewed the significant difference in the chemical composition and fuel properties of 

both biochars (i.e. from torrefaction) and hydrochar (i.e. from solvolysis) with the results 

showing similar qualities. The process conditions employed, as well as their respective 

advantages and challenges, were also reviewed.  

He et al. (2015) reviewed the various roles of each process parameters during the production 

of hydrochar for biogas production. The reaction undergone by the lignocellulosic components 

of biomass during hydrothermal treatment were also reviewed. Wang et al. (2018) reviewed 

the process conditions of forming a carbon-rich hydrochar from biomass waste via 

hydrothermal pretreatment. Recommendations on future studies, to exploit this technology's 

potential in the bioenergy industry were also reviewed.  

Acharya et al. (2015) reviewed the similarities and difference between dry torrefaction and wet 

torrefaction (i.e. solvolysis) of biomass. Although similar enhanced fuel properties of charred 
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products were reported, the authors identified differences in the individual processes' cost. It 

was concluded that biomass having high moisture content should be pre-treated using wet 

torrefaction. An article by Shen (2020) also reviewed the process behind the conversion of 

waste biomass and plastics to high energy hydrochar and the various uses of hydrothermal 

carbonisation products.  

Although several articles have been published over the last decade on the pretreatment of 

biomass via solvolysis as well as studying the effect of process conditions on the fuel and 

physicochemical property of biomass, none of the above authors above has specifically 

reviewed the interactional effect of process conditions such as; temperature, time and liquid-

to-solid ratio, on the fuel properties and yield of hydrochar. A review on optimising process 

conditions for producing carbon-rich hydrochar from biomass waste via solvolysis process 

lacks literature. Hence, the following subsection will provide a short review of these 

interactional effects and the optimization of the process conditions.  

2.5.2. Solvolysis pretreatment process: Effect of process conditions 

As discussed in the preceding subsection, different reactions occur during the pretreatment of 

biomass via the solvolysis process. One of these reactions is the depolymerisation of the 

lignocellulosic components. This reaction dramatically influences the quality of hydrochar 

produced. Some of these qualities that need to be improved are the; oxygen-to-carbon ratio, 

hydrogen-to-carbon ratio, higher heating value. These qualities depend on the process 

conditions employed during the process, such as the operating temperature, residence time, 

liquid-to-solid ratio, heating rate, reactor design.  

Lynam et al. (2015) investigated the effect of process conditions on five different types of 

biomass. The effects of three process conditions were studied, namely; the temperature (200 – 

280 °C), time (5 and 20 min) and liquid-to-solid ratio (LSR) (5 and 10). It was reported that 
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severe temperatures significantly reduced the hydrochar yield. However, increasing the 

residence time reduced the mass yield marginally. It was also reported that as the LSR 

increased, there was a reduction in the mass yield of biochar and energy densification. A 

significant reduction in the hemicellulose component of the biomass was also recorded. It was 

concluded that the solvolysis process could efficiently enhance the fuel properties of biomass. 

However, there is a need to optimize the process conditions as it is seen that as the mass yield 

reduces, the energy densification increases.  

Sermyagina et al. (2015) also reported the effect of temperature, time and LSR on the qualities 

of hydrochar. Similar observations of the reduction of hydrochar yield with increasing 

temperature, time and LSR were also reported. On the contrary, increasing process conditions 

were accompanied by the increase in higher heating value. The authors concluded that biomass 

becomes structurally unstable with the increased presence of water under the subcritical region, 

which gives rise to more rapid decomposition of biomass.  

Mäkelä et al. (2015) carried out a study on the interactional effect of process condition on the 

fuel properties of hydrochar from paper mill sludge. It was reported that the influence of the 

process conditions was in the ordering temperature>time>LSR. It was also reported that the 

increment of the carbon content was responsible for the energy densification of hydrochar. It 

was concluded that the hydrochar produced was comparable to sub-bituminous coal and could 

serve as a supplement for the production of energy in a coal firing plant.  

Bach et al. (2016) reported the effect of process conditions and compared the usage of wet and 

dried biomass feedstock on the fuel properties of hydrochar produced via solvolysis 

pretreatment. The hydrogen-to-carbon and oxygen-to-carbon ratios were reported to improve 

with increasing temperatures. It was reported that the mass and energy yield for the dried 

feedstock were both lower than that of the fresh (wet) feedstock. It was concluded that fresh 
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biomass feedstock should be used in solvolysis pretreatment, although feedstock's biological 

decomposition could occur during transportation and storage.  

Dai et al. (2018) carried out the solvolysis pretreatment of milled bamboo while studying the 

effect of the process conditions on the fuel properties of the hydrochar produced. While using 

an LSR of 10 throughout the experiment, it was reported that the higher heating value of 

hydrochar significantly improved with the highest value attributed to the highest temperature. 

The pyrolytic behaviour of hydrochar was also reported. The DTG graphs concluded that the 

absence of the hemicellulose decomposition peak indicated that it had been wholly solubilised.  

Hashemi et al. (2019) enhanced the production of biogas from safflower straw by 

hydrothermally pre-treating it. The authors concluded that biogas' yield could be significantly 

increased by pre-treating biomass at less severe conditions. Other researchers like Aguado et 

al. (2020); Gong et al. (2019); Park et al. (2020); Zhang et al. (2017) have also recently 

enhanced the fuel properties of biomass via wet torrefaction. All the authors mentioned 

reported the promising future regarding this technology as it significantly upgrades biomass to 

a coal-like sample for energy production. These authors also concluded that temperature, time 

and LSR all play significant roles in to achieve an efficient thermochemical conversion process.  

Table 2.5 shows the detailed process conditions employed by the different authors reviewed in 

this study and their corresponding fuel properties of hydrochar produced from solvolysis 

pretreatment process. The reported data in Table 2.5 shows that quality fuel can be achieved 

while employing mild process conditions during the solvolysis pretreatment process. 

Conclusively, the process conditions employed during the solvolysis pretreatment process 

include operating temperature, residence time, liquid-to-solid ratio, type of biomass, moisture 

content of biomass, and type of reactor, have a significant impact on the mass and energy yield 

of hydrochar produced via solvolysis process. Although temperature accounts for the most 
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influence on the improved properties, time and LSR when studied together, also affect these 

properties.  The use of deionised water has also proved to eliminate the risk of using acids and 

toxic chemical to carry out this process. Solvolysis/wet-torrefaction/hydrothermal 

carbonisation have shown to adequately produce a coal-like hydrochar suitable for 

thermochemical conversion in a coal firing plant. However, the operational cost associated with 

this process needs to be evaluated and other challenges.
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Table 2.5. Process conditions employed during the solvolysis pretreatment of different biomass and their corresponding improved fuel properties. 

Biomass T (°C) t (min) LSR MY (%) EY (%) HHV (MJ/kg) Ref. 

Prairie cord grass 170 – 220  40  NR NR NR NR Lei et al. (2013) 

Bamboo sawdust 150 – 230  5 – 35  10 70 – 95  85 – 98  18 – 21  Dai et al. (2018) 

Sugarcane bagasse 170  75 12 NR NR NR Rackemann et al. (2019) 

Humulus lupulus 

Plumeria alba 

Calophyllum 

inophyllum L. 

180 – 260  10 40 30 – 50 

40 – 50  

60 – 70  

40 – 50  

50 – 60  

60 – 80  

18 – 25  

21 – 26  

20 – 24  

Yang et al. (2015) 

Miscanthus  190 – 260  5 – 30  6 – 12  48 – 84  NR 19 – 26  Kambo & Dutta (2014) 

Oil palm 150 – 190  10 – 240  NR 72 – 85  NR NR Rafein et al. (2015) 

Norway spruce 

Birch branches 

175 – 225   10 – 60   5 60 – 72  

53 – 74 

70 – 75 

59 – 76  

22 – 25  

20 – 22  

Bach et al. (2016) 

Oil palm 140 - 200 60 – 240    

  

5 – 15  62 – 78   21 – 25  Nakason et al. (2017) 

Cotton stalk  200  180 - 2640 32.5 53 – 38  NR NR Lei & Tian (2016) 

Food waste  200 – 300  60 3 5 – 7  11 – 13  20 – 31  Ul et al., (2018) 

Cedarwood  200 – 260  10 10 48 – 77  NR 24 – 28  Li et al. (2018) 

Corn stover  

Rice hulls 

Tahoe mix 

200 – 280  5 – 20  5 – 10  45 – 95  

65 – 85  

63 – 87  

55 – 90  

77 – 87  

70 – 88  

NR Lynam et al. (2015) 
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Switch grass 

Loblolly pine 

30 – 85  

60 – 87  

40 – 85  

62 – 98  

Wood chips 180 – 250  180 – 360  6 – 8  50 – 73  73 – 80  22 – 28  Sermyagina et al. (2015) 

Paper mill sludge 180 – 260  60 – 375  1 – 2  59 – 98  54 – 98  20 – 31  Mäkelä et al. (2015) 

Safflower straw 120 – 18  60 – 300  11 NR NR NR Hashemi et al. (2019) 

Almond-tree 175 – 300 10 – 60  NR NR NR 19 – 29  Aguado et al. (2020) 

Empty fruit bunch 

Rice straw 

Sugarcane bagasse 

200 5 8 69 – 98  

74 – 99  

74 – 99  

73 – 99  

77 – 102  

76 – 101  

18 – 19  

16 – 17  

18 – 19  

Gong et al. (2019) 

Miscanthus  160 – 200  NR 10 NR NR 18 – 19  Park et al. 2020) 

Rice husk  150 – 240  60 20 48 – 87  50 – 90  16 – 18  Zhang et al. (2017) 

T – Temperature; t – Time; LSR – Liquid-to-Solid Ratio; NSR – Nitrogen-to-Solid Ratio; MY – Mass Yield; EY – Energy Yield; HHV – Higher 

Heating Value; NR – Not Reported. 

  

 



45 
 

2.5.3. Optimization of solvolysis process 

Similar to the torrefaction process, several researchers have indicated the importance to 

optimize the solvolysis process. Optimizing the mass and energy yield of the solvolysis process 

translates to producing an economically profitable mass of hydrochar and a quality hydrochar 

comparable to conventional coal. Some researchers have modelled and optimised this process.  

For instance, Mäkelä et al. (2015) used RSM based on Box-Behnken design to optimize the 

process conditions such as; temperature, residence time, and LSR during solvolysis 

pretreatment process. Five responses were employed: char yield, energy yield, carbon content, 

oxygen-to-carbon ratio and the energy densification. The authors reported that although 

temperature and time were statistically significant for all responses, LSR was statistically 

insignificant. It was concluded that temperature had the most significant effect on all responses. 

Similar observations were reported for the solvolysis pretreatment of palm kernel shell by Gan 

et al. (2019).  

Nizamuddin et al. (2019) optimised the temperature, residence time, particle size and LSR of 

rice husk during solvolysis using RSM based on Central Composite Design (CCD). This design 

was reported to show a high level of efficiency in developing a significant model. However, 

the number of experimental runs was large, translating to increased laboratory labour, cost and 

time. The authors also reported a non-significance of the LSR, while the temperature was 

reported as the most significant variable.  

Zhang et al. (2020) carried out the optimization of process conditions during the solvolysis 

pretreatment of wheat straws to produce coal-like pellets from hydrochar, using RSM based on 

a Single Factor Experimental Design (SFED). A couple of process conditions were considered 

including temperature, time, moulding pressure and moisture content and the estimated optimal 
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conditions were reported to be 231 °C, 25 min, 130 MPa and 13 %, respectively. It was 

concluded that temperature significantly increased the fuel properties of the pellets.  

Yu et al. (2020) determined the optimal temperature to produce quality fuel and activated 

carbon from hydrochar. Loss of iodine adsorption value of activated carbon and gain of 

activation carbon yield technique was used to determine the optimal temperature. The reported 

optimal temperature was estimated to be at 230 °C. It was also reported that temperature 

exhibits a substantial effect on the fuel's properties and activated carbon.  

For the first time, the optimization of the process temperature and time for the solvolysis 

pretreatment of a non-lignocellulosic waste was carried out by Kannan et al. (2017). RSM 

based on CCD was used to design the process. Similar observations of temperature being the 

most significant were also reported with optimal conditions estimated at 184 °C and 112 min. 

Comparable properties of hydrochar from non-lignocellulosic waste to that produced from 

lignocellulosic waste were reported.  

Kang et al. (2019) studied the interactional effect and optimized the process conditions during 

the solvolysis treatment of corn stalk biomass. RSM based on CCD was used to design and 

optimise the conditions. The authors reported that temperature and the LSR were quite 

significant in estimating the energy yield of hydrochar. It was concluded that the optimal 

operating conditions based on the experimental procedure used were 182 °C, 40 min and 13 

LSR.  

As observed from the above-referenced studies, the optimal conditions for achieving an 

enhanced hydrochar highly depend on the parent biomass, the experimental procedure, and the 

optimization technique. Table 2.6 shows the various optimization techniques, developed 

models, and the optimisation process conditions of the literature reviewed in this study. 
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Table 2.6. Summary of developed predictive models explaining the interactional effect of process conditions during solvolysis. 

Biomass Model 

Technique 

Model Optimal 

Conditions 

Ref. 

Papermill sludge 

residue  

RSM (BBD) NR (Check supplementary data) NR Mäkelä et al. 

(2015) 

Palm kernel shell RSM (CCD) 𝐻𝐻𝑉 = 14.378 + 0.044𝑇 + 0.019𝑡 − 6.446𝑆𝐿𝑅 

𝑀𝑌 = 60.76 − 5.77𝑇 − 0.789𝑡 + 1.27𝑆𝐿𝑅 

220 °C 

30 min 

1:10 

Gan et al. 

(2019) 

Rice straw RSM (CCD) 𝑀𝑌 =  44.77 − 8.37𝑇 − 1.27𝑡 + 0.101𝑃𝑆 + 0.124𝑆𝐿𝑅 

+0.175𝑇𝑡 + 0.128𝑇𝑃𝑆 − 0.165𝑇𝑆𝐿𝑅 − 0.221𝑡𝑃𝑆 

−0.129𝑡𝑆𝐿𝑅 + 0.011𝑃𝑆𝑆𝐿𝑅 + 2.56𝑇2 + 0.13𝑡2 

−0.264𝑃𝑆2 + 0.458𝑆𝐿𝑅2 

180 °C 

20 min 

3 

1:15 

Nizamuddin et 

al. (2019) 

Wheat straw RSM (SFED) HHV and MY were not used as responses - Zhang et al. 

(2020) 
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HHV (MJ/kg) – Higher Heating value; MY (%) – Mass Yield; SLR (-) – Solid Liquid Ratio; T (°C) – Temperature; t (min) -Time; SLR (-) – Solid Liquid Ratio; PS (mm) – 

Particle Size; RSM – Response Surface Methodology; CCD – Central Composite Design; BBD – Box-Behnken Design; SFED – Single Factor Experimental Design; NR – 

Not Reported; a – Loss of Iodine Adsorption and Gain in Activated Carbon Yield; b Determined based on maximum mass yield. 

Pinus Sylvestris 

var 

LIA/GCY a NR 230 °C Yu et al. (2020) 

Shrimp waste RSM (CCD) 𝑀𝑌 = 3.99𝑇 + 0.88𝑡 − 0.0031𝑇𝑡 − 0.001𝑇2 − 0.0013𝑡2 

−371.42 

180 °C b 

112 min 

Kannan et al. 

(2017) 

Cornstalk RSM (CCD) 𝑀𝑌 =  23.883 +  0.163𝑇 +  0.486𝑡 +  20.522𝑆𝐿𝑅 

−0.0023𝑇𝑡 −  0.016𝑇𝑆𝐿𝑅 −  0.040𝑡𝑆𝐿𝑅 −  0.00086𝑇2 

+ 0.001748𝑡2 −  1.911𝑆𝐿𝑅2 

𝐻𝐻𝑉 = 1.73 + 0.141𝑇 + 0.078𝑡 + 2.12𝑆𝐿𝑅 + 0.00062𝑇𝑡 

−0.00099𝑇𝑆𝐿𝑅 + 0.00062𝑡𝑆𝐿𝑅 − 0.00035𝑇2 

−0.00263𝑡2 − 0.319𝑆𝐿𝑅2 

182 °C 

40 min 

3.8:50 LSR 

Kang et al. 

(2019) 
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The liquid-to-solid ratio employed during solvolysis was reported to have a marginal effect on 

the final fuel properties of hydrochar. Conclusively, Response Surface Methodology has shown 

to efficiently model and optimize the process parameters. However, the type of design still 

needs to be considered based on statistical accuracy, laboratory labour, cost, and time.  

2.6. Comparison Between Fuel Properties of Biochar and Hydrochar  

As earlier stated, biochar is the solid product formed after torrefaction, while hydrochar is the 

solid formed after the solvolysis process. Having highlighted the effect of process conditions 

on the independent pretreatment methods, disparities have been identified between the fuel 

properties of biochar and hydrochar, with respect to the process conditions employed. This 

review indicates that many studies have been done to review the influence of process conditions 

on biomass fuel properties via torrefaction and solvolysis independently. However, limited 

attention has been given in carrying out a comparative analysis of both methods (i.e. 

torrefaction and solvolysis) while benchmarking the process conditions.  

Both torrefaction and solvolysis pretreatment of various biomass waste (lignocellulosic and 

non-lignocellulosic) using different operating conditions were investigated by numerous 

researchers. The overall operating conditions and results of the broad literature reviewed in this 

chapter are presented in Table 2.7 for torrefaction and solvolysis pretreatment process. 

According to the literature reviewed in this chapter, the operating temperature and residence 

time employed during the torrefaction pretreatment process is generally ranged between 200 – 

320 °C and 5 – 75 min while for solvolysis pretreatment is generally ranged between 150 – 300 

°C and 5 – 2640 min, respectively. These process conditions on the properties of the biochar 

and hydrochar produced such as; mass yield, energy yield, fixed carbon, volatile matter, ash 

content, ultimate analysis, moisture content and the higher heating values, are summarized in 

Table 2.7. 
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The solid yield of biochar/hydrochar refers to the percentage fraction of mass remaining after 

the pretreatment process to the initial mass of biomass feed to the process. The energy yield 

refers to the percentage mass fraction of energy remaining after the process. The energy yield 

is a function of the mass yield and the higher heating value. During torrefaction and solvolysis 

process, the mass and energy yields have decreased with an increase in the process's severity, 

i.e., increased operating temperature and residence time. 

Among the various process conditions employed during the two pretreatment processes, the 

temperature has been recorded to significantly affect the mass yield and energy yield of the 

char produced than other process parameters. Also, the flow rate of the gas employed during 

torrefaction and the liquid-to-solid ratio has also been found to have a marginal effect on the 

mass loss and the fuel properties of the biochar and hydrochar, respectively. 

Other inherent biomass properties such as; moisture content, lignocellulosic composition, ash 

content, and volatile matter have also contributed to char's final fuel properties. From Table 

2.7, the average recorded mass yield from the literature reviewed in this chapter were 55 % for 

torrefaction and 70 % for solvolysis. Although solvolysis pretreatments were done at milder 

temperature range, the percentage mass loss was similar to that of torrefaction in a more severe 

temperature region. Hence, a more severe solvolysis process will see a further mass loss 

compared to torrefaction pretreatment.  

Furthermore, as seen in Table 2.7, the average energy yields reported were 65.2 % for 

torrefaction and 70.4 % for solvolysis. These energy yield values show that solvolysis 

pretreatment provides a higher means of increasing the biomass energy’s content than 

torrefaction pretreatment method. This advantage is because water at its subcritical region is 

highly efficient in dissolving most of the hemicellulose, cellulose and a fraction of the lignin 

component in biomass.  
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For all the biomass studied in the reported literature, average fixed carbon content was reported 

to between 30.3 % and 28.4 %, after passing through torrefaction and solvolysis processes, 

respectively. These values are in close range with lignite coal, as shown in Table 2.2, having a 

value of 26.54 %. On the contrary, biomass contains more volatile matter than lignite coal, 

having average values of 58 % and 74.8 % after torrefaction and solvolysis process 

respectively, compared to 28.66 % for lignite coal (as can be seen in Table 2.2). 

Increasing the severity of the two pretreatment processes has increased the fixed carbon and 

reduced biomass's volatile matter. This observation agrees with the inferred pathway during 

the pretreatment process, whereby biomass loses its moisture content and its light compounds 

(i.e. aromatic compounds, hydrocarbons), increasing the percentage fraction of fixed carbon in 

the char. The combustion characteristics (i.e. ignition temperature, mass transfer, heat and 

energy transfer, flammability test, combustion rate and time) of any solid fuel are highly 

dependent on the fixed carbon and volatile matter content of the fuel. 

The high ash content in biomass makes it an inefficient solid fuel compared to coal. As shown 

in Table 2.7, after pretreatment of biomass, the ash content (9.8 % and 0.54 %) of the produced 

char via torrefaction and solvolysis respectively, has shown to be in the same range with lignite 

coal (9.4 %) (as can be seen in Table 2.2). Ash content has been reported to hinder the efficient 

heating of biomass during thermochemical conversion. Ash also represents the little fraction 

of biomass with no value and no energy content utilised in agriculture as fertilizers. The 

variation of fixed carbon and volatile matter in different biomass sources after pretreatment as 

reported in Table 2.7 can be attributed to the variation of ash content and lignocellulosic 

composition of the different biomass. 
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Table 2.7. Summary of process conditions and obtained fuel properties from the literature reviewed. 

Process conditions and its fuel properties  Torrefaction Solvolysis 

Temperature [°C] 200 – 320 (260) 150 – 300 (200) 

Residence time [min] 5 – 75 (30) 5 – 2640 (60) 

Solid mass yield [%] 20 – 98 (55) 30 – 99 (70) 

Energy yield [%] 50 – 102.4 (65.2) 40 – 98 (70.4) 

FC [%] 17.3 – 49.8 (30.3) 8 – 34.3 (28.4) 

VM [%] 30 – 80.3 (58) 60.5 – 91.6 (74.8)  

Ash [%] 3 – 17.2 (9.8) 0.06 – 0.8 (0.54) 

Hydrogen/Carbon ratio [-]  0.08 – 0.84 (0.12) 0.09 – 0.13 (0.11) 

Oxygen/Carbon ratio [-] 0.2 – 0.86 (0.46) 0.5 – 0.9 (0.54) 

Moisture [%] 0.87 – 20  3 – 15 (14.7) 

HHV [MJ/kg] 17 – 28 (22.3) 18 – 28 (25) 

FC – Fixed Carbon; VM – Volatile Matter; HHV – Higher Heating Value. Numbers in brackets represent average values derived from the data reported in the literature. 
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Figure 2.5 illustrates the relationship between the solid mass yield and the higher heating value 

(HHV) of biochar and hydrochar. Figure 2.5 was derived by plotting all the higher heating 

values and the corresponding mass yields of different biochar and hydrochar reported in the 

literature reviewed in this study. As summarized in Table 2.7, as mass yield reduced from 98 

% to 20 % during torrefaction, and 99 % to 30 % during solvolysis, the HHV increased from 

17 MJ/kg to 28 MJ/kg after torrefaction and 18 MJ/kg to 31 MJ/kg after solvolysis. This 

observation reiterates that although both torrefaction and solvolysis favour the higher heating 

value of biomass, solvolysis offers a higher HHV than torrefaction method. Similarly, although 

both pretreatments significantly reduce the char's mass yield, solvolysis results in a higher mass 

loss than torrefaction while employing similar process conditions.  

One of the challenges of biomass as a solid fuel is its hydrophilic nature. The pretreatment of 

biomass helps remove the inherent moisture content of biomass and convert it into a 

hydrophobic material. Similar to the HHV of char, as the pretreatment severity increases, the 

hydrophobicity of char increases. Table 2.7 indicates that both torrefaction and solvolysis 

processes can reduce the biomass moisture content comparable to anthracite coal (~10 %) (as 

shown in Table 2.1).  

 

Figure 2.5. Relationship between HHV and the mass yield of char produced 
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Figure 2.6 represents the Van Krevelen diagram for the various biomass reviewed in this 

chapter. This figure shows the relationship between the atomic hydrogen-to-carbon (H:C) ratio 

and the atomic oxygen-to-carbon (O:C) ratio as the pretreatment severity increases. This figure 

was derived by plotting the H:C ratios of various biochar and hydrochar against their 

corresponding O:C ratios obtained from the literature reviewed in this study. Coal generally 

has lower O:C and H:C ratios than biomass. The ultimate analysis (i.e. carbon, hydrogen, 

nitrogen, oxygen and sulphur content) of solid fuel significantly affects the HHV of the fuel. 

Higher O:C ratio results to lower HHV of solid fuel. The low HHV of biomass is one of the 

short-comings of its utilization for energy production. However, torrefaction and solvolysis 

pretreatment methods have been proved to address this high O:C ratio deficiency. Although 

the torrefaction and solvolysis tend to reduce the O:C and H:C ratios as the severity of the 

process increases (i.e. increase in temperature and time), solvolysis offers a higher reduction 

in these ratios that torrefaction. Increasing the carbon content and reducing the oxygen content 

is known as carbonization and deoxygenation, respectively. This process eventually raises the 

HHV of the solid fuel. 

 

Figure 2.6. Van Krevelen diagram of various biomass in torrefaction and solvolysis 
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The enhancement of this fuel property is primarily attributed to the decomposition of the 

hemicellulose and a fraction of the lignin. Due to hemicellulose's thermal instability, its 

decomposition occurs at a mild temperature (150 – 275 °C) while that of cellulose occurs 

afterwards (270 – 350 °C). The decomposition of the lignocellulosic component of biomass 

involves several complex reactions of which some of them involve; decarboxylation, 

dehydration, to mention a few. These reactions lead to the removal of the oxygen molecule and 

the hydrogen molecule while conserving the carbon content hence decreasing the H:C and O:C 

atomic ratios. Table 2.7 shows that for the various biomass reviewed in this study, the overall 

range of the H:C ratios were between 0.08 – 0.84 and 0.09 – 0.13 for torrefaction and solvolysis, 

respectively. Furthermore, as reported in Table 2.7, the broad range of the O:C ratios were 

between 0.2 – 0.86 and 0.5 – 0.9 for torrefaction and solvolysis, respectively. The data reported 

show comparable ratios with coal. 

2.7. Kinetic Analysis of Biomass Degradation  

Having reviewed the reactions (i.e. mass loss) during the thermal pretreatment of biomass and 

showing the reliability of empirical models to predict the thermal degradation of biomass, 

kinetics based on physical laws have shown to be efficient when describing the thermal 

degradation process.  

Two approaches have been generally employed to study the kinetics of the thermal degradation 

of biomass namely; the non-isothermal approach (Ali et al., 2018; Barzegar et al., 2020; 

Ceylan, 2015; Raza et al., 2019; Sharma et al., 2019; Yu et al.,2016) and the isothermal 

approach (Anca-Couce et al., 2014; Bach et al., 2016; Duan et al., 2020; Edgar, 2019; Peduzzi 

et al., 2014; Ranzi et al., 2008).  

The thermogravimetric analyzer (TGA) has been used to carry out these analyses. The data 

obtained from the TGA is highly reliable for carrying out these analyses. This reliability is 
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because a thermogravimetric analyzer can control the conditions (i.e. type of gas, the flow rate 

of gas, temperature, and time) of the thermal process and record the rate of mass loss of biomass 

while eliminating the effect of cooling time on the final mass loss of biomass.  

Carrying out the kinetic analysis of the non-isothermal degradation of biomass by the authors 

referenced above suggested that multiple reactions occur during the thermal degradation 

process. This phenomenon can be observed through the variation of activation energies across 

various conversion while employing different model-free and model-fitting techniques to 

model the process such as; Friedman method, Coats and Redfern methods, Kissinger-Akahira-

Sunose (KAS) method, Flynn-Wall-Ozawa (FWO) method, to mention a few.  

The introduction of the isothermal kinetic method, first adopted by Di Blasi & Lanzetta (1997), 

was initially used to study the thermal degradation of pure xylan in an inert atmosphere. The 

Arrhenius pre-exponential factors and the activation energies were the characteristic 

parameters used to describe the process. Later on, Peduzzi et al. (2014) modified the technique 

by introducing the pseudo-components in the model and assuming several reaction steps in 

series. This modification made it possible to implement this kinetic model technique on various 

species of biomass.  

The established kinetic model gives a relationship between the anhydrous weight loss of 

biomass and severity (i.e. temperature and time) of the thermal process. The formulated kinetic 

reaction equations from pilot studies are detailed in Chapter 5. Also, estimated kinetic 

parameters developed for various biomass types reported in the literature, reviewed in this 

study, are detailed in Chapter five. 

Carrying out the kinetic modelling of the thermal degradation of biomass is vital because the 

biomass weight loss rate during the process gives essential data required to design an efficient 
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reactor for the process and the kinetic analysis gives vital information on the energy needed to 

carry out the thermal pretreatment of fuel (PSD).  

2.8. Biomass Selection 

As enumerated earlier in this chapter, there are different type of biomass that can be used for 

energy production (Figure 2.1). However, for an effective thermochemical conversion of 

biomass into syngas, woody biomass (Lignocellulosic biomass) has been identified as most 

suitable. This is because of its high energy content, low moisture content, and its fixed carbon 

content compared to other types of biomasses. As stated earlier, several researchers have 

studied the pretreatment and thermochemical conversion of different woody biomass. These 

studies have highlighted the different fuel properties of each biomass. The information from 

these studies informed the choice of pine sawdust of South African Origin for this study. Other 

factors that were considered were the availability, ease of planting, cultivation requirements 

(such as water requirement, sunlight, land size, etc.). Furthermore, it is important to state that 

biomass is one of the most inconsistent natural and renewable sources of energy. This is 

because its fuel properties are dependent on the degree of its exposure to sunlight, the amount 

of water it has absorbed, the geographical area, etc. Although pine wood is not home to South 

Africa, it was introduced into the country years ago. Pine wood is regarded as a hard wood 

which is easily grown in South Africa and is mostly used by the wood industry for furniture. 

This translates into the generation of large waste, hence the choice of biomass for this study. 

Ozonoh et al. (2019) carried out a study on the co-gasification of three lignocellulosic biomass: 

sugar cane bagasse, corn cob, and pine sawdust, with coal. Amongst the lignocellulosic 

biomass of South African origin, pine sawdust produced the best lower heating value when co-

gasified with coal. The modelled profit obtained from running a co-gasification plant of raw 

pine sawdust and coal was estimated to be the highest. Hence, for this study, pine sawdust of 



58 
 

South African origin was selected while exploring two pretreatment methods to improve its 

fuel properties and further lead to a more profitable co-gasification of pine sawdust with coal. 

2.9. Challenges and Outlook  

Several researchers and stakeholders in different parts of the world published articles in this 

field of study and have given several oral presentations and seminars on the need to go green 

for sustainability. Some of the critical areas currently exploited to solve global warming and 

energy insecurity are; carbon capture storage and utilization (CCSU), thermochemical 

conversion of biomass, photovoltaic cells, to mention a few.  

A recent seminar hosted by the South African National Energy Development Institute 

(SANEDI) in 2020 was conducted to discuss the progress on the Carbon Capture Storage 

(CCS) project in South Africa. It was suggested that although this flagship program to tackle 

the issues of climate change is highly effective and beneficial, there are some underlying 

challenges currently facing the implementation of this technology. Some of these drawbacks 

are; funding, loss of jobs, culture, government policies relating to the carbon tax, public 

perception and land use.  

Currently, Norway is one of the few countries currently pioneering biomass for energy 

generation and implementing carbon capture technology. In Africa, countries like South Africa, 

Nigeria, and Mozambique have been identified as the largest contributors to carbon emissions 

through fossil fuel exploration. However, only South Africa has shown efforts in cutting down 

on her carbon emission. South Africa’s stakeholders in this field have identified some of the 

challenges currently facing implementing these technologies. For example, 85 % of South 

Africa’s energy is gotten from fossil fuels, and many jobs are created in the coal mining sector. 

The migration from coal to biomass will see a drastic reduction in jobs and a reduction in the 
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energy available for the population except proper contingencies are put in place to see the easy 

transformation to green energy.  

Another drawback faced by this field is the availability of biomass feedstock and competition 

with food crops. Researchers have indicated that the use of only biomass for energy will not be 

economically viable. Whereas the co-gasification of blends of biomass and coal will show more 

sustainability and reduce the carbon emission.  Also, lignin in lignocellulosic biomass has been 

a challenge for its utilization for energy production. The industry has identified the difficulty 

in breaking this component during the thermochemical conversion, which increases the cost of 

energy production from biomass. This draw-back has led to the search of non-terrestrial 

biomass which does not contain lignin. Breakthroughs have been made through research by 

coming up with some thermophilic bacterium that can break down the lignin component 

without pretreatment. The cost of pre-treating biomass has also been identified to be costly. 

This challenge has been one reason why lots of research is currently being carried out in this 

field, and lots of financial grants are provided for the continuous funding of these projects.  

New technologies and research areas are currently coming up in this research area. Some of 

them are ways to increases photosynthesis efficiency (i.e. increasing the amount of energy that 

plants can absorb and store from the sun); the use of plasma as a source of heating during the 

thermochemical conversion of biomass; and more efficient ways of pre-treating biomass for an 

efficient thermochemical conversion process. Several pretreatment methods have been 

developed to increase efficiency and to produce different final products. Amongst other 

methods are leaching, biological pretreatment, torrefaction and solvolysis as discussed in this 

study. 

Studies have indicated that as the Gross Domestic Profit (GDP) of a country rises, energy 

consumption rises. As such, industrialization and development of a country are indicated by its 
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increase in GDP. Hence, as countries try to develop, more energy is required for consumption. 

This observation can be seen in counties like China and India. The electrification of these 

countries has resulted in massive economic growth. The current oil market has seen a drastic 

fall in oil price, and this has had and will continue to harm the economy of countries who rely 

on oil for most of its GDP. Fracking has remained in use because of the cost of oil, which 

makes it economically viable. The fall in the oil price will see fracking phase off, leading to a 

shortage of oil for energy production.  

Over the last decade, the high cost of energy has seen the price of food increase, leading to an 

increase in the poverty rate across the globe. The current energy consumed by the world yearly 

currently stands at 16 terawatts; meanwhile, the sun provides 86,000 terawatts of energy yearly. 

This discovery has led to researchers focus on ways of harnessing this energy from the sun for 

utilization. Although the sun alone can solve every energy insecurity issue faced by the world, 

this energy storage has been its primary challenge. Hence, it has been suggested that all 

renewable forms of energy have to be explored and harnessed to make up for the world’s energy 

demand.  

An online course on Our Energy Future hosted by the University of California San Diego was 

put together to discuss the current energy challenges and possible plans to meet the global 

energy demand. Prof. George Tynan from Mechanical and Aerospace Engineering, UC San 

Diego, enumerated possible solutions to be put in place to meet this global energy demand. 

The suggestions were as follows; improved efficiency in recording energy usage by 2 % yearly; 

5 million acres of photovoltaic cells; 1 million 2 Megawatt turbines over a 2 million kilometres 

land area; 800 clean coal power plants; 700 new nuclear power plants; replacement of fossil 

fuels with biofuels and solar; an increased vehicle fuel efficiency; and implementation of a 

carbon tax. These, therefore, calls for more research in areas like bioenergy from biomass, 

artificial photosynthesis, superconductivity, nanoscience, and fusion energy research.  
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Conclusively, having highlighted the challenges in this field and the current stage and progress 

made in achieving cleaner energy technology and green economy, these researches need to be 

carried out to provide relevant data and information for stakeholders to implement on an 

industrial scale.  

2.10. Summary 

In this section, conclusive remarks are made concerning the influence of process conditions 

during torrefaction and solvolysis and the role of these pretreatments in achieving an efficient 

thermochemical conversion process. Also, the research gaps in the field and how this study 

contributes to closing the gaps are discussed.  

Based on the literature reviewed in this chapter, it can be said that torrefaction and solvolysis 

pretreatment methods can adequately enhance the fuel properties of waste biomass to 

comparable characteristics of coal. Thus, highlighting the great potential of these methods for 

effective thermochemical conversion of biomass into useful biofuels.  

The fuel properties of interest during pretreatment are; the higher heating value, the fixed 

carbon content, and the oxygen-to-carbon and hydrogen-to-carbon atomic ratio. Also, due to 

the structural decomposition of the lignocellulosic structure of woody biomass, the 

hydrophobicity of biomass increases due to the dehydration reaction taking place during the 

process involving eliminating the OH group in the structure thereby reducing the affinity for 

hydrogen bond formation. The hydrophobicity nature of enhanced biochar/hydrochar increases 

the shelf life of biomass and can eliminate a significant fraction of raw biomass transportation 

cost.  

Concurrently, due to water's subcritical property during solvolysis, the hemicellulose 

component drastically dissolves, accompanied by a large fraction of the cellulose and little of 
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the lignin at lower temperature regions than torrefaction. The structural decomposition of 

biomass leads to improved grindability. This improved grindability will encourage biomass for 

thermochemical conversion in a power plant as most plants only allow pulverized feed 

materials.  

Although these pretreatment methods reviewed in this chapter have shown a positive effect on 

biomass's fuel properties, the fuel properties of various biomass differ and their behaviour 

during the pretreatment processes. The same type of biomass can also differ in its fuel 

properties and behaviour during pretreatment processes. Some of these factors that are 

responsible for this variation in fuel properties of the same type of biomass are; specie of plant, 

part of the plant (stem, branch, root), geographical factors (i.e. exposure to sunlight, the 

intensity of sunlight, proximity to a water source, the climate of an area, exposure to pollution), 

age of plant before harvesting, contamination during transportation and storage, to mention a 

few.  

Having consulted the relevant literature extensively, few studied have extensively studied the 

effect of process conditions during solvolysis pretreatment. Till date, a bench-marked 

comparison between torrefaction and solvolysis is yet to be reported in the literature. Although 

several efforts have been made in optimizing the process conditions during torrefaction and 

solvolysis processes, using a genetic algorithm to increase the accuracy of optimization is 

lacking in the literature. Also, having established the unique behaviours of different types of 

biomass and the need to study various types, till date, solvolysis pretreatment method has not 

been applied to the pretreatment of pine sawdust (PSD) which is considered to contain a high 

energy content and constitutes a high fraction of wood waste produced in South Africa. 

Furthermore, a reliable kinetic study describing PSD degradation during thermal pretreatment 

(i.e. torrefaction) lacks literature.  
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However, this study offers some solutions and helps to bridge these knowledge gaps by 

studying kinetics and the effect of process conditions during the pretreatment of PSD via 

solvolysis and torrefaction process, while comparing the char produced from both processes 

using bench-marked process conditions. The subsequent chapters present the methods followed 

in this study's execution and the results obtained based on the research. 
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CHAPTER THREE 

3. EXPERIMENTAL PROCEDURE AND ANALYSIS 

This chapter presents the detailed sample preparation method and the analytical techniques 

followed for PSD characterization. The experimental procedures followed for the actualization 

of this study's aim are also presented in this chapter. The experimental procedures are divided 

into two studies, namely; torrefaction and solvolysis study and kinetic study. Figure 3.1 gives 

the detailed steps taken during the torrefaction and solvolysis study. The procedure taken in 

carrying out the kinetic study is as shown in Figure 3.3. Detailed in the subsections of this 

chapter is the description of each step highlighted in the figures.  

3.1. Torrefaction and Solvolysis Study 

3.1.1. Materials and methods 

3.1.1.1. Sample preparation 

The Pinewoods used in this study were wastes obtained from the precinct of the University of 

The Witwatersrand, Johannesburg, South Africa, as shown in Figure A.1 of the Appendix. The 

wood samples were air-dried for 48 hours to prepare it for size reduction. The wood samples' 

particle size was reduced to an average dimension of 10 x 15 x 20 (l x b x w) mm (as seen in 

Figure A.2) and finally to 0.6 mm using a Mössner Rekord SSF 520 vertical band saw and a 

pulveriser respectively. A mesh sieve was used to ensure particle size less than 600 μm of 

pulverised sawdust. The dried Pine Saw Dust (PSD) was then stored in an air-tight plastic bag 

for further experiments.  
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Figure 3.1. Experimental flowchart for torrefaction and solvolysis study 

3.1.1.2. Characterization of feedstock 

PSD properties were characterised before and after torrefaction and solvolysis experiments. 

Specifically, the proximate and ultimate analyses were carried out, and the HHV for PSD were 

determined. The proximate analyses were done in compliance with the ASTM E1756-08, 

E872-82, E1755-01, (2015a, 2015b, 2013). The free moisture content present in PSD was 

reported as the mass loss after oven drying the sample at 105 °C for 24 hours. While using a 

Thermogravimetric Analyzer (TGA), PSD was further heated at 950 °C in a Nitrogen 

atmosphere. The mass loss after this heating was reported as the volatile matter. The remainder 

of the biomass sample was combusted at 550 °C for 3 hours, with the remaining non-combusted 

sample reported as the ash content. The fixed carbon was calculated as the unaccounted mass 

during this process and is illustrated in Equation (3.1). The ultimate analyses were carried out 

in compliance with the ASTM D3176-89, (2002). Particularly, a Flash 2000 analyzer (Thermo-
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fisher Scientific, USA) was used for these analyses. The oxygen content of the fuel was 

estimated by difference, as expressed in Equation (3.2). 

%𝐹𝐶 = 100 − %(𝑀𝐶 + 𝑉𝑀 + 𝐴𝑠ℎ)                (3.1) 

Where FC is the Fixed Carbon; MC is the Moisture Content, and VM is the Volatile Matter. 

%𝑂 = 100 − %(𝐶 + 𝐻 + 𝑆 + 𝑁)                     (3.2) 

The HHV of all samples were determined using a Parr Oxygen Bomb Calorimeter. All analyses 

were carried in triplicate, and the average values were reported to ensure repeatability of results.  

3.1.2. Torrefaction experiment  

A 500 ml steel reactor was used to carry out the torrefaction experiment with a muffle furnace 

as the heating source, as shown in Figure A.3 of the Appendix. For each run, Nitrogen-to-Solid 

Ratio (NSR) of 4, 5 and 6, equivalent to mass feeds of 15 g, 12 g, and 10 g respectively were 

placed in the reactor and inserted into the furnace having an inlet and outlet opening for gas. 

Nitrogen was used as the carrier gas and was kept constant at a flow rate of 60 ml/min 

throughout the experiment. Torrefaction experiment was allowed to start from room 

temperature, and 8 min was the allowable time, set for each final temperature to be reached. 

PSD was held at each final temperature for a designated time as determined by the experimental 

design shown in Table 4.3 of Chapter four. Stainless steel exhibits some level of heat resistance, 

so there is bound to be a temperature drop inside the reactor. However, this was considerably 

compensated during the combustion of the solid fuel inside the reactor. During the pretreatment 

process, with the use of a type-K thermocouple, the temperature inside the reactor was 

discovered to be slightly higher than the furnace temperature. This was because the combustion 

process of the fuel material inside the reactor tends to increase the temperature inside the 

reactor when compared to the external temperature. This temperature difference was also 
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dependent on the amount of fuel undergoing the combustion process. After each run, the 

furnace was allowed to cool to room temperature before removing the biochar from the reactor 

to avoid oxidation.  

The HHV for each biochar produced was also analysed using a Parr Oxygen Bomb 

Calorimeter. The mass yield and energy enhancement factors were calculated using Equations 

(3.3) and (3.4). The Ultimate analyses of some selected biochar were performed as described 

in Section 3.1.1.2. 

𝑀𝑌% =  
𝑀𝐶

𝑀𝑓
 × 100                    (3.3) 

𝐸𝐸𝐹 (−) =  
𝐻𝐻𝑉𝐶

𝐻𝐻𝑉𝑓
                   (3.4) 

Where MY is the Mass Yield; Mc is the mass of Char; Mf is the Mass Feed; EEF is the Energy 

Enhancement Factor; HHVc is the HHV of Char, and HHVf is the HHV of Feed.  

3.1.3. Solvolysis experiment  

Solvolysis experiment was performed using a 500 ml high-pressure cylindrical stainless-steel 

reactor (High-Pressure Equipment Company, PA USA). A constant mass feed of 10 g was used 

while varying the volume of de-ionized water between 40 ml, 50 ml, and 60 ml, to account for 

the Liquid/Solid Ratio of 4, 5, and 6, respectively. Before each run, Nitrogen gas was used to 

purge the reactor for 5 mins then sealed to ensure an inert atmosphere. Similar to torrefaction 

experiment, each run was allowed to begin from room temperature and eventually raised to 

different final temperatures and kept for a residence time based on the experimental designs 

shown in Table 4.4 of Chapter four. After each run, the moisture hydrochar was rinsed using 

de-ionized water and eventually filtered. The residue (hydrochar) was then oven-dried at 105 

°C for 24 hours to remove any free moisture. The dried hydrochar was further analysed. The 

mass yield and EEF were also calculated using Equations (3.3) and (3.4), respectively.  
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3.1.4. Experimental design: Box-Behnken Design (BBD) 

Response surface methodology (RSM) based on Box-Behnken Design (BBD) model is one of 

the most conventional methods of developing and optimizing the process conditions involved 

in any process. It is also efficient for studying the effects on the process involved, with a 

relatively small number of experimental runs which saves time, labour and cost. A 3-factor 

Box-Behnken statistical design approach (BBD) was used to study the interactional and main 

effects of process conditions as well as the quadratic effect on three responses namely; Mass 

Yield (MY), Higher Heating Value (HHV), and Energy Enhancement Factor (EEF) of the 

biochar/hydrochar. BBD is usually sufficient to fit a quadratic model of the form illustrated in 

Equation (3.5) and explain how the factors affect the responses (Cotana et al., 2015).  

𝛾 =  𝛼0 +  ∑ 𝛼𝑗𝑥𝑗 +  ∑ 𝛼𝑗𝑗𝑥𝑗
2 +  ∑ 𝛼𝑘𝑗𝑥𝑘𝑥𝑗𝑘<𝑗

𝑖
𝑗=1

𝑖
𝑗=1               (3.5) 

Where 𝛾 is the experimental responses as indicated in Table 3.1; 𝛼0 is the intercept; 

𝛼𝑗 ,𝛼𝑗𝑗  𝑎𝑛𝑑 𝛼𝑘𝑗 are partial regression coefficient; i represents the number of process conditions 

and 𝑥𝑗 represents the three independent variables.  

Table 3.1. Experimental Process conditions and coded levels in BBD. 

Independent Variable 

Input 

Un-coded 

factors 

Coded level factors Responses 

  -1 0 +1  

Temperature (oC) P1 200 250 300 HHV 

(MJ/kg); EF; 

% MY 

Time (min) P2 30 75 120 

NSR/LSR (-) P3 4 5 6 

HHV: Higher heating value; EF: Efficiency; MY: Mass yield; NSR: Nitrogen-to-solid ratio; 

LSR: Liquid-to-solid ratio.  
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Two experimental designs comprising of 17 experiments each, with 5 centre points each to 

estimate the pure error and lack of fit, were developed to model and optimize the process 

conditions. The process conditions employed during torrefaction in this study were premised 

on other studies published in the literature for other biomass types. Similar process conditions 

were employed for solvolysis experiment to create a basis for comparison between biochar and 

hydrochar. The process conditions and the coded levels implemented in this design is shown 

in Table 3.1. 

3.1.4.1. Statistical test and analysis 

Design-Expert version 12 software was used to carry out the statistical tests and analysis to 

make inferences about the developed models in this study. A 95% confidence level (i.e. P = 

0.05) was employed to check the significance of each model developed in this study, and each 

variable and interactional effects present in the model equations. Several statistical tests such 

as; P test, F test, lack of fitness (LOF) test, coefficient of determination (R2), adjusted 

coefficient of determination (adj. R2), and predicted coefficient of determination (pred. R2), 

were employed to make accurate inferences about the developed models. The model was 

further used to develop 3-dimensional response surface plots to study process conditions' 

interactional effect.  

3.1.5. Desirability function optimization  

The desired function approach deals with simultaneously optimizing a design's responses by 

carrying out a multi-response analysis while concentrating within a range of process conditions, 

targeting, minimizing or maximizing a process condition (Derringer and Suich, 1980). The 

methodology explained by Derringer & Suich was adopted in this study. This approach requires 

that each response be transformed into a dimensionless desirability function (di) in order of 

importance between 1 and 0 (i.e. 1 being given to the response with most importance and 0 to 
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the least important). Eventually, the total desirability function (D) is deduced by determining 

the geometric average of each response’s desirability values as expressed in Equation (3.6). 

𝐷 =  (𝑑1
𝑣𝑖  ×  𝑑2

𝑣2  ×  𝑑3
𝑣3)

1/𝑛
                     (3.6) 

𝑣𝑖 signifies the importance each response from the model is allocated and it ranges between 0 

and 1 (i.e. 0 ≤  𝑣𝑖  ≤ 1). The sum of 𝑣𝑖 is always 1 (i.e. ∑ 𝑣𝑖
𝑛
𝑖=1 ) where n is the number of 

responses (3 in this study). 𝑑𝑖 is the desirability of each response. In essence, the target is to 

achieve a D value close or equal to 1, which will indicate that all response achieved their aim. 

Same importance and desirability were given to all three responses to achieve maximum energy 

content and a maximum mass yield. The same Design Expert 12 software was used in 

conducting this analysis.  

3.1.6. Genetic algorithm optimization 

Genetic algorithm (GA) is a common technique used to develop high-quality solutions to 

optimization problems by applying biological mutation techniques on models which explains 

experimental data. GA operates based on the principle of probability and evolution. This 

technique has been widely suggested to be an efficient method of optimising models, giving a 

high accuracy level (Whitley, 1994). MATLAB R2020b software was used in carrying out this 

analysis. The model equations developed using the Design-Expert software were used in 

writing the function code. Figure 3.2 represents the flow chart used in developing the script for 

this analysis.  
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Figure 3.2. Flow chart showing the development of the function file for GA optimization 

After creating the function file according to the flow chart, the ‘optimtool’ function is used to 

call the optimization interface. The multi-objective optimization was chosen as the solver 

because there was more than one response. A double vector population type was used. The 

feasible population was used as the creation and the mutation function because it provides the 

most accurate values. The generated function files for carrying out the optimization of 

torrefaction and solvolysis via genetic algorithm are shown in Figure A.8 and A.9 of the 

Appendix.  

3.2. Kinetic Study 

3.2.1. Material and Methods 

3.2.1.1. Sample preparation 

The similar procedure described in section 3.1.1.1 was followed to prepare the PSD sample to 

carry out the kinetic analysis.  
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Figure 3.3. Experimental flowchart for kinetic study 

3.2.2. Thermogravimetric analysis 

A thermogravimetric analyzer was used to carry out the torrefaction of the biomass samples. 

For each run, an initial mass of 10 mg of each sample was loaded in the TGA and a nitrogen 

gas of flow rate; 100 ml/min, was supplied for the experiment. The experiment was allowed to 

start at room temperature till it got to 105 oC, and it was then allowed to stay for 3 mins for 

further drying. It was then heated to pre-set torrefaction temperatures (220, 240, 260, 280 and 

300 oC) and held isothermally for 2 hours. Different but slow heating rates were used for the 

different pre-set temperature to achieve the same non-isothermal period, which 5 min was the 

allowable time for the temperatures to rise from 105 oC to the various pre-set temperatures. 

This method was employed to reduce the effect of the non-isothermal period due to its difficulty 

in modelling. When the TGA reached the pre-set temperatures, the mass recorded was taken as 

the initial mass to eliminate the complexity of modelling the non-isothermal period. The initial 

time was set at the time the pre-set temperature was reached.  
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CHAPTER FOUR 

4. OPTIMIZATION OF PROCESS CONDITIONS DURING SOLVOLYSIS AND 

TORREFACTION OF PSD USING DESIRABILITY FUNCTION AND 

GENETIC ALGORITHM 

4.1. Introduction 

Due to the depletion of fossil fuels as well as its adverse environmental effects, research efforts 

on the use of biomass as an alternative source of energy have in recent times, increased. The 

over-dependency on fossil fuel can be reduced through biomass utilization (Lynam et al., 

2015). 

Studies on the valorisation of biomass have shown that biomass is a salient renewable fuel that 

could be converted into different energy forms. However, some of the biomass's 

physicochemical properties (e.g. moisture content and others) may affect the energy conversion 

system's efficiency if the fuel is not pre-treated. Therefore, it will be necessary that the fuel is 

pre-treated to enhance its quality and hence; meet the global energy demand (Gong et al., 

2016).  

Several thermochemical conversion methods have been employed to improve the fuel 

properties of biomass (Aguado et al., 2020; Cahyanti et al., 2020; Kumar et al., 2020; Lu et 

al., 2020; Raymundo et al., 2020; Vasudev et al., 2020; Wallace et al., 2019). Torrefaction and 

solvolysis are the most common pretreatment methods. Thus, they require a low-temperature 

operation, enabling a cost-effective process (Acharya et al., 2015). Biomass materials are pre-

treated to improve fuel qualities such as; the higher heating value (HHV), carbon content, 

hydrogen-to-oxygen ratio, and reduce moisture content. Other methods through which the fuel 

quality can be enhanced include acid and alkaline hydrolysis, leaching, fast and slow pyrolysis. 

These pretreatment methods help to remove the high moisture content present in biomass. It 
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also helps to solubilize the hemicellulose, reduce the crystalline nature of the cellulose, increase 

the surface area by improving the grindability and breaking the resistive lignin structure. In this 

case, the biomass's shelf life is increased, and the fuel is maximised as a solid fuel for energy 

production.  

Generally, when raw biomass is compared to pre-treated biomass materials in terms of the 

biochar/hydrochar produced from torrefaction and solvolysis processes, the fuel properties 

such; good grindability, unyielding characteristics to biodegradation, and effective 

thermochemical conversion to mention a few (Dai et al., 2018; Gucho et al., 2015; Pérez et al., 

2019), are more improved for pre-treated biomass than raw biomass. 

Torrefaction is a process whereby biomass is subjected to temperatures between 200 – 300 oC 

in an inert atmosphere (Prins et al., 2006; Tran et al., 2013). This process is termed a thermal 

pretreatment process.  In this process, nitrogen is used as the inert gas and researchers have 

used it for pinewood (Chen et al., 2016; Winjobi et al., 2017), beechwood (Yılgın et al., 2019), 

coffee residue (Pathomrotsakun et al., 2020) torrefaction, respectively.  

Cha et al. (2016) reviewed the torrefaction of lignocellulosic biomass and highlighted the 

different reactions taking place namely; loss of free moisture content, devolatilization of light 

compounds, decomposition of a fraction of the lignocellulosic composition and the production 

of biochar. Yu et al. (2019) study showed that torrefaction offers a remarkable improvement 

to wood pallets as a solid fuel by improving the energy densities and grindability. Wang et al. 

(2011), studied the effect of torrefaction on a cotton stalk and wheat straw. Improved HHV, 

grindability and a hydrophobic nature were reported. 

It was also reported by Chen et al. (2018) that biomass torrefaction could reduce the tar 

production during pyrolysis of biochar and as well, increase the biochar yield. Chen and his 

co-workers also carried out rice husk's torrefaction to evaluate the solid, liquid and gaseous 
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product from the process, and an apparent de-oxygenation effect was observed. The chemical 

composition analysis also showed that torrefaction is mainly associated with the decomposition 

of the hemicellulose. The association between increased torrefaction temperatures and 

increased higher heating values was also reported. Yue et al. (2017) carried out the torrefaction 

of biomass (sorghum), and the results indicated that torrefaction is attractive for fuel quality 

improvement. Similarly, the results from the pretreatment of corn cob carried out by Li et al. 

(2018) affirm the results of this study, which suggests torrefaction as a promising method of 

enhancing the properties of biomass.  

Solvolysis, also referred to as hydrothermal pretreatment, is a pretreatment process which 

produces a solid product termed hydrochar. This solid hydrochar also exhibits improved fuel 

properties such as; reduced oxygen-to-carbon ratio, increased higher heating values (HHV), 

and improved hydrophobicity compared to raw and torrefied biomass (Yan et al., 2017). 

Solvolysis process has also been described as an eco-friendly process because deionized water 

is used instead of chemicals (Jin et al., 2016; Lei et al., 2013). Therefore, solvolysis is defined 

as a pretreatment process whereby biomass is submerged in water at high temperatures between 

150 – 300 °C for some time in an inert atmosphere (Hassan et al., 2018; Rackemann et al., 

2019).  

Solvolysis pretreatment has been very efficient in pre-treating biomass with high moisture 

content and biomass with low moisture content. Due to the subcritical nature of water at a mild 

temperature range of 150 – 180 °C, the solvolysis process facilitates the solubilization of the 

hemicellulose, cellulose, and lignin component at low temperatures compared to torrefaction. 

This phenomenon is responsible for the low mass yield attributed to solvolysis process and 

eventually an enhanced HHV compared to torrefied biomass. 
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Several researchers have investigated the effect of solvolysis on the properties of biomass. 

Lynam et al. (2015) reported the influence of solvolysis on five different biomasses with 

loblolly pine inclusive. It was reported that there was a drastic mass loss of 40 % for pine with 

a 1.3 enhancement factor of the HHV. Zhang et al. (2017) carried out solvolysis treatment on 

rice husk between 150 – 240 °C for 60 minutes. Results showed the high dependence of the 

HHV on the reaction temperature. Similar observations were reported for Miscanthus biomass 

by Park et al. (2020). Nakason (2017) investigated the effect of the liquid-to-solid ratio (LSR) 

and reported that an increased LSR tends to reduce the mass yield of hydrochar and increase 

the higher heating value. Hashemi et al. (2019) enhanced the production of biogas from 

safflower straw by hydrothermally pre-treating it. The authors concluded that biogas' yield 

could significantly be increased by pre-treating biomass at less severe conditions. 

The operating temperature and the residence time have been considered to be critical process 

conditions that affect the physicochemical properties of both biochar and hydrochar. Other 

operating conditions are the mass of biomass feed (embedded in the Nitrogen-to-Solid ratio for 

torrefaction), the Liquid-to-Solid ratio for solvolysis, the particle size, the type of reactor, and 

the milling technique. The enhancement of biomass (fuel) properties depends on the operating 

conditions used during the pretreatment process. Therefore, the effect of these conditions on 

the final fuel properties should be well understood. Furthermore, understanding the modelling 

and optimisation process conditions will play a crucial role in designing an efficient industrial 

application process. Based on these focuses, it will be feasible to produce bio-char and 

hydrochar briquettes with higher bulk energy density. Therefore, these briquettes can serve as 

an efficient feedstock for the thermochemical conversion process (Atienza-Martínez et al., 

2017; Wu et al., 2018). According to the authors mentioned above, the reduction in the mass 

yield of the biochar/hydrochar at increased temperature is a massive setback in biomass 
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pretreatment. Hence, it is necessary to optimize the process conditions to produce quality 

biochar and hydrochar for effective gasification.  

Only a few published works have investigated the effect and optimization of process conditions 

on the solvolysis pretreatment of Pine Saw Dust (PSD). More so, fewer studies have reported 

the comparative analysis of solid fuel produced from solvolysis and torrefaction at the same 

operating conditions. Notably, assessing the desirability function and genetic algorithm for 

optimising the process conditions for torrefaction and solvolysis of biomass (PSD) has not been 

reported in the literature. As a result of these knowledge gaps stated above, this research aimed 

to study the effect of process conditions during the torrefaction and solvolysis pretreatment of 

Pine Saw Dust (PSD) and determine the optimal process conditions using the desirability 

function and the genetic algorithm approach. The RSM based on the BBD method was used 

for the experimental design, and the data obtained were employed in the modelling and 

optimization processes.   

4.2. Experimental Procedure and Analysis  

Effect of process conditions on torrefaction and solvolysis pretreatment were studied using the 

Box-Behnken Design, and the optimization was carried out using the desirability function and 

genetic algorithm (GA). The detailed experimental procedures, analyses and optimization 

techniques are presented in Section 3.1 of Chapter 3.  

4.3. Results and Discussion  

4.3.1. Physicochemical properties of raw and pre-treated PSD 

The physicochemical properties that bring about the need to explore PSD as a good biofuel 

source are shown in Table 4.1. The lignocellulosic analysis of PSD as carried out by Shi and 

Wang (2014) gives a reasonable reason why PSD contains a high percentage of volatile matter, 

as seen in Table 4.1. The high volatile matter can be attributed to the high fraction of both the 
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hemicellulose and cellulose in PSD. The low ash content (0.59 %) suggests that PSD can be 

efficient in producing biogas. This suggestion is because ash hinders the thermochemical 

conversion process of biomass (Nhuchhen and Abdul Salam, 2012) and reduces the higher 

heating value of biomass (Nhuchhen and Afzal, 2017). The low inherent moisture content also 

makes PSD suitable for the torrefaction process, although solvolysis is highly suitable for 

biomass with high moisture content. The absolute and relative errors derived from the analyses 

carried out in triplicates are also reported in Table 4.1. The absolute errors of the measured 

values also represent the standard deviations while the absolute errors for values which were 

calculated by different (i.e. Fixed Carbon and Oxygen contents) were calculated using the 

propagation of error analysis. The relative errors showed that, compared to the actual measured 

values, the errors associated with its measurements were relatively low, indicating good 

repeatability.  

Table 4.1. Physicochemical properties of raw PSD. 

Error Proximate analysis (wt.%, 

ad) 

 Ultimate analysis (wt.%, ad) HHV 

(MJ/kg) 

 M A V FCb C H Ob N S 

 8.55 0.59 71.80 19.06 50.54 7.08 41.66 0.15 0.57 19.89 

Absolute error 0.19 0.02 0.42 0.63  0.39 0.02 0.42 0.01 0.01 0.52 

Relative error 0.02 0.03 0.01 0.03  0.01 0.003 0.01 0.06 0.01 0.03 

ad – air-dry basis; M – moisture; A – ash; V – volatile; FC – fixed carbon; He – Hemicellulose; Ce – cellulose; 

Li – lignin. b by difference.  

The Oxygen-to-Carbon (O:C) ratio of 0.82 and Hydrogen-to-Carbon (H:C) ratio of 0.14 

obtained for the raw PSD was comparable to studies reported by Sanwal et al. (2018) on lignite 
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coal O:C ratio of 0.73 and H:C ratio of 0.08. However, the mean O:C and H:C ratios were 

significantly reduced by torrefaction and solvolysis, as shown in Table 4.2.  

It can be observed from Table 4.2 that the fraction of carbon significantly increased as the 

severity (i.e. the operating temperature and residence time) of the experiments increased for 

both pretreatment processes. Comparing Torr2 and Torr3 (as seen in Table 4.2), it can be seen 

that the carbon contents increased with NSR. This observation may be attributed to the fact that 

there is more uniform heating for a lesser mass feed of biomass, thereby breaking the oxygen 

bonds present in the sample. An increase in the LSR during solvolysis pretreatment increased 

the carbon content. This observation could be due to the influence of the subcritical nature of 

water during solvolysis, and its tendency to destroy the hydrogen and oxygen bonds presents 

in the biomass, thereby increasing the fraction of the carbon content. The oxygen and hydrogen 

content of pre-treated PSD considerably reduced, which resulted from the removal of the 

volatile compounds having these atoms during torrefaction and solvolysis. In particular, the 

reduction in the oxygen content of torrefied PSD can be attributed to the decarboxylation and 

deoxygenation reactions that occur during the pretreatment process. Similarly, the removal of 

the excess moisture content, CO2, CO and other acidic compounds resulted in the significant 

reduction in the oxygen content of PSD during torrefaction. The removal of the carboxylic 

group, which has a hydrogen atom, also reduces the hydrogen content of PSD during 

torrefaction.  

The Van Krevelen plots (Figure 4.1) also show the elemental changes during the PSD 

pretreatment. These significant changes were as a result of the different depolymerization 

reaction taking place during pretreatment processes. It was observed that there was a linear 

relationship between the H:C and the O:C ratio for both pretreatment processes. The colour 
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changes were also evident as it changed from a light brown colour to a black colour as the 

severity of the pretreatment process increased.  

Conclusively, the increment in the carbon content of PSD after pretreatment can considerably 

increase the combustion characteristics (i.e. ignition temperature, mass transfer, heat and 

energy transfer, flammability test, combustion rate and time.) of PSD accompanied by an 

increase in the higher heating value (Park et al., 2020). The changes in the ultimate analysis of 

pretreated biomass were in agreement with the findings made by Gong et al. (2016) and Dai et 

al. (2018) for the torrefaction of PSD and solvolysis pretreatment of bamboo, respectively. 

These observations suggest that torrefaction and solvolysis pretreatments can improve 

gasification process.  
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Table 4.2. Ultimate analysis of some pre-treated PSD. 

Sample ID Temp (°C) Time (min) NSR/LSR (-) Ultimate analysis (%) 

    C Ob H N S 

Torr1 200 30 5 51.76 42.6 5.15 0.14 0.35 

Torr2 250 120 4 59.56 35.69 4.33 0.15 0.27 

Torr3 250 120 6 61.34 34.15 4.13 0.13 0.25 

Torr4 300 30 5 58.75 35.84 5.00 0.13 0.28 

Torr5 300 120 5 65.56 30.18 3.90 0.13 0.23 

Solv1 200 30 5 56.67 37.86 4.80 0.15 0.52 

Solv2 250 120 4 59.94 34.84 4.57 0.14 0.51 

Solv3 250 120 6 64.96 29.81 4.66 0.14 0.43 

Solv4 300 30 5 60.81 33.81 4.76 0.14 0.48 

Solv5 300 120 5 66.13 28.93 4.41 0.15 0.38 

Torr – Torrefaction; Solv – Solvolysis; NSR – Nitrogen/Solid Ratio; LSR – Liquid/Solid Ratio; C – Carbon; O – Oxygen; H – Hydrogen; N – 

Nitrogen; S – Sulphur; b calculated by difference.
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(a) 

 

(b) 

Figure 4.1. Van Krevelen diagram of PSD in (a) torrefaction and (b) solvolysis 
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4.3.2. Predictive model development and statistical analysis  

The detailed experimental runs, including the responses, are presented in Tables 4.3 and 4.4 

for torrefaction and solvolysis, respectively. Randomized order was observed to reduce the 

effect of a sequential variation in the results.  

The relationship between the process conditions and the responses used in this study were 

developed using the actual equations and the coded equation in the form of the quadratic 

regression depicted in Equation (3.5) of Chapter 3. The coded equations shown in Equation 

(4.1) – Equation (4.6) were used to study the relative impact of the process conditions on the 

responses by comparing the factor coefficients and its signs. The actual equations, as shown in 

Equation (4.7) – Equation (4.12) were used to make predictions about the responses given any 

set of process conditions. The actual equations were developed based on the units and value 

scale of each process condition.  

HHV(Torr)(𝑀𝐽/𝑘𝑔) = 22.25 + 1.69𝑋1  +  0.496𝑋2  +  0.113𝑋3  + 0.088𝑋1𝑋2 −

 0.100𝑋1𝑋3  +  0.085𝑋2𝑋3  +  0.229𝑋1
2  +  0.269𝑋2

2  +  0.242𝑋3
2           (4.1) 

 

𝑀𝑌(𝑇𝑜𝑟𝑟)(%) =  72.76 −  12.19𝑋1 −  2.82𝑋2 −  1.11𝑋3 −  3.32𝑋1𝑋2 − 0.685𝑋1𝑋3 −

0.108𝑋2𝑋3 + 3.20𝑋1
2 − 2.32𝑋2

2 − 1.07𝑋3
2             (4.2) 

 

𝐸𝐸𝐹 (𝑇𝑜𝑟𝑟)(−)  =  1.12 +  0.085𝑋1  +  0.025𝑋2  +  0.006𝑋3  +  0.0047𝑋1𝑋2  −

 0.005𝑋1𝑋3  + 0.004𝑋2𝑋3  +  0.012𝑋1
2  +  0.014𝑋2

2  + 0.012𝑋3
2           (4.3) 

 

𝐻𝐻𝑉(𝑆𝑜𝑙𝑣)(𝑀𝐽/𝑘𝑔) =  23.74 + 1.62𝑋1 + 0.459𝑋2 − 0.354𝑋3               (4.4) 
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𝑀𝑌(𝑆𝑜𝑙𝑣)(𝑀%) =  70.18 − 7.86𝑋1 − 5.89𝑋2 − 2.43𝑋3 − 2.41𝑋1𝑋2 − 1.47𝑋1𝑋3 +

0.195𝑋2𝑋3 − 2.91𝑋1
2 − 2.96𝑋2

2 − 3.92𝑋3
2               (4.5) 

 

𝐸𝐸𝐹(𝑆𝑜𝑙𝑣)(−) =  1.20 + 0.082𝑋1 + 0.023𝑋2 − 0.018𝑋3              (4.6) 

 

HHV(Torr)(𝑀𝐽/𝑘𝑔) = 23.88 −  0.005𝑋1 −  0.028𝑋2 − 1.947𝑋3  + 0.00004𝑋1𝑋2 −

 0.002𝑋1𝑋3  +  0.0019𝑋2𝑋3  +  0.00009𝑋1
2  +  0.00013𝑋2

2  +  0.242𝑋3
2                (4.7) 

 

𝑀𝑌(𝑇𝑜𝑟𝑟)(%) =  220.02 −  1.30𝑋1 +  0.491𝑋2 + 13.20𝑋3 −  0.0015𝑋1𝑋2 −

0.014𝑋1𝑋3 − 0.0024𝑋2𝑋3 + 0.0025𝑋1
2 − 0.00115𝑋2

2 − 1.07𝑋3
2            (4.8) 

 

𝐸𝐸𝐹 (𝑇𝑜𝑟𝑟)(−) =  1.20 − 0.00025𝑋1 − 0.0014𝑋2 −  0.098𝑋3  +  1.96𝐸 − 06𝑋1𝑋2  −

 0.0001𝑋1𝑋3  + 0.000095𝑋2𝑋3  +  4.61𝐸 − 06𝑋1
2  +  6.68𝐸 − 06𝑋2

2  +

0.012𝑋3
2                              (4.9) 

 

𝐻𝐻𝑉(𝑆𝑜𝑙𝑣)(𝑀𝐽/𝑘𝑔) =  16.67 + 0.032𝑋1 + 0.010𝑋2 − 0.354𝑋3            (4.10) 

 

𝑀𝑌(𝑆𝑜𝑙𝑣)(%) =  −95.36 + 0.592𝑋1 + 0.334𝑋2 + 43.83𝑋3 − 0.0011𝑋1𝑋2 −

0.029𝑋1𝑋3 + 0.004𝑋2𝑋3 − 0.001𝑋1
2 − 0.0015𝑋2

2 − 3.92𝑋3
2          (4.11) 

 

𝐸𝐸𝐹(𝑆𝑜𝑙𝑣)(−) =  0.842 + 0.0016𝑋1 + 0.0005𝑋2 − 0.018𝑋3           (4.12)
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Table 4.3. Experimental design and responses for the torrefaction process. 

    Experimental values                   Model values 

Run Temp: X1 (°C) Time: X2 (min) NSR: X3 (-) HHV (MJ/kg) Mass Yield (%) EEF (-)  HHV (MJ/kg) Mass Yield (%) EEF (-)  

1 300 30 5 23.92 70.78 1.20 23.72 73.11 1.20 

2 200 75 6 21.33 88.72 1.07 21.20 90.68 1.06 

3 250 120 4 23.11 68.33 1.16 22.96 69.16 1.16 

4 200 120 5 21.41 89.14 1.08 21.41 90.19 1.08 

5 250 75 5 22.28 73.88 1.12 22.16 74.35 1.12 

6 300 120 5 25.06 56.81 1.26 24.89 60.19 1.26 

7 250 75 5 22.31 72.13 1.12 22.16 74.35 1.12 

8 200 75 4 20.84 90.14 1.05 20.77 91.64 1.04 

9 250 75 5 22.11 72.96 1.11 22.16 74.35 1.12 

10 300 75 6 24.41 64.27 1.23 24.30 66.03 1.22 

11 250 120 6 23.44 66.45 1.18 23.37 66.58 1.18 

12 250 30 6 22.25 70.62 1.12 22.20 72.96 1.12 

13 250 75 5 22.28 72.87 1.12 22.16 74.35 1.12 

14 250 30 4 22.26 72.07 1.12 22.14 75.11 1.12 

15 200 30 5 20.62 89.82 1.04 20.60 89.61 1.03 

16 300 75 4 24.32 68.43 1.22 24.27 69.79 1.23 

17 250 75 5 22.29 71.97 1.12 22.16 74.35 1.12 

 



86 
 

 Table 4.4. Experimental design and responses for the solvolysis process. 

    Experimental values                 Model values 

Run Temp: X1 (°C) Time: X2 (min) LSR: X3 (-) HHV (MJ/kg) Mass Yield (%) EEF (-)  HHV (MJ/kg) Mass Yield (%) EEF (-)  

1 200 30 5 22.12 75.46 1.12 21.60 77.86 1.09 

2 200 75 6 21.72 70.43 1.10 21.70 72.01 1.09 

3 250 75 5 23.38 69.56 1.18 23.65 72.53 1.19 

4 250 120 6 23.91 55.52 1.21 23.75 56.86 1.19 

5 250 30 6 23.12 67.14 1.18 22.85 69.64 1.15 

6 250 75 5 23.71 68.43 1.20 23.65 72.53 1.19 

7 300 30 5 24.16 65.31 1.22 24.80 69.26 1.25 

8 200 75 4 22.53 73.31 1.14 22.40 73.75 1.13 

9 250 120 4 24.12 59.05 1.22 24.45 61.14 1.23 

10 250 75 5 23.73 70.62 1.20 23.65 72.53 1.19 

11 250 75 5 23.73 71.21 1.20 23.65 72.53 1.19 

12 300 75 6 25.01 51.03 1.26 24.90 55.56 1.25 

13 250 75 5 23.86 71.06 1.21 23.65 72.53 1.19 

14 300 75 4 26.42 59.79 1.33 25.60 63.10 1.29 

15 250 30 4 23.52 71.45 1.19 23.55 74.64 1.19 

16 300 120 5 26.13 48.93 1.32 25.70 51.17 1.29 

17 200 120 5 22.43 68.71 1.13 22.50 69.67 1.13 
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An Analysis of Variance (ANOVA) test was done to determine the statistical significance of 

the experimental results and the developed models. The developed models for both torrefaction 

and solvolysis process were statistically significant, as indicated by the F-values reported in 

Table 4.5 and Table 4.6, respectively. This statistical significance implied that to a satisfactory 

confidence level of 95 %, the model was adequate to describe the experimental results. It was 

also observed that the HHV and EEF both had the same ANOVA table and consequently, 

similar statistical conclusions. This observation was due to the linear relationship between the 

HHV and the EEF, as shown in Equation 3.4 from Chapter 3 (i.e. showing high collinearity). 

A process variable is considered significant if the P-value is less than 0.05. However, as seen 

in Table 4.5 and Table 4.6, only a few terms were insignificant. These terms were not removed 

from the model because they did not significantly improve the models.  

Furthermore, the coefficient of determination (R2) of the responses explained by the process 

variables and the Lack of Fit, were analyzed to support the F-test's inferences. For Inference 

sake, Keivani et al. (2018) suggested that an R2 greater than 0.85 can be considered a reliable 

model. An R2 of 0.85 means that the process variables can explain 85 % of the variation in the 

responses. The R2 for the HHV and MY model during torrefaction were 0.9979 and 0.9920, as 

shown in Table 4.5. The R2 for the HHV and MY model during solvolysis were 0.9301 and 

0.9915, as shown in Table 4.6. Hence, these coefficients of determination validate the 

significance of the developed models.  

Although the R2 can be overestimated while increasing the number of terms in the model, the 

Adjusted R2 (Adj.R2) gives a better view of its significance. All Adjusted R2s were higher than 

0.91, supporting the significance of the models. The accuracy of the developed regression 

models for torrefaction and solvolysis was also verified by plotting the predicted values against 

the actual values shown in Figures 4.2 and 4.3, respectively. The predicted R2 reported in Table 

4.5 and Table 4.6 also show values higher than 0.85. Additionally, the adjusted and predicted 
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R2s were within a difference of less than 0.2, indicating an adequate agreement level (Okolie 

et al., 2020).
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Table 4.5. Analysis of Variance (ANOVA) of the torrefaction models. 

Source DF F-Value P-Value Comment 

HHV and EEF: Higher Heating Value and Energy Enhancement Factor 

Model 9 362.28 < 0.0001 Significant  

X1: Temp. 1 2877.83 < 0.0001  

X2: Time 1 248.51 < 0.0001  

X3: NSR 1 12.77 0.0091  

X1X2 1 3.86 0.0901  

X1X3 1 5.05 0.0595  

X2X3 1 3.65 0.0979  

X1
2 1 27.91 0.0011  

X2
2 1 38.50 0.0004  

X3
2 1 31.04 0.0008  

Lack of Fit 3 1.46 0.3523 Not significant 

R2
 = 0.9979; Adj.R2 = 0.9951; Pred.R2 = 0.9805; Adeq.Precision = 63.9923 
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MY: Mass Yield 

Model 9 165.60 < 0.0001 Significant 

X1: Temp. 1 1189.01 < 0.0001  

X: Time 1 63.62 0.0005  

X3: NSR 1 9.92 0.0473  

X1X2 1 44.16 0.0014  

X1X3 1 1.88 0.3308  

X2X3 1 0.0462 0.8744  

X1
2 1 161.80 < 0.0001  

X2
2 1 22.73 0.0083  

X3
2 1 4.83 0.1376  

Lack of Fit 3 3.23 0.0655 Not Significant 

R2
 = 0.9920; Adj.R2 = 0.9817; Pred.R2 = 0.8942; Adeq.Precision = 32.0294 
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Table 4.6. Analysis of Variance (ANOVA) of the solvolysis models. 

Source DF F-Value P-Value Comment 

HHV and EEF: Higher Heating Value and Energy Enhancement Factor 

Model 3 57.67 < 0.0001 Significant  

X1: Temp. 1 153.30 < 0.0001  

X2: Time 1 12.37 0.0038  

X3: LSR 1 7.36 0.0178  

Lack of Fit 9 5.69 0.0548 Not significant 

R2
 = 0.9301; Adj.R2 = 0.9140; Pred.R2 = 0.8593; Adeq.Precision = 23.1757 

 

MY: Mass Yield 

Model 9 110.70 < 0.0001 Significant 

X1: Temp. 1 493.77 < 0.0001  

X2: Time 1 277.89 < 0.0001  

X3: LSR 1 47.43 0.0004  

X1X2 1 23.18 0.0033  
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X1X3 1 8.64 0.0321  

X2X3 1 0.1521 0.7338  

X1
2 1 28.72 0.0018  

X2
2 1 36.93 0.0009  

X3
2 1 64.84 0.0002  

Lack of Fit 3 3.02 0.5830 Not Significant 

R2
 = 0.9915; Adj.R2 = 0.9807; Pred.R2 = 0.9434; Adeq.Precision = 32.5437 
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The Lack of Fitness test was used to check the acceptability of the models. This test compares 

the residuals associated with the model and the pure error, estimated by the center points of the 

design. While employing a 95 % confidence level, the P-values of the LOF for all models were 

found to be higher than 0.05, indicating its non-significance. There was a 35.2 % and 6.6 % 

chance that a Lack of Fit F-value this large for HHV model and mass yield model could occur 

due to noise during torrefaction. Similarly, there was a 5.5 % and 58.3 % chance that a Lack 

of Fit F-value this large for HHV model and mass yield model could occur due to noise during 

solvolysis. The LOF should not be significant to ensure the model's fitness (Kumar et al., 2020). 

 
Figure 4.2. Predicted responses against actual responses of (a) EEF (b) HHV and (c) MY for 

torrefaction process 

All models were found to have a ratio greater than 4, indicating an adequate signal, as shown 

in Table 4.5 and 4.6. The homoscedasticity of the residuals was studied to ascertain that the 

A 
B 

C 
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normality assumption for a regression model was observed. This study was done using the 

normal probability plots of the residuals. It can be confirmed that the normality assumption 

was observed as the residuals between the actual and predicted values were normally 

distributed at random exhibited by the straight-line graph as shown in Figures 4.4 and 4.5 for 

torrefaction and solvolysis process respectively.  

 
Figure 4.3. Predicted responses against actual responses of (a) EEF (b) HHV and (c) MY for 

solvolysis process 

A B 

C 
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Figure 4.4. Normal plot of residual for (a) HHV (b) EEF and (c) MY for torrefaction process 

 
Figure 4.5. Normal plot of residual for (a) HHV (b) EEF and (c) MY for solvolysis process 

C 
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4.3.3. Comparative analysis of the effect of process conditions on torrefaction and 

solvolysis process  

Three responses were used to study and compare the effect of process conditions on 

torrefaction and solvolysis process. 3-dimensional response surface plots shown in Figures 4.6 

and 4.7 were used to study these effects for torrefaction and solvolysis, respectively. The 3D 

surface plots show the effect of any two process conditions on individual responses, keeping 

the third condition constant (usually the mid-point value). These plots made it possible to study 

how each response changes while varying process conditions simultaneously, i.e. avoiding 

considering OFAT (One Factor at a Time).   

4.3.3.1. Effect of process conditions on HHV and EEF 

The 3D surface plots describing the effect of all three process conditions (i.e. Temperature: X1, 

Time: X2 and NSR/LSR: X3) on the higher heating value of pre-treated PSD are shown in 

Figures 4.6 and 4.7. It is shown that HHV of biomass was highly significantly (i.e. P-value < 

0.0001) influenced by the reaction temperature. From the 3D plots, it can be concluded that 

there is a linear correlation between the HHV and temperature of biomass. The analysis of 

variance of the torrefaction model suggests that only the independent and the squared effects 

of the process conditions were significant in explaining the HHV of PSD (as seen in Table 4.5). 

Also, only the independent process conditions were the significant terms in explaining the 

HHV of PSD during solvolysis process (as seen in Table 4.6).  

Unlike other developed models, the HHV and EEF models for solvolysis process only 

contained the independent terms. This observation was in agreement with the result reported 

by Gan et al. (2019) for the pretreatment of palm kernel shell via solvolysis. Like the 

torrefaction process, the independent temperature term showed the most significance on the 

HHV of PSD during solvolysis process. Also, the temperature and residence time significantly 

affected the HHV than LSR/NSR for both pretreatments.  
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From the coded equations for torrefaction process (see Equation 4.1 and 4.3), an increase in 

the temperature, time, and NSR (i.e. reduction of mass feed) increase the HHV and EEF of 

PSD. This observation agrees with the literature results (Barbanera & Muguerza, 2020; Kanwal 

et al., 2019; Kumar et al., 2020; Lee & Lee, 2014; Siyal et al., 2020; Wang et al., 2017). Due 

to the low conductivity property of biomass, it has been reported that there is a limitation in the 

transference of heat from the heating source of the torrefier to the biomass sample (Ceylan, 

2015; Gajera et al., 2020). As a result of this limitation, higher temperatures will be required 

to ensure uniform decomposition of the lignocellulosic components throughout the biomass 

sample, translating into an increase in the HHV. This phenomenon is responsible for increasing 

HHV and EEF as the mass feed reduces (i.e. increase in NSR).  

Furthermore, as indicated by the coded equations for solvolysis process (see Equation 4.4 and 

4.6), unlike LSR, an increase in the reaction temperature and time increases the HHV and EEF. 

Similar observations have been reported by Bach et al., (2016); Chen et al., (2012); Gong et 

al., (2016); He et al., (2018). The full quadratic coded equation for torrefaction also shows that 

the squared effects of each independent process conditions positively affects the HHV of PSD. 

These significant terms also suggest that the squared time and NSR term has more effect than 

the squared temperature term.  

While comparing torrefaction and solvolysis using similar process condition, it was observed 

that there was a 26 % increase in HHV recorded by torrefaction. In comparison, a 31.37 % 

increase in HHV was recorded after solvolysis. This observation can be seen by comparing run 

6 of Table 4.3 and run 16 of Table 4.4.  

Similarly, comparing run 15 of Table 4.3 and run 1 of Table 4.4 (i.e. having similar process 

conditions), torrefaction improved the HHV of PSD by 3.76 % while solvolysis improved the 

HHV of PSD by 11.21 %.  
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Therefore, it can be concluded that solvolysis tends to improve the HHV of PSD higher than 

the torrefaction process. Similar observations were made by Bach and Skreiberg (2016); Yan 

et al. (2017).  

4.3.3.2. Effect of process conditions of mass yield  

The graphical representations of the effect of process conditions on the mass yield of fuel are 

shown in Figure 4.6 and Figure 4.7 during torrefaction and solvolysis, respectively. It can be 

observed that the pretreatment of PSD resulted in a continuous mass loss as the severity of the 

operating conditions increased. The removal of the methoxy group from the lignin component 

of PSD and eliminating the carboxyl group from the hemicellulose component of PSD can be 

attributed to these observed mass losses. The removal of both the carbonyl and carboxyl groups 

from the cellulose component of PSD could also be responsible for the observed mass loss 

during pretreatment (Nhuchhen et al., 2018).  

Torrefaction and solvolysis study indicated that temperature was the most influential variable 

on the char's mass yield. The order of influence on the mass yield was 

Temperature>Time>NSR/LSR, as indicated by the P-values, as shown in Table 4.5 and Table 

4.6. Nizamuddin et al. (2019) and  Kumar et al. (2020) also reported that the severity (which 

is most influenced by the reaction temperature) of the pretreatment process significantly affects 

the mass yield of char. As shown in Table 4.5 and Table 4.6, and from the interactional terms, 

the temperature-time relationship was significant (P-value < 0.05) for torrefaction. In contrast, 

both the temperature-time and temperature-LSR relationship were found to be significant for 

solvolysis. Only the time-LSR term was found to be insignificant for the solvolysis process. 

This observation indicates that the LSR relies more on the operating temperature of the process 

than residence time to affect the mass yield of hydrochar. All linear terms have negative signs, 

as shown in Equation (4.2) and Equation (4.5), indicating a negative effect on the mass yield 
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of both biochar and hydrochar. As explained earlier, smaller mass feed of biomass (i.e. increase 

in NSR) results in a negative effect on biomass's mass yield. 

The mass yield of hydrochar reduces as the LSR increases. This phenomenon was attributed to 

water behaviour at the subcritical temperature region, which readily decomposes the 

lignocellulosic components (Ahmed et al., 2019). Aside from the quadratic temperature term, 

all other terms negatively affect the mass yield of biochar. This observation suggests that the 

negative effect of temperature on mass yield at extremely high temperatures tends to reduce at 

extremely high temperatures. This observation could be attributed to the reduced effect of 

temperature on the conversion of fixed carbon formed after the volatilization process.  

 

 

Figure 4.6. 3D response surface plots of HHV, MY and EEF for torrefaction process 
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Figure 4.6. (continued) 

Furthermore, both pretreatments' residence time exhibit adverse effects on the mass yield of 

the char produced. This observation is because longer residence time means longer time spent 

by the biomass in the reactor to form more oxygenated volatile compounds, resulting in a lower 

mass yield (Mundike et al., 2016).  
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Tables 4.3 and 4.4 show that solvolysis negatively affects the mass yield of char than the 

torrefaction process. To compare torrefaction and solvolysis process in terms of mass yield, 

two similar process conditions were used (i.e. run 6 of Table 4.3 and run 16 of Table 4.4). It 

can be observed that torrefaction yielded a mass of 56.81 % while solvolysis yielded a mass of 

48.93 %. Similarly, comparing similar process conditions employed in run 15 of Table 4.3 and 

run 1 of Table 4.4, torrefaction recorded a higher mass yield of 89.82 % than solvolysis of 

75.46 %. This comparison indicates that the solvolysis process negatively affected the mass 

yield of biomass than the torrefaction process at lower temperature regions.  

 
Figure 4.7. 3D response surface plots of HHV, MY and EEF for solvolysis process 
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Figure 4.7. (continued) 

4.3.4. Optimization of process conditions  

Several methods have been employed in carrying out the optimization of torrefaction and 

solvolysis process. One of these methods is to evaluate the energy yield of biochar/hydrochar, 

a function of the HHV and the mass yield. However, this method has been considered 

inefficient in determining the optimal conditions because the energy yield decreases with an 

increase in the severity of the pretreatment process (Lee and Lee, 2014). Hence, an ideal 

method to estimate the optimal conditions is by simultaneously increasing the mass yield and 

HHV of biochar/hydrochar.  
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4.3.4.1. Optimization using desirability function 

As described in Section 3.1.5 of Chapter 3, equal weights of 1 and equal importance, were 

assigned to all responses to determine the optimal conditions within the range of the process 

conditions. As shown in Figure 4.8, based on the desirability function approach, the optimal 

process conditions based on the responses for solvolysis process were at 299.99 °C, 45.25 min 

and 4.32 LSR while torrefaction process was at 299.99 °C, 30.00 min and 4.00 NSR. At the 

optimal conditions, the desirability for torrefaction and solvolysis were 0.651 and 0.702, 

respectively. These desirability values indicate that 65.1 % and 70.02 % of all responses 

reached their respective torrefaction and solvolysis process targets, respectively. 

 

(a) 

 

(b) 

Figure 4.8. Optimal conditions for (a) torrefaction and (b) solvolysis pretreatment process 
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4.3.4.2. Optimization using genetic algorithm (GA) 

Although the genetic algorithm has been broadly applied in the industry to optimize processes, 

using the genetic algorithm to optimise torrefaction and solvolysis process is scarce in the 

literature. It is required that before the use of a genetic algorithm for optimization, the objective 

functions are transformed into minimizing functions. The HHV and MY predictive models 

developed using the Box-Behnken were used as the objective functions 1 and 2, respectively. 

The EEF model was excluded because it is directly proportional to the HHV (i.e., optimising 

the HHV translates to an optimization in the EEF). Figure 4.9 shows the genealogy of the 

optimization process, which illustrates how genes are reproduced from generation to 

generation. 

 

(a) 

 

(b) 

Figure 4.9. Genealogy of the optimization: (a) Torrefaction and (b) Solvolysis process 
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The errors existing in the optimal conditions were reduced after each generation. The 

optimization was terminated when the average change in the Pareto solutions' spread was less 

than the function tolerance. It was observed that for both torrefaction and solvolysis 

optimisation, the reproduction terminated at the 140th generation. The Pareto plot, as shown in 

Figure 4.10, gives the various optimal conditions that can be possibly estimated depending on 

the importance given to a response. However, for this study, the optimum conditions were 

chosen based on the closest values with the optimized values estimated using the desirability 

function.  

 

Figure 4.10. Pareto plots showing the optimal responses for torrefaction and solvolysis 

Hence, the optimum conditions estimated using genetic algorithm for torrefaction and 

solvolysis process were at 299.83 °C, 30.07 min, 4.12 NSR and 295.10 °C, 50.85 min, 4.55 

LSR, respectively.  

4.3.4.3. Comparison of optimization technique: (RSM and GA) 

Comparing the optimization techniques used in this study was done by validating the optimal 

responses predicted by both the response surface methodology (RSM) and genetic algorithm 
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(GA) with the developed models' expected responses. As shown in Table 4.7, the predicted 

values are the optimized responses obtained from the RSM and GA optimization technique. In 

contrast, the calculated values are the responses expected to be obtained via the developed 

regression model equations for the different optimal process conditions. 
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Table 4.7. Comparison between the predicted and calculated values of the responses at optimum process conditions. 

Process Technique X1 (°C) X2 (min) X3 (-) HHV (MJ/kg) MY (%) 

     Predicted Calculated Error (%) Predicted Calculated Error (%) 

Torrefaction RSM 299.99 30.00 4.00 24.17 24.20 -0.12 71.21 71.24 -0.04 

GA 299.83 30.07 4.12 24.13 24.13 0.00 71.27 71.27 0.00 

           

Solvolysis RSM 299.99 45.25 4.32 25.29 25.28 0.04 64.83 64.80 0.05 

GA 295.10 50.85 4.55 25.11 25.11 0.00 65.36 65.36 0.00 
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As seen in Table 4.7, the error values indicate genetic algorithm to show a higher level of 

accuracy than response surface methodology. This accuracy is attributed to GA's principle, 

which involves a natural genetic system of coding each optimization solutions as chromosomes 

and therefore reproducing generations that reduced the error to the bare minimum. 

Furthermore, although the desirability function approach based on RSM helps assign 

importance to responses before optimization, GA also offers a series of optimized solutions 

and allows the user to pick the best conditions based on the most important response.  

4.3.4.4. Results compared with literature 

Having explained the results obtained during this study and the possible mechanisms 

responsible for the observation made during the pretreatments, it is essential to validate these 

observations with pre-existing results obtained by other authors in literature. Several authors 

have investigated pine wood's torrefaction for different purposes such as: enhancing 

grindability, the effect of milling technique on torrefied pine wood, and energy densification 

of briquettes made from torrefied pine wood.  

The changes in the pine's ultimate analysis after torrefaction performed by some authors are 

reported in Table 4.8. As can be seen from Table 4.8, the variation in the ultimate analysis of 

biochar from pine can be obviously attributed to the variation in the process conditions studied. 

However, common trends are noticed. It can be observed that as temperature increases, the 

carbon content increases accompanied by a reduction in the oxygen content. Taking a closer 

look at the carbon content of the fuel produced by Phanphanich & Mani (2011) and this study, 

it can be seen that at a shorter time of 30 min at 300 °C, Phanphanich and Mani produced fuel 

with higher carbon content than the fuel produced in this study at that same temperature but 

longer time (120 min). This discrepancy could be due to other process conditions employed, 

the reactor design, and the pinewood's origin and type. The same disparity was observed in the 

carbon content reported by Keivani et al. (2018) at 300 °C. 
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Table 4.8. Percentage changes in ultimate analysis of torrefied fuel (Pine wood). 

   % Change  

Temp (°C) Time (min) NSR C H O N S Ref. 

200 30 5 +2.41 -27.26 -2.54 -7.14 -38.60 This study 

250 120 6 +21.37 -41.67 -18.03 -13.33 -56.14 

300 120 5 +29.71 -44.92 -27.56 -13.33 -59.65 

220 30 - +3.52 +3.48 -6.34 +68.57 +133.33 Chen et al. (2016) 

250 30 - +11.64 -10.76 -14.92 +182.56 +94.44 

280 30 - +15.13 -14.72 -18.71 +242.86 +72.22 

225 30 - +20.00 -6.80 -18.96 +134.38 +700.00 Keivani et al. (2018) 

250 30 - +24.08 -7.14 -19.48 -40.63 +33.33 

300 30 - +54.84 -34.86 -45.93 +103.13 -10.00 

230 30 - +4.73 -3.40 -5.51 0.00 +16.67 Gong et al. (2016) 

260 60 - +15.75 -11.00 -20.91 +7.14 +25.00 

290 60 - +31.08 -19.90 -42.86 +28.57 +29.17 

225 30 - +4.79 -8.58 -3.78 -11.76 - Phanphanich & Mani 

(2011) 250 30 - +9.00 -11.75 -8.17 -17.65 - 

300 30 - +34.87 +12.66 -0.34 +17.65 - 

(+) – Increase; (-) – Reduction.
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Furthermore, it can be observed from Table 4.8 that the hydrogen content trend was not 

consistent. This inconsistent trend could be because neither de-hydrogenation nor 

hydrogenation represents the primary reaction taking place during torrefaction. Hence, the 

decarboxylation, decarbonylation and deoxygenation reactions tend to increase or decrease the 

fractional percentage of the hydrogen content by reducing the percentage oxygen content in the 

fuel.  

Considering the properties of the fuel produced in this study at 250 ° for 120 min and the fuel 

produced by Chen et al. (2016) at 280 °C for 30 min, there is a similar percentage reduction in 

the oxygen content. Although the latter is slightly higher than the former, the long residence 

time covered up for the 30 °C difference in temperature. Therefore, employing a longer 

residence time can allow make-up or the use of a milder operating temperature. 

Unlike torrefaction, few authors have studied the effect of solvolysis on pine wood. Lynam et 

al. (2015) carried out the solvolysis pretreatment of loblolly pine. However, the elemental 

changes in the fuel were not reported. The fuel's energy yields were reported, and the results 

indicated an improvement in the HHV of the fuel, which is proportional to an increase in the 

carbon content of the fuel. Similar observations were reported in this study.  

The mass yield and the HHV of fuel after pretreatment are vital in determining any pretreatment 

process's efficiency. Several authors have studied the effect of torrefaction and solvolysis on 

the mass yield and HHV of pre-treated fuel. Some of the results obtained by these authors are 

reported in Table 4.9 and are compared with the results obtained in this study. For easy 

comparison, at most two process conditions each are tabulated. Due to the variation in the 

initial energy content of different biomass, the use of HHV to compare the extent of 

pretreatment on different types of biomass is not efficient. Hence, the use of the Energy 

Enhancement Factor provides more possibility for comparison.   
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Table 4.9. Comparison of mass yield and energy yield from this study with literature.  

Pretreatment Biomass Temp. (°C) Time (min) NSR/LSR (-) Mass Yield (%) HHV (MJ/kg) Ref. 

Torrefaction Pine* 

sawdust 

300 120 5 57.00 25.06 (1.26) This study 

200 30 5 90.00 20.62 (1.04) 

Sugarcane 

bagasse 

300 5 - 90.00 (1.13) Anukam et al. 

(2017) 

Corncob 220 30 - 87.00 16.55 (1.02) Li et al. (2018) 

260 30 - 80.00 19.00 (1.17) 

Spruce 200 45 - 90.00 19.90 (1.01) Grycova et al. 

(2020) 300 45 - 30.00 24.30 (1.23) 

Straw 200 45 - 85.00 17.40 (1.01) 

300 45 - 25.00 23.20 (1.35) 

Mango 

branches 

300 30 - 70.00 (1.18) Rago et al. (2020) 

Pine sawdust 230 30 - 93.00 20.73 (1.05) Gong et al. (2016) 

290 60 - 48.00 26.02 (1.32) 

Pine chips 225 30 - 89.00 19.48 (1.06) Phanphanich et al. 

(2011) 300 30 - 52.00 25.38 (1.37) 

Spruce stem 225 30 - 92.40 20.03 (1.01) Wang et al. (2018) 

300 60 - 57.50 23.61 (1.20) 

Spruce stump 225 30 - 92.70 19.84 (1.02) 
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300 60 - 46.20 23.49 (1.20) 

Spruce bark 225 30 - 90.40 21.11 (1.05) 

300 60 - 60.50 24.35 (1.21) 

Solvolysis Bamboo 

sawdust 

150 15 10 90.00 18.27 (1.03) Dai et al. (2018) 

210 35 10 70.00 20.77 (1.18) 

Norway 

spruce 

200 30 5 73.61 22.95 (1.10) Bach et al. (2016) 

200 60 5 69.54 23.09 (1.11) 

Birch 200 30 5 62.17 21.09 (1.08) 

200 60 5 60.25 21.42 (1.10) 

Pine* 

sawdust 

200 30 5 75.46 22.12 (1.11) This study 

200 120 5 68.71 22.43 (1.13) 

Loblolly pine 260 20 5 50.00 25.56 (1.42) Lynam et al. (2015) 

260 20 10 42.00 26.64 1.48) 

Empty fruit 

bunch 

200 5 8 69.45 (1.04) Gong et al. (2019) 

Sugarcane 

bagasse 

200 5 8 73.62 (1.05) 

* –  This study; Numbers in bracket – Energy Enhancement Factor.  
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As shown throughout Table 4.9, the HHV of biomass increases as the temperature and time 

increase while the mass yield reduces as the temperature and time increase. A similar 

observation was made in this study. As explained earlier, this mass loss is due to the loss of 

moisture content, devolatilization of light compounds and breaking of the lignocellulosic 

component in the biomass during torrefaction. Likewise, the HHV enhancement of biomass 

was attributed to removing free moisture, the de-oxygenation reaction taking place, and the 

increase in biomass's carbon content.  

Anukam et al. (2017) studied the torrefaction of sugarcane bagasse using one process 

condition. The results reported that torrefaction at 300 °C for 5 min resulted in a high mass 

yield of 90 %. As compared to the result obtained from this study, from Table 4.9, it can be 

seen that while using the same temperature of 300 °C but for a much longer residence time, the 

mass yield drastically dropped to 57 %. This observation suggests that a longer residence time 

gives more opportunity for the resistive lignocellulosic components to depolymerize. 

Furthermore, the HHV for this study at 300 °C for 120 min, saw a higher EEF of 1.26 than the 

EEF of 1.13 obtained by Anukam et al. by using the process conditions of 300 °C for 5 min.  

From Table 4.9, a high mass yield was obtained in this study at a temperature of 200 °C for 30 

min. Similar mass yield values were reported by Li et al. (2018) for corncob; Grycova et al. 

(2020) for spruce and straw biomass; Gong et al. (2016) for pine sawdust; and Phanphanich et 

al. (2011) for pine wood chips. The energy enhancement factors at 200 °C for 30 min reported 

in this study agree with those reported by the authors mentioned above.  

Considering the EEF of pinewood studied by Gong et al. (2016) and Phanphanich et al. (2011) 

compared to that reported in this study, at similar operating conditions of about 200 °C for 30 

min, different EEF were reported but were within a difference of 0.01. This little difference 

suggests that the results obtained in this study support those reported in the literature. However, 
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studying the HHV of the spruce biomass from different parts of the same tree as seen in Table 

4.9, Wang et al. (2018) suggest that one of the reasons why the fuel properties of the same type 

of biomass could differ can be because of the part of the tree from which the biomass species 

were obtained. This suggestion makes biomass one of the most inconsistent fuel known to man.  

Table 4.9 also contains the mass yield and HHV of different types of fuels studied by different 

authors. It can be noticed at low-temperature regions, and the EEF are as high as the EEF of 

torrefaction pretreatment. However, solvolysis suffers a more significant mass loss than 

torrefaction. At similar process conditions of 200 °C, 30 min and 5 LSR, the EEF reported by 

Bach et al. (2016) for Norway spruce biomass and Birch biomass were 0.01 less than Pine 

sawdust reported in this study. This difference could be because of the relatively smaller 

amount of the PSD hemicellulose component than the other two biomasses. Hence, being able 

to depolymerize most of the hemicellulose and initiate other reactions during the pretreatment. 

The results obtained by Lynam et al. (2015) on the solvolysis pretreatment of Loblolly pine at 

a higher temperature of 260 °C suggests that if the solvolysis temperature is increased, the 

HHV of biomass can be significantly raised. However, it will cause a drastic mass loss which 

will affect the energy yield of the hydrochar.  

Several authors have employed different optimization techniques to optimize torrefaction and 

solvolysis pretreatments. The optimization of a process depends on the range of process 

conditions studied, the optimization techniques, and the importance given to each variable. The 

optimization of solvolysis within the temperature range of 200 – 300 °C and time range 30 – 

120 min has not been reported in the literature. Table 4.10 contains the existing optimum 

conditions of torrefaction and solvolysis pretreatments of different types of biomass obtained 

by different authors. 
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Table 4.10. Optimum conditions for torrefaction and solvolysis pretreatment from this study and literature.  

Pretreatment Biomass Optimization technique Optimum condition Ref. 

Torrefaction Eucalyptus Energy gain and mass loss 245.3 °C 

60 min 

Lee & Lee (2014) 

Larch 250.5 °C 

60 min 

Yellow poplar 245.3 °C 

60 min 

Mesocarp 246.8 °C 

60 min 

Acacia 247.8 °C 

60 min 

Albasia 248.2 °C 

60 min 

Mixed softwood 256.0 °C 
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60 min 

Acacia nilotica RSM (FCCD) 252.0 °C 

60 min 

Singh et al. (2019) 

Eucalyptus RSM (FCCD) 280.0 °C 

60 min 

Kumar et al. (2020) 

Pinewood RSM (FCCD) 299.7 °C 

28 min 

Keivani et al. (2018) 

Coffee chaff RSM (BBD) 271.1 °C 

20 min 

Buratti et al. (2018) 

Spent coffee grounds RSM (BBD) 256.0 °C 

20 min 

Pine sawdust RSM (BBD) 299.9 °C 

30 min 

This study 

GA 299.83 °C 

30 min 
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Solvolysis Palm kernel shell RSM (CCD) 220.0 °C 

30 min 

Gan et al. (2019) 

Rice straw RSM (CCD) 180.0 °C 

20 min 

Nizamuddin et al. (2019) 

Shrimp waste RSM (CCD) 180.0 °C 

112 min 

Kannan et al. (2017) 

Cornstalk RSM (CCD) 181.9 °C 

40 min 

Kang et al. (2019) 

Pine sawdust RSM (BBD) 299.9 °C 

45 min 

This study 

GA 295.1 °C 

51 min 

RSM – Response Surface Methodology; FCCD – Face Central Composite Design; CCD – Central Composite Design; BBD – Box-Behnken Design; SFED – Single Factor 

Experimental Design; GA – Genetic Algorithm.  
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As shown in Table 4.10, the optimum conditions obtained for Pinewood by Keivani et al. 

(2018) and those reported from this study for the torrefaction process are approximately 300 

°C and 30 min. Optimum conditions derived using the genetic algorithm were also close to that 

reported in the literature. However, GA offers more accurate estimation and provides a series 

of optimum conditions depending on the level of importance of each process variable. Due to 

the non-existence of the optimum conditions for solvolysis within a process conditions range 

of 200 – 300 °C and 30 – 120 min in the literature, proper comparison cannot be made.  

The results obtained during this study has shown good correlations with those reported in the 

literature. Therefore, the results reported in this study can be considered reliable and can, 

therefore, be used to validate future claims in this research field.  

4.4 Conclusion 

Two pretreatment tests; torrefaction and solvolysis were carried out using PSD to understand 

the effect of process conditions such as temperature, time, and NSR/LSR on 

biochar/hydrochar's fuel properties, respectively. The RSM (Box-Behnken design) method was 

used to design the experiments. The desirability function and Genetic Algorithm (GA) were 

employed for modelling and optimization processes. From this study, the following 

conclusions can be made: 

 RSM was efficient in developing regression models that could explain the interactional 

effect of process conditions during the process. The ANOVA gave an informed conclusion 

on the statistical significance of the developed regression models. 

 The most influential variables on the responses (HHV, mass yield and energy enhancement 

factor) for the pre-treated PSD were of the order: operating temperature > residence time > 

NSR/LSR   
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 The effect of the liquid-to-solid ratio on mass yield during solvolysis process was highly 

dependent on the operating temperature than the time.  

 Although solvolysis pretreatment recorded a higher energy enhancement factor than 

torrefaction, torrefaction pretreatment process recorded a higher mass yield than solvolysis 

process.   

 The desirability function approach and GA showed close optimum conditions for 

torrefaction and solvolysis methods. However, the GA gave more accurate responses 

compared to the calculated values using the regression models. 

In this study, the results obtained from the torrefaction and solvolysis processes are promising. 

However, it is recommended that more studies should be done on solvolysis process, to exploit 

its promising future. The design of a torrefier should be considered to achieve more uniform 

heating when the biomass mass loading is increased. Furthermore, GA should be adopted as 

an optimization technique in this field of study to obtained accurate results which can be 

implemented in an automated energy/coal-fired plants in the industry.  
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CHAPTER FIVE 

5. KINETIC STUDY OF ISOTHERMAL DEGRADATION OF PINE SAWDUST 

(PSD) DURING TORREFACTION PROCESS 

5.1. Introduction 

The combustion of fossil fuels and other carbon content materials without proper control has 

contributed to the emission of Green House Gases (GHG), leading to global warming and 

climate change worldwide. The energy insecurity posed by the rapid depletion of fossil fuels 

and the environmental impact of using the fuels has motivated researchers to study biomass as 

an alternative fuel source for energy production (Li et al., 2018).  

Several thermochemical conversion technologies such as; pyrolysis, combustion, and 

gasification have been regarded as promising routes for converting waste biomass to biofuels. 

The utilization of raw biomass against fossil fuel such as coal is faced with challenges 

including; its low bulk energy density, grindability, hydrophobicity, and low combustion 

properties (Bates and Ghoniem, 2013).  

A pretreatment technology such as torrefaction has proved to be an efficient thermal process 

for the improvement of the quality of raw biomass, and an application of this process will help 

solve the challenges mentioned above (Nhuchhen et al., 2018; Stelt et al., 2011; Chen et al., 

2015; Gil et al., 2015; Phanphanich & Mani, 2011). Torrefaction is a thermal pretreatment 

process whereby a known quantity of biomass is subjected to a mild temperature between 200 

and 300 oC for a residence time of around 2 hours. During this process, the bulk energy density 

of a lignocellulosic biomass increases and is accompanied by mass loss of the fuel. Mass loss 

is characterised by the removal of water content, release of volatile matter, and 

depolymerisation of the lignocellulosic components (Barbanera and Muguerza, 2020; Cahyanti 
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et al., 2020a; Jagodzińska et al., 2020). This technology fosters the utilization of torrefied 

biomass as a replacement for coal in coal-firing plants.  

Several researchers including; Dorde et al. (2011); Acharjee et al. (2011),  Singh et al. (2019); 

and Wang et al. (2017) have studied the effect of process conditions on the improved fuel 

properties of torrefied biomass. Fluidized bed reactors, batch reactors, continuous reactors. 

(Brachi et al., 2019; Severy et al., 2018; Shang et al., 2014) were employed for the process. 

Understanding the mass loss of solid fuel is necessary because it helps design a gasification or 

pyrolysis reactor. Mass loss is related to the degree of torrefaction and is measured by the 

degradation of biomass (Almeida et al., 2010; Lee & Lee, 2014; Pathomrotsakun et al., 2020; 

Rago et al., 2020). The authors mentioned above concluded that the solid mass loss of biomass 

can estimate the severity of the torrefaction process.  

The thermogravimetric analyzer (TGA) has been the most commonly used experimental 

technique for studying biomass's thermal degradation. It is also used to study the solid 

distribution during torrefaction process. The analyzer determines the thermal degradation rate 

of solid fuel. Two main methods have been extensively used to describe the thermal 

degradation of biomass. These methods are the isothermal method (steady-state conditions) 

and the non-isothermal method (unsteady-state conditions). The main advantage of estimating 

kinetic parameters using the non-isothermal method (i.e. Friedman method, Kissinger-Akahira-

Sunose method, Flynn-Wall-Ozawa) is: it is easier to account for the mass loss during the non-

isothermal period. However, results reported by  Kumar et al. (2020); Sharma et al. (2019) and 

Yan et al. (2019) while employing the non-isothermal method suggested that multiple reactions 

are present during the torrefaction and pyrolysis of biomass. Therefore, using the non-

isothermal method leads to a wrong estimation of the kinetic parameters, and based on this fact, 

the isothermal method is considered.    
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Isothermal degradation of biomass is the rate at which biomass decomposes when subjected to 

a fixed temperature without any heat loss or gain during the process. Modelling this process is 

vital because it enhances the design of an efficient torrefaction reactor, estimates the mass and 

energy balance of the fuel conversion system, estimates and improves the biochar's fuel 

properties. It has been reported in the literature that torrefaction occurs within the temperature 

range of 200 oC to 300 oC. This temperature range is attributed to the degradation of the 

hemicellulose component in biomass (Li et al., 2018).  

A variety of kinetic models have been employed in modelling the isothermal degradation of 

biomass (Broido & Nelson, 1975; Blasi & Lanzetta, 1997). Over the years, two models have 

been proposed for studying the kinetic process, namely; the detailed model and the pseudo-

components model. The detailed model considered the individual decomposition of three 

different biopolymer components; the hemicellulose, the cellulose and lignin, in the biomass. 

This model was first introduced by Ranzi et al. (2008) and was later modified and improved 

by Blondeau & Jeanmart (2012) and Anca-Couce et al. (2014),  respectively. However, due to 

the difficulty in extending this method to the torrefaction of various biomass species, the 

pseudo-component model is therefore adopted due to its simplicity. This model describes the 

overall anhydrous weight loss (AWL) of biomass during the reaction. It has been adopted based 

on a one-reaction scheme (Repellin et al., 2010), several reactions steps scheme in parallel 

(Ratte et al., 2011), as well as several reaction steps scheme in series by Peduzzi et al. (2014).  

The use of the two-step reaction mechanism requires that the fuel degradation be demarcated 

into two stages namely; the first stage (i.e. characterised by rapid mass loss rate) and the second 

stage (i.e. characterised by a slower mass loss rate). Several kinetic studies have been carried 

out employing the two-step kinetic model technique. For example; the kinetics of the 

isothermal degradation of pure xylan during pyrolysis was first studied by Blasi & Lanzetta, 
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(1997), and the activation energies of the decomposition steps were found to be 76.57 kJ/mol 

for the first stage and 54.81 kJ/mol for the second stage.  

Shang et al. (2013), also carried out a kinetic study on the isothermal degradation of wheat 

straw biomass, employing the 2-step reaction scheme and reported activation energies of 71 

and 76.6 kJ/mol for the char formation at stage one and stage two respectively. It was also 

reported that this model technique was efficient in predicting the residual mass of the biomass 

during torrefaction on a bench-scale batch reactor.  

Edgar (2019) carried out a similar study on poplar biomass and obtained the char's activation 

energies as 104.42 and 97.60 kJ/mol for stage one and two, respectively. Bach et al. (2016) 

also studied the isothermal degradation of spruce and birch biomass using a similar reaction 

mechanism. Activation energies of 20.79 kJ/mol and 70.61 kJ/mol for spruce biomass were 

reported for the first and second stages. In contrast, 87.71 kJ/mol and 93.51 kJ/mol for birch 

biomass were recorded for the first and second stages.  

Prins et al. (2006), reported the activation energies of the first and second stage of the 

torrefaction of willow biomass using the same kinetic model technique as 76.0 and 151.7 

kJ/mol, respectively. It was also suggested that the first stage of the degradation process is 

attributed to depolymerising the hemicellulose, accompanied by the removal of free moisture 

content in the biomass and light compounds in the form of volatiles. Whereas, the second stage 

of the degradation process is mainly attributed to the depolymerization of the cellulose and a 

fraction of the lignin. Due to the more resistive behaviour of the cellulosic components than 

the hemicellulose, the second stage's activation energy has been estimated to be higher than the 

first stage.  

Similarly, Shang et al. (2014) considered the mass loss during the heating period when 

estimating the kinetic parameters. The study showed that it is difficult to model the non-
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isothermal degradation phase of the process. This conclusion was reflected by the low 

correlation between the estimated kinetic parameters and the Arrhenius equation. Similar 

observations have been reported by Bach et al. (2016). Hence, while carrying out the kinetic 

study of the process, the non-isothermal period was not included. It was assumed that the mass 

when the set temperature was reached, to be the initial mass and initial time. A similar 

procedure was employed in this study.  

While estimating the kinetic parameters using the two-step reaction technique, a demarcation 

time must be determined to separate the two steps and estimate the reactions' overall rate 

constants. However, Prins et al. (2006) suggested that it is difficult to identify a demarcation 

time as the two stages co-occur. Subsequent kinetic studies either went ahead to use only the 

demarcation method or used previously estimated kinetic parameters as initial guesses to 

estimate the correct kinetic parameters using MATLAB. Based on this fact, the fitness of 

experimental results with modelled results has not exhibited a perfect correlation.  

Previous studies have focused on the incomplete degradation of biomass existent within the 

torrefaction region. However, in this study, the complete degradation of ash-free biomass, 

which allows for further degradation of biomass beyond the torrefaction region is assumed. 

The demarcation time methods and the iteration methods are used to study the kinetics of 

isothermal degradation of PSD during torrefaction process. Mathematical modelling of the 

isothermal degradation of the fuel (PSD) following the intrinsic two-step kinetic reaction 

scheme in series was carried out. When comparing the experimental results to the modelled 

results, the model's accuracy was improved via this approach. The outcome of the study will 

provide information for the development of efficient torrefaction and energy production plants 

based on the mechanism of fuel reaction and its activation energy.  
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5.2. Experimental and Modelling Procedure 

A thermogravimetric analyzer was used to study the isothermal degradation of fuel (PSD) 

during torrefaction pretreatment. A 2-step reaction mechanism was employed to develop a 

kinetic model to describe the degradation process. The procedures taken to prepare the biomass 

sample is described in section 3.1.1.1. The experimental procedure taken for the 

thermogravimetric analysis is detailed in section 3.2.2. subsequent sections give the modelling 

procedures take such as the model formulation and model solution.  

5.2.1. Kinetic model formulation 

A two-step reaction in series was first adopted to describe pure xylan (hemicellulose) 

decomposition during an isothermal pyrolysis process by Blasi and Lanzetta (1997). The 

assumptions using this model are based on two things; conversion occurs purely under kinetic 

control, and a semi-global reaction mechanism is applicable. These steps as shown in Figure 

5.1, indicates that during torrefaction, an initial mass of biomass when heated to a specific 

temperature within 200 oC and 300 oC from an initial time (ti) to a time (t*) produces an 

intermediate solid B accompanied by the first release of volatiles V1. When further heated to a 

final time (tf), a final solid char C is produced accompanied by the second release of volatiles 

V2.  

 

Figure 5.1. Two-step kinetic model 
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A first-order kinetic reaction is assumed for the degradation of biomass (Braga et al., 2014). 

Based on this hypothesis, and from Figure 5.1, the differential Equations (5.1) – (5.5) are 

developed from the rate equations of the individual steps; 

𝑑𝑀𝐴

𝑑𝑡
=  −(𝐾𝑉1 +  𝐾𝐵)𝑀𝐴 =  −𝐾1𝑀𝐴                 (5.1) 

𝑑𝑀𝐵

𝑑𝑡
=  𝐾𝐵𝑀𝐴 −  (𝐾𝑉2 +  𝐾𝐶)𝑀𝐵 =  𝐾𝐵𝑀𝐴 − 𝐾2𝑀𝐵               (5.2) 

𝑑𝑀𝐶

𝑑𝑡
=  𝐾𝐶𝑀𝐵                    (5.3) 

𝑑𝑀𝑉1

𝑑𝑡
=  𝐾𝑉1𝑀𝐴                              (5.4) 

𝑑𝑀𝑉2

𝑑𝑡
=  𝐾𝑉2𝑀𝐵                              (5.5) 

Mi is the mass fraction of the pseudo-components (A, B, C, V1, and V2) and Ki is the rate 

constant for each of the equations. As illustrated in Figure 5.1, the mathematical expression 

describing the overall rate constants for the first and second stages of the torrefaction reaction 

are expressed in Equation (5.6) and can be estimated from the relationship between the mass 

loss and time as shown in Equation (5.7) and Equation (5.8): 

𝐾1 =  𝐾𝑉1 +  𝐾𝐵;  𝐾2 =  𝐾𝑉2 +  𝐾𝐶                 (5.6) 

ln (1 −  
𝑀0−𝑊

𝑀0− 𝑀𝐵
∗ ) =  log 𝑋1 =  −𝐾1𝑡                 (5.7) 

ln (1 −  
𝑀𝐵

∗ −𝑊

𝑀𝐵
∗ − 𝑀𝐶∞

) =  log 𝑋2 =  −𝐾2(𝑡 − 𝑡∗)               (5.8) 

Where M0 is the initial mass of solid, W is the mass of solid char remaining at any time t after 

the torrefaction process obtained from TGA results, M*B is the mass at the demarcation time 

t*. The demarcation time will be the point on the TGA graph where there is a significant mass 

loss indicated by a shoulder on the curve. After estimating the rate constants, the linearized 

Arrhenius equation plots are then used to estimate the activation energies, Ei, and the pre-

exponential factors, Ai; 
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𝐾𝑖 = 𝐴𝑖𝑒𝑥𝑝 (
−𝐸𝑖

𝑅𝑇⁄ )                  (5.9) 

5.2.2. Kinetic model solution  

Integrating Equations (5.1 – 5.5) yields Equation (5.10 – 5.14), with boundary conditions at 

when time t = 0;  𝑀𝐴(0) =  𝑀0, 𝑀𝐵(0) =  𝑀𝑉1(0) =  𝑀𝑉2(0) =  𝑀𝐶(0) = 0 

𝑀𝐴 =  𝑀0𝑒−𝐾1𝑡                  (5.10) 

𝑀𝐵 =  
𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾1𝑡 −  

𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾2𝑡              (5.11) 

𝑀𝐶 =  
𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾1
 [1 − 𝑒−𝐾1𝑡 ]  + 

𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  1]            (5.12) 

𝑀𝑉1 =  
𝐾𝑉1𝑀0 

𝐾1
 [1 −  𝑒−𝐾1𝑡]                           (5.13) 

𝑀𝑉2 =  
𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾1
 [1 −  𝑒−𝐾1𝑡]  + 

𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  1]            (5.14) 

Where W/Mo is the solid char remaining after the torrefaction process, Equation (5.16) is 

obtained; 

𝑊

𝑀0
=  𝑀𝐴 +  𝑀𝐵 +  𝑀𝐶                 (5.15) 

𝑊

𝑀0
=  [

(𝐾2− 𝐾1)𝐾1+ 𝐾𝐵𝐾1− 𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1
 ] 𝑒−𝐾1𝑡 −  [

𝐾𝐵𝐾2− 𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾2
] 𝑒−𝐾2𝑡 +  

𝐾𝐶𝐾𝐵

𝐾1𝐾2
          (5.16) 

However, because the ash content is unreactive during the torrefaction process, the 

experimental fractional mass loss is represented by Equation (5.17): 

(
𝑊

𝑀0
)

𝑇𝐺𝐴
=  

𝑚𝑆− 𝑚𝑎𝑠ℎ

𝑚0− 𝑚𝑎𝑠ℎ
                 (5.17) 

Where m0 is the initial mass of biomass, ms is the mass of solid remaining recorded by TGA, 

and mash is the mass of ash contained in PSD, as shown in Table 5.1. 
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Integrating Equation (5.3) with boundary conditions; 𝑀𝐶(0) = 0, 𝑀𝐶(∞) = 𝑀𝐶∞ (when there is 

sufficient time for the formation of final char, C) results in Equation (5.18) and Equation (5.19): 

𝑀𝐶∞

𝑀0
=  

𝐾𝐶𝐾𝐵

𝐾1𝐾2
                  (5.18) 

𝑊− 𝑀𝐶∞ 

𝑀0
=  [

(𝐾2− 𝐾1)𝐾1+ 𝐾𝐵𝐾1− 𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1
 ] 𝑒−𝐾1𝑡 −  [

𝐾𝐵𝐾2− 𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾2
] 𝑒−𝐾2𝑡           (5.19) 

The detailed steps on how these equations were derived are documented in section B of the 

appendices.  

Table 5.1. Lignocellulosic and proximate analysis of air-dried pine sawdust (PSD). 

a – adapted from Shi and Wang (2014). 

Lignocellulosic composition (%)a  Proximate analysis (%) 

Hemicellulose Cellulose Lignin  Moisture Volatile Fixed carbon Ash 

10.5 48.6 25.3  8.55 71.80 19.06 0.59 
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Figure 5.2. Flowchart algorithm used in MATLAB for estimating the kinetic parameters and 

the solid distribution during the torrefaction of PSD 

A flowchart diagram describing the MATLAB algorithm used in determining the kinetic 

parameters of the torrefaction of PSD while employing both demarcation time techniques and 

numerical solution techniques is shown in Figure 5.2. First of all, the demarcation time method 

as used by Prins et al. (2006) was employed to determine the kinetic parameters.  

It was reported that due to the inaccuracy of estimating the demarcation time, the kinetic 

parameters derived using this technique was unable to predict the mass loss obtained 

experimentally adequately. Hence, the kinetic parameters derived using the demarcation time 

START
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Matlab

STOP
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technique was used as initial conditions for the numerical solution method known as nonlinear 

optimization using MATLAB software version R2020b.  

In this study, “lsqcurvefit” is used as the function. The “lsqcurvefit” function operates under 

the principle of Niedler-Mead optimization algorithm. It is used to minimize the residual sum 

of squares between the modelled and TGA data, as shown in Equation (5.20). The “lsqcurvefit” 

process was therefore iterated till the initial conditions for the kinetic parameters became the 

estimated kinetic parameters, indicating an optimum solution. Presented in Figure A.4 and A.5 

of the appendices are the kinetic modelling script file and function file, respectively, generated 

from MATLAB software. 

𝐸 =  ∑ [(
𝑊

𝑀0
)

𝑇𝐺𝐴,𝑇
−  (

𝑊

𝑀0
)

𝑚𝑜𝑑𝑒𝑙,𝑇
]

2

𝑇                (5.20) 

T indicates each isothermal temperature, (W/Mo)TGA is the weight loss recorded experimentally 

by the TGA and (W/Mo)model is the calculated weight loss from the model.  

5.3. Results and Discussion 

5.3.1. Isothermal degradation of PSD during torrefaction in a TGA 

The mass loss rate during the torrefaction of pine sawdust using a thermogravimetric analyzer 

is shown in Figure 5.3. The figure contains a plot of the fractional mass loss of the fuel against 

time. The non-isothermal period (heating period) was removed by assuming the mass yield at 

each set temperature to be the initial mass (Ys, T °C = 1), and the time was recorded as the initial 

time (t = 0).  
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Figure 5.3. Mass loss curves during the torrefaction of PSD using a TGA 

Figure 5.3 shows a continuous mass loss as the severity (i.e. temperature and time) of the 

torrefaction process increased. The result agrees with the results reported by Anca-Couce et al. 

(2020); and Gajera et al. (2020) during thermal degradation of biomass using a TGA. 

Furthermore, it can be observed that there was a drastic mass loss only when the temperature 

was increased to 300 °C. This observation could be because the hemicellulose is mainly 

decomposed at lower temperatures, resulting in a marginal mass loss due to the low fractional 

composition of hemicellulose in pine, as shown in Table 5.1. Similarly, Xiao et al. (2020) 

studied the thermal degradation of pine sawdust in a TGA. They observed that cellulose's 

depolymerisation, though overlaps with the depolymerisation of hemicellulose, is more evident 

between 260 °C and 380 °C.  

Evidently, there seem to be higher slopes within the first 10 to 20 min of the mass loss curves 

from the TGA curves, which indicates a rapid mass loss rate within the first period than the 
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second period. Previous studies have shown that the rapid mass loss in the first stage is due to 

the depolymerisation of hemicellulose accompanied by the loss of water, light compounds, 

CO2, and acetic acid. The slow mass loss rate evident in the second stage is mainly caused by 

the difficulty in depolymerising the cellulosic component which happens to be a more 

crystalline compound than hemicellulose (Bach et al., 2016; Bates & Ghoniem, 2013; Shang 

et al., 2013).  

5.3.2. Estimation of kinetic parameters 

The demarcation time technique was applied to achieve the initial kinetic parameters from 

which the torrefaction kinetic parameters were estimated. After that, the model was validated 

using the experimental mass loss curves. In this study, the presence of two stages (fast and slow 

mass loss stages) during the isothermal degradation of PSD was determined and, a demarcation 

time was assumed. In this case, Equations (5.7) and (5.8) were applied. Figures 5.4 (a) and (b) 

shows plots of Equations (5.7) and (5.8) respectively. The slopes of the straight-line graphs 

were estimated as the overall rate constants for the first stage and second stage of the isothermal 

degradation during the torrefaction process. The R-square values indicated on the plots show 

that the equations could explain the mass loss during the stages.  

Table 5.2 shows the torrefaction kinetic parameter estimated in this study. These parameters 

were estimated based on five torrefaction temperature regimes that were studied (220, 240, 

260, 280 and 300 °C) while employing different heating rates (23, 27, 31, 35 and 39 °C/min) 

such that only 10 minutes was the allowable time for the solid to rise from room temperature 

to each pre-set temperature. The Arrhenius equation, as illustrated in Equation (5.9), was used 

to determine the activation energies and pre-exponential for each stage of the degradation 

process. The plots are shown in Figure 5.5.  
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(a) 

 

(b) 

Figure 5.4. Logarithmic plots of the mass loss for the (a) first stage and (b) second stage 
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Table 5.2. Estimated kinetic parameters for the torrefaction of pine sawdust. 

Rate constant (min-1) Arrhenius equations 

kb 5.954 ×  10−1 exp (
−10.293

𝑅𝑇
) 

kc 3.96 ×  108 exp (
−141.280

𝑅𝑇
) 

kv1 7.19 ×  105 exp (
−80.291

𝑅𝑇
) 

kv2 7.086 ×  10−1 exp (
−13.736

𝑅𝑇
) 

kb, kc, kv1, kv2 – rate constant for the formation of intermediate char b, final char c, first volatiles 

v1 and second volatile v2; R = 0.008314 kJ K-1 mol -1; T – torrefaction temperature (K). 
 

The coefficient of determination (R2), as shown in Figure 5.5, shows that the estimated kinetic 

parameters follow the Arrhenius equation. As seen in Table 5.2, in agreement with the 

literature, the mass loss in the first stage occurs faster than the mass loss in the second stage. 

The table also shows that the activation energy required for forming the intermediate solid in 

the first step (Ea,b) is lower than the activation energy need to form the solid char in the second 

stage (Ea,c). This difference in activation energy is because less energy is required to 

depolymerise the hemicellulose component and remove water and light compounds in the first 

stage than to depolymerise cellulose in the second stage. These results agree with the result of 

the degradation of spruce and birch wood reported by Bach et al. (2016). Furthermore, the 

activation energy required to form the first volatiles was higher than the energy required to 

form the second volatile. These observations are equally in agreement with the results of the 

degradation of pine sawdust reported by Shang et al. (2014).  

 

 



135 
 

 

 

Figure 5.5. Arrhenius plots for the determination of activation energies and pre-exponential 

factors for each pseudo-component (kb, kc, kv1, kv2) 

5.3.3. Kinetic model validation  

To validate the kinetic model, the predicted mass loss was compared to the experimental plots 

using the model for each isothermal temperature period, as shown in Figure 5.6. The residual 

sum of squares (RSS), coefficient of determination (R2) and the Pearson correlation coefficient 

(r) values as reported in Table 5.3 was used to check the goodness of fit of the model. As shown 

in Figure 5.6, the predicted mass loss using the kinetic model is close to the experimental 
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values. It can be seen that the predicted curves overlap with the experimental curves. Likewise, 

the low RSS and high coefficient of determination (R2) support the goodness of fit as seen 

graphically. 

It can also be observed that the mass loss at lower temperature had better fit than higher 

temperatures. This observation could be because of the drastic mass loss within the first ten 

minutes at 300 °C. Hence, the model overestimated the mass loss at the end of the process. A 

similar observation was made by Shang et al. (2014). The predicted mass loss curves also 

suggest that there will be a continuous mass loss as the temperature and time increase. Hence, 

this model can be further applied to the isothermal degradation of biomass during pyrolysis 

temperature region.  

 

Figure 5.6. Experimental and modelled mass loss of PSD torrefaction at different temperatures 
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Table 5.3. Statistical test of kinetic model for prediction of mass loss. 

Temperature (°C) RSS R2 r 

220 0.0000068 0.9996 0.9998 

240 0.0000253 0.9993 0.9997 

260 0.0000607 0.9993 0.9997 

280 0.0001190 0.9993 0.9997 

300 0.0067100 0.9847 0.9923 

 

5.3.4. Predicted solid and gas distribution  

The kinetic parameters estimated from this study were used to predict the solid distribution 

using Equations (5.1) – (5.5) during pine sawdust torrefaction. The MATLAB function files 

that were generated to plot the solid distribution during torrefaction, as shown in Figure A.6 

and Figure A.7 of the appendices. Although five torrefaction temperatures were studied, three 

selected temperatures 220 °C, 260 °C and 300 °C were presented for discussion, as shown in 

Figures 5.7 (a), (b) and (c) respectively. The solid distribution curves at 240 °C and 280 °C are 

presented in Figure A.10 and Figure A.11 of the appendix. 

Figures 5.7 show the conversion of the initial solid (A) into an intermediate solid (B) and finally 

into a solid char (C). The formation of the first and second volatile are also presented in Figure 

5.7. As shown in Figure 5.7, the conservation of mass is obeyed such that the sum of the fraction 

composition of each component at any given time is always equal to 1.  
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(a)                                                                      (b) 

 

(c) 

Figure 5.7. Solid and gas distribution during torrefaction of PSD at (a) 220 °C, (b) 260 °C and 

(c) 300 °C 

The degradation of the initial solid biomass has been discovered to be significantly influenced 

by the operating temperature. In particular, it can be observed that at 220 °C, 260 °C and 300 

°C, it takes about 90 min, 80 min and 40 min, for the initial biomass to get converted, 

respectively. Similarly, the conversion of the intermediate solid (B) is also dependent on 

temperature. This dependency is observed as the intermediate solid curve decreases earlier at 

higher temperatures than lower temperatures. These results agreed with the kinetic parameters 



139 
 

reported in Table 5.2, indicating lower activation energy in the first stage than the second stage 

of the degradation process. Figure 5.7 also supports Prins’ et al. (2006) claim that the first and 

second stage co-occur. Hence, making it difficult to establish an accurate demarcation time 

between the stages. 

 

Figure 5.8. Formation of final char at different temperatures 

Furthermore, the formation of the final char was considerable at higher temperatures. As seen 

at 220 °C, the total mass loss is mainly occupied by the degradation of the initial biomass and 

the intermediate solid formation. Figure 5.8 shows the final char's formation, which was 

extracted from the solid distribution curve at different temperatures. It can be observed that the 

formation of the final char only becomes evident at 300 °C. In essence, after torrefaction, the 

char produced often contains more of the intermediate solid, little of untreated biomass and a 
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fraction of the final char if sufficient time is given for the process. It can also be observed that 

higher temperatures favour the formation of volatiles.  

Furthermore, it can be seen that as the temperature increases, the fractional composition of the 

first volatiles significantly increases as compared to the second volatiles. Therefore, it can be 

said that the formation of the second volatiles is dependent on the formation of the first volatile 

which is responsible for the higher activation energy needed for the formation of the first 

volatiles as reported in Table 5.2. Conclusively, an increase in the severity of the torrefaction 

process fosters the final char (C) formation and vice versa.  

5.3.5. Results compared with literature 

While employing this 2-step reaction mechanism for the isothermal degradation of different 

types of biomass as reviewed in the literature, various estimated kinetic parameters are shown 

in Table 5.4. The kinetic parameters estimated in this study are also tabulated and compared 

with those in literature.  

As discussed early, the results obtained in this study agree with those reported in the literature. 

However, the difference in parameters for different types of biomass can be attributed to the 

different lignocellulosic structures. The kinetic parameters for pine reported by Shang et al. 

(2014) are different from this those estimated in this study because the non-isothermal heating 

period was not considered in this study. 
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Table 5.4. Kinetic parameters for different types of biomass reported in the literature 

  Pseudo-Components  

Biomass Kinetic parameters B C V1 V2 Ref. 

Xylan Ea (kJ mol-1) 66.23 56.35 91.47 52.59 Blasi and Lanzetta 

(1997) A (s-1) 1.74 x 104 3.43 x 102 3.31 x 106 58.7 

Spruce Ea (kJ mol-1) 76.00 151.70 11.40 11.40 Repellin et al. (2010) 

A (s-1) 2.47 x 104 1.10 x 1010 1.95 x 107 1.10 x 106 

Willow Ea (kJ mol-1) 75.98 151.71 114.21 151.71 Prins et al.  (2006) 

A (s-1) 2.48 x 104 1.1 1010 3.23 x 107 1.59 x 1010 

Wheat Ea (kJ mol-1) 41.00 76.57 139.46 118.62 Shang et al. (2013) 

A (s-1) 3.48 x 103 4.34 x 103 3.91 x 1010 3.48 x 107 

Poplar  Ea (kJ mol-1) 104.42 97.60 125.10 111.57 Edgar (2019) 

A (s-1) 4.80 x 108 3.2 x 106 9.65 x 109 2.75 x 107 
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Spruce Ea (kJ mol-1) 20.79 40.61 90.26 93.47 Bach et al. (2016) 

A (s-1) 1.04 x 101 2.76 x 104 1.26 x 107 3.84 x 106 

Birch Ea (kJ mol-1) 87.71 93.51 119.85 109.62 

A (s-1) 2.25 x 107 2.39 x 101 1.02 x 1010 1.03 x108 

Pine  Ea (kJ mol-1) 46.85 6.1 x 10-6 122.11 94.40 Shang et al. (2014) 

A (s-1) 77.14 1 x 10-5 2.68 x 108 5.75 x 104 

Pine Ea (kJ mol-1) 10.29 141.28 80.29 13.74 This study 

A (s-1) 5.95 x 10-1 3.96 x 108 7.19 x 105 7.09 x 10-1 

Ea – Activation Energy; A – Pre-exponential factor.  
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As a result of Shang modelling the non-isothermal period, the model reported was not accurate 

enough to describe the degradation process. Furthermore, in accounting for the non-isothermal 

period by Shang, the kinetic parameters failed to fit the Arrhenius equation. Hence, due to the 

difficulty in modelling the non-isothermal period, only the isothermal period should be 

considered while employing this reaction mechanism scheme. A similar suggestion was made 

by Bach et al. (2016).  

5.4. Conclusion  

A kinetic study on the isothermal degradation of pine sawdust during torrefaction was carried 

out employing a two-step first-order reaction mechanism in series. A thermogravimetric 

analyzer was used to carry out the torrefaction process. The demarcation technique was used 

to determine the initial conditions for the rate constants. An iteration technique was then 

employed to estimate the actual kinetic parameters that will efficiently predict pine sawdust's 

mass loss during torrefaction. The model results obtained from this study agree with the 

experimental results. Different and slow heating rates were employed to reduce the effect of 

the non-isothermal period on the mass loss and to neglect the heat transfer within the biomass 

sample, respectively. The activation energies of the pseudo-components (kb, kc, kv1, kv2) 

obtained at the different stages of the degradation process were 10.29, 141.28, 80.29and 13.74 

kJ mol-1, respectively. The introduction of the pseudo-components helped to establish a better 

understanding of the torrefaction process by showing the degradation and formation of the 

intermediate products. The estimation of the pseudo-components’ activation energy will also 

help in estimating the overall activation energy of the process. The solid distribution of 

components during torrefaction via kinetics can pave the way for implementing the torrefaction 

process in the industry. Therefore, based on the results obtained from this study, the combined 

demarcation time and iteration technique are recommended to study the reaction kinetics of 

similar waste biomass.  
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CHAPTER SIX 

6. GENERAL CONCLUSION AND RECOMMENDATION 

This chapter presents the general conclusions drawn from this study. The contributions of this 

study to this field are also highlighted. The challenges faced during this study's execution and 

possible measures to take for further studies to enhance the quality of the results reported in 

this study are documented in this chapter. 

6.1. General Conclusions  

This study aimed to understand the effect of process condition on pine sawdust (PSD) 

pretreatment during torrefaction and solvolysis. Three specific objectives were developed to 

achieve this aim based on the research questions that were developed.  

Firstly, the first objective was to develop a predictive empirical model that can describe the 

effect of operating temperature, residence time, Liquid-to-Solid ratio/Nitrogen-to-Solid ratio 

during torrefaction and solvolysis pretreatment of PSD. This objective was achieved by 

carrying out the torrefaction and solvolysis pretreatments on a bench scale. Simultaneously, 

response surface methodology (RSM) based on Box-Behnken Design (BBD) was used to 

design the experiments. The process conditions studied, were benchmarked between 200 °C – 

300 °C, 30 – 120 min and 4 – 6 NSR/LSR for easy comparison between the char produced 

from both pretreatments. 3D-plots, developed based on RSM, were used to establish the 

interactional effect of the process conditions on the fuel properties of char produced from 

torrefaction (biochar) and char produced from solvolysis (hydrochar). BBD was sufficient to 

develop predictive models that could explain the effect of process conditions during the 

process. The predictive models developed were all significant at a 95 % confidence level. The 

P-values, F-tests, Lack of Fitness test (LOF) and the coefficient of determination (R2) all 

suggested that the models well significant and reliable. The 3D-plot surface plots indicated that 
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the order of influence of process conditions on the fuel properties of pre-treated PSD from 

highest to lowest was; Temperature>Time>NSR/LSR. However, the increase in LSR during 

the solvolysis pretreatment significantly reduced the mass yield of the char. The fuel quality of 

the biochar and hydrochar were also compared. Based on the higher heating value (HHV), 

oxygen-to-carbon (O:C) ratio and hydrogen-to-carbon (H:C) ratio, solvolysis was noticed to 

improve the fuel properties of PSD than torrefaction significantly. However, the mass yield 

during torrefaction was significantly higher.  

Secondly, for the execution of the second objective, a genetic algorithm was to be used as an 

optimization tool to optimize the pretreatment processes. Desirability function based on RSM 

was also used to optimize the processes, and the two optimization techniques were qualitatively 

and quantitively compared. Design expert software and MATLAB were used to carry out this 

optimization while employing a desirability function approach and genetic algorithm, 

respectively. Similar optimum values were obtained using both methods; GA and desirability 

function. However, the genetic algorithm exhibited a higher level of accuracy when compared 

using the developed predictive models. Furthermore, the optimum process conditions obtained 

for torrefaction and solvolysis pretreatment processes were; 299 °C, 30.07 min, 4.12 NSR and 

295.1 °C, 50.85 min, 4.55 LSR, respectively.  

Lastly, the third objective of this study was to develop a 2-step kinetic model that will be 

capable of explaining the isothermal degradation of PSD during torrefaction. A TGA was used 

to carry out the torrefaction experiment between 200 °C – 300 °C for 120 min in achieving this 

objective. The experiment was done in a Nitrogen inert atmosphere. Five experimental runs 

were done for five different temperatures. Each experiment was carried out isothermally, and 

the different heating rates were employed to maintain a non-isothermal period of 10 mins. 

Before the model development and solution, the non-isothermal heating periods were ignored 

due to the difficulty in modelling it. The 2-step reaction mechanism was adequate in describing 
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the isothermal degradation of PSD during torrefaction as it was observed that the modelled 

mass loss showed a high correlation with the recorded experimental mass loss obtained from 

the TGA graphs. The estimated kinetic parameters significantly fitted the Arrhenius equation. 

The activation energies required for the formation of the four pseudo-components were 

estimated to be; 10.29 kJ mol-1 (B), 141.28 kJ mol-1 (C), 80.29 kJ mol-1 (V1) and 13.74 kJ mol-

1 (V2).  

Hence, the realisation of this study has shown that a predictive empirical model can be 

developed to predict the fuel properties (mass yield (MY), higher heating value (HHV), and 

energy enhancement factor (EEF)) of PSD. The developed model can also explain the effect of 

process conditions during torrefaction and solvolysis pretreatment processes. The completion 

of this study has suggested that the genetic algorithm can accurately optimize torrefaction and 

solvolysis process. Furthermore, this study has indicated that implementing a 2-step reaction 

mechanism to describe the isothermal degradation of PSD during torrefaction pretreatment is 

highly efficient and can be extended to other similar biomass types.  

Having completed this study, the scientific contributions of this study to this research field are 

as follows: 

 Optimum process variables that can be used on a commercial scale for the pretreatment 

of pine wood have been established for torrefaction and solvolysis methods.  

 This study provides, for the first time, the comparison between the quality of biochar 

and hydrochar produced from torrefaction and solvolysis pe-treatments.  

 The kinetic data provided in this study can be used to evaluate the efficiency of a 

torrefaction pretreatment and help simulate the process using industrial simulating 

software while considering the minimum energy required to form intermediate products 

during torrefaction.  
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 The kinetic data provided in this study can also be used to design an efficient 

torrefaction reactor, design an efficient process and control the pretreatment process.  

6.2. Recommendations 

Torrefaction and solvolysis pretreatment were done on a laboratory scale. As a result of this, 

when the experimental time elapsed, there was still a continuous mass loss as the reactor was 

cooling from the operating temperature to the room temperature. Hence, it is recommended 

that a cooling medium is provided to reduce the cooling time, thereby not losing significant 

mass during cooling.  

Also, after torrefaction pretreatment, it was difficult to account for the total mass yield because 

some of the char got stuck around the internal walls of the torrefier.  

It was also noticed that water and biomass did not easily mix before solvolysis pretreatment. 

Although proper mixing was achieved during the process, better results could be achieved by 

initially using a magnetic stirrer to mix the de-ionized water and biomass before pretreatment.  

One of the challenges faced during this study's experimental stage was that some of the solid 

char was lost on the filter paper during the solvolysis process while filtering the water from the 

biomass solution. This challenge could have affected the measured mass yield of the hydrochar.  

Also, while carrying out the TGA analysis on PSD, it was not easy to measure 10 mg of feed 

accurately. Although the variation in the mass of feed was reasonably considered to about ±0.2 

mg, this could affect the true mass loss of PSD in the TGA with respect to the mass of the 

initial feed.
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APPENDICES 

A. Figures  

 

Figure A.1. Log of pine wood 

 

Figure A.2. Pine wood chips 
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Figure A.3. Muffle furnace 

 

Figure A.4. Kinetic modelling script file 
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Figure A.5. Kinetic modelling function file 

 

Figure A.6. Ordinary differential equation function file 
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Figure A.7. Solid distribution plot script file 

 

Figure A.8. Genetic algorithm function file for torrefaction  
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Figure A.9. Genetic algorithm function file for solvolysis  

 

Figure A.10. Solid and gas distribution during torrefaction of PSD at 240 °C  
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Figure A.11. Solid and gas distribution during torrefaction of PSD at 280 °C 
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B. Equations 

From Equation (5.1), 

𝑑𝑀𝐴

𝑑𝑡
= −𝐾1𝑀𝐴  

∫
𝑑𝑀𝐴

𝑀𝐴
=  −𝐾1 ∫ 𝑑𝑡

𝑡

0

𝑀𝐴

𝑀0
  

[ln 𝑀𝐴 −  ln 𝑀0] =  −𝐾1𝑡  

𝑀𝐴 =  𝑀0𝑒−𝐾1𝑡           

From Equation (5.2) 

𝑑𝑀𝐵

𝑑𝑡
=  𝐾𝐵𝑀𝐴 −  𝐾2𝑀𝐵  

𝑑𝑀𝐵

𝑑𝑡
+  𝐾2𝑀𝐵 =  𝐾𝐵𝑀0𝑒−𝐾1𝑡   

Comparing with ordinary differential equation form; 

𝑑𝑦

𝑑𝑥
+  𝑃𝑦 =  𝑄  

𝑃 =  𝐾2  

Integrating Factor (IF) = 𝑒∫ 𝑃(𝑥)𝑑𝑥 =  𝑒∫ 𝐾2𝑑𝑡 =  𝑒𝐾2𝑡  

ODE formula: 𝑦𝑒∫ 𝑃(𝑥)𝑑𝑥 =  ∫ 𝑒∫ 𝑃(𝑥)𝑑𝑥 .  𝑄𝑑𝑥  

𝑀𝐵𝑒𝐾2𝑡 =  ∫ 𝑒𝐾2𝑡 .  𝐾𝐵𝑀0𝑒−𝐾1𝑡𝑑𝑡  

𝑀𝐵𝑒𝐾2𝑡 =  𝐾𝐵𝑀0 ∫ 𝑒𝐾2𝑡 .  𝑒−𝐾1𝑡𝑑𝑡
𝑡

0
  

𝑀𝐵𝑒𝐾2𝑡 =  𝐾𝐵𝑀0 ∫ 𝑒(𝐾2−𝐾1)𝑡 𝑑𝑡
𝑡

0
  

𝑀𝐵𝑒𝐾2𝑡 =  
𝐾𝐵𝑀0

𝐾2−𝐾1
 [𝑒(𝐾2−𝐾1)𝑡 −  𝑒(𝐾2−𝐾1)(0)]  

𝑀𝐵𝑒𝐾2𝑡 =  
𝐾𝐵𝑀0

𝐾2−𝐾1
 [𝑒(𝐾2−𝐾1)𝑡 −  1]  

𝑀𝐵 =  
𝐾𝐵𝑀0

(𝐾2−𝐾1)𝑒𝐾2𝑡  [𝑒𝐾2𝑡. 𝑒−𝐾1𝑡 −  1]  

𝑀𝐵 =  
𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾1𝑡 −  

𝐾𝐵𝑀0

(𝐾2−𝐾1)𝑒𝐾2𝑡   
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𝑀𝐵 =  
𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾1𝑡 −  

𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾2𝑡               

From Equation (5.3), 

𝑑𝑀𝐶

𝑑𝑡
=  𝐾𝐶𝑀𝐵  

𝑑𝑀𝐶

𝑑𝑡
=  

𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾1𝑡 −  

𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾2𝑡  

∫ 𝑑𝑀𝐶 =   
𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)
 ∫ 𝑒−𝐾1𝑡𝑡

0
− 

𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)
 ∫ 𝑒−𝐾2𝑡𝑡

0

𝑀𝑐

0
  

𝑀𝐶 =  
−𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾1
 [𝑒−𝐾1𝑡 − 𝑒−𝐾1(0)] − 

−𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  𝑒−𝐾2(0)]   

𝑀𝐶 =  
𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾1
 [1 − 𝑒−𝐾1𝑡 ]  + 

𝐾𝑐𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  1]             

From Equation (5.4), 

𝑑𝑀𝑉1

𝑑𝑡
=  𝐾𝑉1𝑀𝐴  

∫ 𝑑𝑀𝑉1 = 
𝑀𝑉1

0
𝐾𝑉1𝑀0  ∫ 𝑒−𝐾1𝑡. 𝑑𝑡

𝑡

0
  

𝑀𝑉1 =  
−𝐾𝑉1𝑀0 

𝐾1
 [𝑒−𝐾1𝑡 −  𝑒−𝐾1(0)]  

𝑀𝑉1 =  
𝐾𝑉1𝑀0 

𝐾1
 [1 −  𝑒−𝐾1𝑡]         

From Equation (5.5), 

𝑑𝑀𝑉2

𝑑𝑡
=  𝐾𝑉2𝑀𝐵  

𝑑𝑀𝑉2

𝑑𝑡
=  

𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾1𝑡 − 

𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)
 𝑒−𝐾2𝑡  

∫ 𝑑𝑀𝑉2
𝑀𝑉2

0
=  

𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)
 ∫ 𝑒−𝐾1𝑡𝑡

0
. 𝑑𝑡 −  

𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)
 ∫ 𝑒−𝐾2𝑡𝑡

0
. 𝑑𝑡  

𝑀𝑉2 =  
−𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾1
 [𝑒−𝐾1𝑡 − 𝑒−𝐾1(0)] − 

−𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  𝑒−𝐾2(0)]  

𝑀𝑉2 =  
𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾1
 [1 −  𝑒−𝐾1𝑡]  + 

𝐾𝑉2𝐾𝐵𝑀0

(𝐾2−𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  1]             

Where W is the solid char remaining after the treatment, that is; 

𝑊 =  𝑀𝐴 + 𝑀𝐵 +  𝑀𝐶                
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𝑊 =  (𝑀0𝑒−𝐾1𝑡) +  (
𝐾𝐵𝑀0

(𝐾2− 𝐾1)
𝑒−𝐾1𝑡 −  

𝐾𝐵𝑀0

(𝐾2− 𝐾1)
𝑒−𝐾2𝑡) + (

𝐾𝐶𝐾𝐵𝑀0

(𝐾2− 𝐾1)𝐾1
 [1 − 𝑒−𝐾1𝑡] + 

𝐾𝐶𝐾𝐵𝑀0

(𝐾2− 𝐾1)𝐾2
 [𝑒−𝐾2𝑡 −  1])  

 

𝑊

𝑀0
=  𝑒−𝐾1𝑡 +  

𝐾𝐵

(𝐾2− 𝐾1)
 𝑒−𝐾1𝑡 −   

𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1
 𝑒−𝐾1𝑡 −  

𝐾𝐵

(𝐾2− 𝐾1)
 𝑒−𝐾2𝑡 +  

𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾2
 𝑒−𝐾2𝑡 +

 
𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1
 −  

𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾2
      

𝑊

𝑀0
=  [1 + 

𝐾𝐵

(𝐾2− 𝐾1)
 −   

𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1
] 𝑒−𝐾1𝑡 − [

𝐾𝐵

(𝐾2− 𝐾1)
−  

𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾2
] 𝑒−𝐾2𝑡 +  

(𝐾2− 𝐾1)𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1𝐾2
         

𝑊

𝑀0
=  [

(𝐾2− 𝐾1)𝐾1+ 𝐾𝐵𝐾1− 𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾1
 ] 𝑒−𝐾1𝑡 −  [

𝐾𝐵𝐾2− 𝐾𝐶𝐾𝐵

(𝐾2− 𝐾1)𝐾2
] 𝑒−𝐾2𝑡 +  

𝐾𝐶𝐾𝐵

𝐾1𝐾2
           

 


